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Abstract

Refractory nanostructures are low-cost and chemically and thermally robust alternatives to noble
metal based plasmonic materials. Transition metal nitrides have received much of the attention
lately, but there has been less emphasis on closely related non-layered carbide counterparts. In this
work, plasmonic group IV transition metal carbide (TiC, ZrC, and HfC) nanostructures were
prepared using a facile magnesiothermic reduction method which yielded phase pure product. TiC,
ZrC and HfC with rock salt crystal structure and an average particle size of 24, 31, and 42 nm,
respectively were obtained by reacting corresponding metal oxide, magnesium, and biochar in
solid-state. Calculations performed using finite element method predicted these group IV carbide
nanostructures to have localized surface plasmon resonance in the UV region between 150 — 175
nm. The photothermal transduction efficiency of each carbide was explored to further verify the
plasmonic behavior. HfC was found to have the highest photothermal transduction efficiency

(73%), followed by ZrC (69%), and then TiC (60%) at 365 nm.
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Introduction

Plasmonic materials are known for their ability to drastically enhance light-matter
interactions resulting in strong light absorption and scattering, enhanced local electric fields, and
heat generation.* This occurs via the excitation of free electrons known as surface plasmons, the
existence of which can be predicted by negative dielectric permittivity in the optical frequency
range.®’ Unlike conventional optics, plasmonic materials enable unrivalled concentration of light
beyond the diffraction limit.8® Recent developments into plasmonic nanomaterials have created
research interest in using them for sensing,’®!! data recording and storage,'? improved energy
harvesting,'** solar-vapor conversion,'®>*° photocatalysis**?*2! and photothermal therapy.?>2*
Traditional plasmonic materials like gold and silver have suffered from thermal instability due to
low bulk melting points, chemical instability, and/or high cost.?® It has become clear from the past
few decades of research that practical devices will require engineering new materials which
address the underlying issues of the existing plasmonic nanomaterials. Alternative materials
ranging from refractories to complex oxides and intermetallics have been suggested as potential

replacements for noble metals.?6:?’

Refractory nanomaterials are envisioned to be suitable for plasmonic applications as they
display absorption throughout the solar spectrum, from the UV to the NIR regimes depending on
their composition and morphology.?®? Based on the bulk material characteristics, they are also
predicted to be chemically stable for operation under corrosive conditions.®® They have high
melting points compared to metals making them compatible with the high temperature fabrication
processes.®! Refractory transition metal nitrides have been shown to have high photothermal
efficiency, thermal stability, and catalytic activity.'*3>*® While reports on plasmonic nitride

nanoparticles (NPs) have soared over the past few years, there has yet to be detailed investigation
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into the optical properties of their close relative, non-layered transition metal carbides (TMCs).
Numerical calculations performed on 100 nm spherical TiC, ZrC, and HfC NPs showed them to
possess localized surface plasmon resonance (LSPR) in the blue-UV region of the electromagnetic
spectrum.®* More recently, commercially purchased 50 nm ZrC particles were used for solar-
driven water evaporation process.® These particles had LSPR in the UV region and exhibited
superior photothermal properties. While this report shows the promise of plasmonic carbides,

detailed experimental methods exploring their synthesis and plasmonic properties remain scarce.

Herein, we report the solid-state synthesis of group 1V transition metal carbide (TiC, ZrC,
and HfC) NPs using a magnesiothermic reduction reaction and biochar as the carbon source. The
optical properties were investigated experimentally and calculated using finite element method.
The photothermal transduction efficiency at 365 nm was determined for TiC, ZrC, and HfC

suspended in water.

Experimental Section

Materials. Titanium dioxide (TiO2 99.9%, 18 nm), zirconium dioxide (ZrO, 99.95%, 20nm), and
hafnium dioxide (HfO2, 99.95%, 61-80 nm) were purchased from U.S. Research Nanomaterials.
Magnesium powder (Mg, 99.8%, 325 mesh) was purchased from Alfa Aesar. Hydrochloric acid
(HCI,>99%), and nitric acid (HNO3, >99%) were purchased from Sigma-Aldrich. Deionized water
(DI-water, 18.2 MQ) was obtained from a Sartorius Arium water purification system. All

chemicals were used as received without further purification.

