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ABSTRACT: The Chevrel phase compounds Cu,Mo4Sg, Ni;Mo4Sg, and Fe,MogSs,

synthesized by self-propagating high temperature synthesis, were evaluated as
photocatalysts for visible light photocatalytic desulfurization. Investigations began
with reflectance measurements from which absorbance spectra were calculated using the
Kubelka—Munk transformation. The absorbance data was then used to create Tauc
plots to find the direct and indirect bandgaps of the Chevrel phase compounds.
Bandgaps were found to be no more than the 1.74 eV for Ni;MoSg, so it was selected

Oxidative Photocatalytic

/\/\/\/\Oﬁ @/ 50,

Ni,Mo,S,

for further study because this bandgap suggests it will use the sun’s emission spectrum

better than the other materials studied here. Photocatalytic desulfurization experiments

studied the concentration of thiophene mixed into n-octane with and without exposure to Ni,MoSg with and without light exposure
because of the relative difficulty of removing thiophenes from liquid fossil fuels by the industry standard hydrodesulfurization
process. Ultraviolet—visible spectroscopy was used to analyze chemical changes in the thiophene-octane solution. Spectroscopic
results demonstrate that the thiophene was effectively removed by exposure to Ni,MoSg and visible light together but not by
exposure to Ni,MogS; or visible light alone. Multiple tests with the same Ni,Mo4Sg sample demonstrate that the material is reusable
as a catalyst for photocatalytic desulfurization. The proposed mechanism results in the release of SO, species, which may be
controlled and captured if separated from fossil fuels in bulk during industrial processing in contrast to their uncontrolled release as
vehicle fuel exhaust. Controlled generation and collection of these species can allow for further processing into elemental sulfur in
the same way that H,S released by standard hydrodesulfurization is processed into elemental S.

1. INTRODUCTION

Removing sulfurous compounds from fossil fuels before they
can be burned and released as SO, is a critical process in
protecting the environment from further damage from
greenhouse gases.' ' Hydrodesulfurization is the most widely
used method for removing sulfurous