Synthesis of biochar. Biochar was prepared using a previously reported anaerobic pyrolysis

process.>® Briefly, debarked birch wood was pyrolyzed at 400 °C for 30 minutes in a tube furnace



under N2 atmosphere and quenched in cold water. Biochar (200 g) was then transferred to a 500
mL beaker equipped with a magnetic stir-bar and to which deionized H20 (200 mL) was added.
The mixture was heated to a boil and allowed to stir for 15 minutes. The biochar was collected via
filtration and the solid product was washed with water until the filtrate ran clear. The resulting
biochar was dried in an oven at 100 °C for 2 days. The dried carbon product was ground for 10
minutes and finally sieved to a particle size of ~150 um. The sieved biochar (2.0 g) was then added
to a beaker equipped with a magnetic stir-bar and reacted with concentrated HNOs (aq) (68%, 10
mL) for 30 minutes. Afterwards, the reaction was filtered, and the acid-treated biochar was rinsed
with deionized water until the filtrate was neutral. The biochar was again dried in an oven at 100

°C for 2 days.
Synthesis of transition metal carbides

Titanium carbide (TiC). TiO2 (200 mg, 3.75 mmol) and biochar (90.2 mg, 7.51 mmol) powders
were mixed well using a mortar and pestle. To this mixture Mg powder (365 mg, 15.0 mmol) was
added and ground inside a N> filled glovebox until homogeneous mixture of all three reagents was
obtained. The resulting mixture was transferred to a Coors™ high alumina combustion boat and
placed into a quartz tube and purged with Ar for 15 minutes in a Lindberg Blue MTM furnace.
After this, the reaction was heated to 950 °C at a rate of 10 °C-min! and held at that temperature
for 4 hours. The reaction was then cooled to room temperature, and the reaction product was
transferred to a glass vial. Aqueous HCI solution (10 mL, 6.0 M) was added to the reaction product
and sonicated for 1 hour. Afterwards, the solid was collected by centrifugation and washed with
distilled water (3 x 10 mL) to remove reaction by-products. The third wash was collected as a

colored dispersion of TiC nanocomposite.



Zirconium carbide (ZrC). Using the same method as the preparation of TiC, ZrO, (200 mg, 1.62
mmol), biochar (58.5 mg, 4.87 mmol), and Mg (158 mg, 6.50 mmol) were reacted at 950 °C for 8

hours.

Hafnium carbide (HfC). Using the same method as the preparation of TiC NPs, HfO. (200 mg,
0.950 mmol), biochar (22.8 mg, 1.90 mmol), and Mg (185 mg, 7.60 mmol) were reacted at 1050

°C for 12 hours.

Characterization techniques. Powder X-ray diffraction (XRD) patterns were collected using a
Rigaku Ultima IV X-Ray diffractometer with CuKa radiation (A = 1.54 A). The samples were
placed on to a zero-background silicon wafer and the spectra were collected at 3 counts-s™.
Absorbance spectra were collected using an Agilent CARY 5000 spectrometer. Dispersions were
placed in a quartz cuvette and the spectrometer was background corrected using deionized water.
Transmission electron microscope (TEM) images were collected using a Thermo Fisher Scientific
Talos 200X microscope with an accelerating voltage of 200 kV. HAADF was performed with a
spot size less than 1 nm, and a convergence semi-angle of 10.5 mrad. EDS data was acquired using
Velox program from Thermo Fisher Scientific. The particle size and lattice spacing were analyzed
using ImageJ.®” Scanning electron microscope (SEM) images were obtained on a Hitachi S-4700
electron microscope. The particles were drop-cast onto a Si wafer. X-ray photoelectron
spectroscopy (XPS) analysis was performed on a VG Microtech MultiLab ESCA 2000 X-ray
Photoelectron Spectrometer. An Al Ko monochromatic X ray source (1486.6 eV) was used with a
system pressure of 10°° Torr. For high resolution scans, a pass energy of 30 eV, energy step of 0.1
eV, and a dwell time of 1000 ms were used. XPS binding energy calibration was done using the
C1s peak set to 284.8 eV. This was verified by approximating the location of the Fermi edge using

a step-down background type. The position of the Fermi edge, as measured by the intersection of
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two straight lines computed from the fitted step-down background, was extracted, and used to
estimate an energy offset required to locate the edge position at 0 eV. Spectra corresponding to the
same measurement were calibrated by applying the same offset required to calibrate the Fermi

edge.®

Computational analysis. The absorption spectra of the group 4 carbide NPs were calculated using
a finite element method (FEM) solver for Maxwell’s equations in COMSOL MultiPhysics. To
simulate the optical characteristics of the materials, the real and imaginary parts of dielectric
function of the TiC, ZrC, and HfC were obtained from the literature.®* In simulations, particles
were modelled as three dimensional nanospheres suspended in water or embedded in a carbon
matrix. To simulate the effect of particle oxidation, metal oxide shells of varying thickness (1, 3,
5, and 10 nm) were placed on particles equal to the corresponding average size for each metal
metal carbide. To ensure the accuracy of the results, rigorous convergence analysis and perfectly
matched layers (PML) boundary conditions as well as ultra-fine mesh size were utilized in the

simulations.®®

Photothermal efficiency studies. A 365 nm LED source (ThorLabs) with a full width at half-
maximum of 10 nm was used as the light source. The illumination power density was calibrated
using a silicon photodiode (ThorLabs). The temperature change was monitored using a K-type
thermocouple device (EL-USB-TC-LCD, MicroDAQ) with a data logger. A 1.0 cm path length
quartz cuvette was used as the container, to which 3.00 mL of the corresponding TMC suspension
was added. The solution was stirred constantly using a Teflon-coated magnetic stirring bar. The
cuvette was illuminated from the side with an illumination area of 3.0 cm?. The thermocouple was

placed directly into the middle of the solution. Data were collected at 15 seconds intervals for 30



minutes of illumination, followed by cooling. The reported efficiency values were averaged over

5 repetitions.

Results and Discussion

Anatase phase TiO2, monoclinic ZrOz, and monoclinic HfO. (Figure S1, Supporting
Information) with an average particle size of 17 + 4 nm, 19 + 5 nm, and 43 £ 10 nm (Figure S2),
respectively, were purchased commercially and used without further purification. Biochar was
derived from the anaerobic pyrolysis of birch wood chips,® followed by treatment with aqueous
HNO:s acid before being rinsed and dried. This was done to increase the surface area and potentially
decrease the amount of graphitic carbon, which does not form the carbides under the
magnesiothermic reduction reaction conditions.*>*? The powder XRD pattern was characteristic
of amorphous carbon (Figure S3A), and SEM image showed the biochar structures to be micron
sized and porous (Figure S3B). Previously, magnesiothermic reduction reactions have been used
to form metal carbides below 1000 °C.%¢4*4% Similar process was used in this study, where
nanosized metal oxide precursor (TiO2, ZrO, or HfO.) was ground together with biochar and Mg
powder and heated to either 950 °C (TiC, ZrC) or 1050 °C (HfC) under Ar in a tube furnace for 4
— 12 h at a heating rate of 10 °C-min. Sonication of the resulting reaction mixture in HCI (6 M)
to remove MgO and any unreacted Mg, followed by washing in deionized water afforded the

desired carbide nanomaterial.
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Figure 1. Powder XRD patterns of TiC, ZrC, and HfC nanostructures.

The isolated reaction products were analyzed using powder XRD which showed the
formation of cubic phase TiC, ZrC, and HfC (Figure 1).46*® A low intensity broad peak was
observed centered around ~25° in TiC corresponding to amorphous carbon. Slight trailing of the
diffraction peaks was observable in the TiC product which is most likely due to trace amounts of
titanium oxycarbide (TiOxCy).*® The surface composition of the TMCs was probed using XPS
technique. The high-resolution (HR) XP spectra (Figure S4) of Ti 2p, Zr 3d, and Hf 4f regions
showed presence of the corresponding carbide along with oxycarbide (MOxCy) and metal oxide
(MO2) peaks indicating surface oxidation of the synthesized TMCs. The presence of the
oxycarbide suggests that there is likely a gradient of carbonization between the outer oxide shell
and the inner carbide core. HR-XP spectra of C 1s region (Figure S4) showed peaks associated
with TiC, ZrC, or HfC in its respective sample. Along with the metal carbide, peaks corresponding

to free carbon was also observed in all three products, however, deconvolution of C-C sp? and C-



C sp® carbon peaks wasn’t possible and was fit as one peak. Various oxidized carbon species
(alcohol, ketone, carboxylic) were also present in these samples. Peak positions of all species,

fitting parameters, and literature references are summarized in Table S1.

ZrC

HfC

Figure 2. TEM and HRTEM images of (A, B, C) TiC, (D, E, F) ZrC, and (G, H, 1) HfC NPs
showing particle morphology, amorphous shell surrounding the crystalline carbide core, and lattice
spacing.

Figure 2 shows the TEM analysis of the synthesized TMCs (Figure 2). TiC formed the
smallest carbide nanostructures with an average particle size of 24 + 8 nm and were found to be

incorporated within an amorphous carbon matrix (Figure 2A). The high resolution (HR) TEM
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(Figure 2B) analysis showed presence of crystalline TiC core,® surrounded by an amorphous
material which can be either from the carbon matrix or particle surface oxide. ZrC sample were
comprised of carbide particles with an average size of 31 £ 9 nm along with a few larger (>150
nm) amorphous carbon particles (Figure 2D). The particles had 2 — 3 nm of amorphous shell
(Figure 2E) and a crystalline carbide core (Figure 2F).>! Based on the XPS analysis, the amorphous
surface shell is likely metal oxide (ZrO.) and/or oxycarbide (ZrOxCy). Finally, HfC formed from
the magnesiothermic reduction were polyhedral with an average size of 42 £ 15 nm (Figure 2G).
The particles had an amorphous shell ranging between 2 — 4 nm (Figure 2H) which is likely
composed of HfO,/HfOxCy and a crystalline carbide core (Figure 21).%2 Consistent with the powder
XRD patterns, the TEM analysis showed lower amount of carbon impurities in ZrC and HfC
compared to TiC. EDS elemental maps confirmed a homogeneous distribution of the metal and
carbon throughout each particle (Figure 3). However, oxygen was also found to be throughout the
sample possibly from surface oxidation on the TMC NPs and the amorphous carbon. Excess
carbon was also observed in TiC sample in regions where the metal was not present consistent
with XRD and TEM analysis. Attempts were made to remove the carbon impurities using selective

precipitation and chemical etching processes, but these efforts were unsuccessful.
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TiC

ZrC

HfC

Figure 3. High-angle annular dark field (HAADF) images and EDS elemental maps of TiC, ZrC,
and HfC NPs showing the distribution of respective metals (Ti, Zr, Hf), carbon, and oxygen within
the samples.

Figure 4 shows the experimental and calculated absorbance spectra for TiC, ZrC, and HfC
nanostructures suspended in water. The absorption spectra of free TMC NPs were computed using
a finite element method (FEM) and they were assumed to be nanospheres with diameters of 24,
31, and 42 nm for TiC, ZrC, and HfC, respectively. These diameter values represent the average
particle size found for each sample by TEM analysis. The calculations showed that the LSPR
maximum of TiC, ZrC, and HfC NPs should be located in the UV region centered at 160, 150, and
175 nm, respectively. The LSPR peaks were relatively broad covering most of the UV and parts
of the visible region. HfC NPs demonstrated the broadest absorbance peak due to the larger average

particle size and increased optical losses.® The characteristic LSPR peak could not be observed in
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the experimental absorbance spectra due to the spectrophotometer cut-off at 190 nm and the LSPR
maximum was predicted to be below that wavelength for all three TMCs. However, a good
agreement can be observed between the experimental spectra of ZrC and HfC and their respective
calculated absorbance between 200 — 800 nm. Experimentally, a slightly higher absorption was
observed in the visible and near-IR region for ZrC and HfC compared to calculations which can
be due to the polydispersity of the sample, deviations from the spherical shape of the NPs,>*** or
the presence of carbon impurities (Figure S5). TiC sample showed a peak at ~290 nm that was
redshifted compared to the calculated spectrum. Since TiC sample was found to be mixed with
amorphous carbon in the TEM, calculations were performed to compute absorbance of TMC
nanostructures embedded in a carbon matrix (Figure S6). The absorption peak of all TMCs
broadened and the LSPR maxima redshifted because the carbon matrix has a higher refractive
index compared to water.* The experimental TiC peak maximum was found to be in between the
predicted spectra for NPs suspended in water and embedded within a carbon matrix, indicating
that the resonance is likely influenced by both. The calculated absorbance spectra for ZrC and HfC
NPs in carbon matrix (Figure S6) were significantly different than the experimental data indicating
that the carbon impurities had minimal effect on the frequency of their LSPR. Oxidation of the
plasmonic particles can also cause damping of the LSPR, peak broadening, and a redshift in the
absorbance peak.>®°" Calculated spectra of TMCs with varying surface oxide thickness (Figure
S7) revealed that carbides don’t experience major peak broadening or shifts with increasing
oxidation. Slight damping of the LSPR intensity is observed with increasing oxide layer thickness,
but not to the extent seen with other classes of plasmonic nanomaterials.3°%-° The stability of

TMCs over time was monitored by tracking the absorbance of aqueous dispersions of each TMC
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material for 150 days. In all cases, no observable changes in the absorbance spectra were noted

after 150 days suggesting good long term oxidative stability (Figure S8).
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Figure 4. Experimental and calculated absorbance of TiC, ZrC, and HfC NPs suspended in water.

Plasmonic nanomaterials can efficiently convert absorbed light into heat through a
phenomenon commonly known as photothermal effect.®2:52 As the absorption maxima of the TMCs
fall below the limit of the spectrophotometer, their photothermal behavior was investigated to
further validate their plasmonic properties. The photothermal transduction efficiencies were
determined for 250 pg-mL* suspensions of each TMC that were excited using a 365 nm LED with
a 10 nm bandwidth and 1 W-cm illumination intensity (Figure 5A). The nanoparticle solution
was continuously illuminated for 30 minutes, allowing it to reach a steady state temperature
(Figure 5B). Afterwards, another 30 minutes was allotted to allow the solution to cool back to
ambient temperature. The photothermal transduction efficiency was calculated by an energy

balance thermal heat transfer method developed by Roper et al.®® using eq 1:

— hS(Tmax_Tamb)_QO
nT - I(l—lO_Al) (1)
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where n is the photothermal transduction efficiency, h is the heat transfer coefficient derived
from the heating or cooling data (Figure S9), S is the surface area of illumination (3.0 cm?), T,,qx
and Ty, are the maximum temperature of the cell and the ambient temperature, respectively, Q,
is the energy input by the sample cell, I is the incident light intensity, and A, is the optical density
of the sample solution at the excitation wavelength. In this case, the optical density of the solution
is defined as the average absorbance of the corresponding TMC dispersion over the LED
bandwidth. HfC achieved the highest change in temperature of 16.5 °C and had the highest
transduction efficiency of 73 £ 1% (Figure 3C). Both ZrC (14.5 °C) and TiC (15.0 °C) had
comparable temperature increase of 14.5 °C and 15.0 °C, respectively, however the efficiency was
higher for ZrC (69 = 4%) compared to TiC (60 £ 3%). While carbon black also exhibits
photothermal effect, its performance wasn’t as good as the TMCs under UV-illumination. A
temperature change of 5.0 °C and efficiency of 22 + 2% was observed for the biochar. Even though
the oxide precursors absorb light in the UV region, low photothermal transduction efficiency
values were observed for TiO2 (7 = 1%), ZrO2 (10 £ 3%), and HfO2 (12 + 3%). This further
confirms that the high photothermal efficiency values result from the TMC themselves.

To compare the heat generation capabilities and efficiencies of TMCs, the absorption and
scattering cross sections at the LED excitation wavelength were calculated. The absorption cross
section is directly related to amount of heat generated by the TMCs while the scattering cross
section is related to the light-to-heat conversion efficiency. To account for carbon around TiC in
the simulations, the average absorption and scattering of TiC NPs with and without carbon around
the NPs were used. To account for the LED bandwidth, the calculations were performed using the

integral of absorption and scattering over a 10 nm spectral range (360 — 370 nm). As seen in Figure
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5D, HfC has the largest absorption cross section within the LED bandwidth, followed by ZrC and
TiC. This trend is in agreement with the photothermal heat generation experimental data for the
TMCs. The scattering cross section of TiC is significantly larger than ZrC and HfC and this can

explain the lower efficiency of TiC in light-to-heat conversion (Figure S10).
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Figure 5. A) Schematic of photothermal heat generation experimental setup. B) Heating and
cooling curves for TMCs, biochar, and blank water during photothermal studies. C) Average
photothermal transduction efficiencies of TMCs and biochar. D) Calculated absorption cross-
section of TMCs between 360 — 370 nm.
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Conclusions

UV-plasmonic and water dispersible group IV TMC NPs were prepared using a
straightforward magnesiothermic reduction reaction at temperatures between 950 and 1100 °C.
TiC, ZrC, and HfC with particle sizes of 24 + 8, 31 £ 9, and 42 + 15 nm, respectively and had a
crystalline carbide core and an oxide/oxycarbide surface layer. Calculations showed these
materials to have LSPR in the deep UV region between 150 — 175 nm. While a distinctive LSPR
was not observed in absorbance data due to spectrometer wavelength cutoff, photothermal studies
showed these materials to possess high efficiencies typical of plasmonic nanostructures. Upon
excitation with 365 nm LED source, TiC, ZrC, and HfC had an average photothermal transduction
efficiency of 60, 69, and 73%, respectively. The NPs suspension exhibited good stability overtime
with negligible change in their optical response over 150 days. The plasmonic response in the UV
region combined with the high photothermal efficiencies make TMCs attractive for disinfection,
biological imaging, and sensing. The synthetic method reported here is scalable and can be

extended to prepare other plasmonic carbides as well.
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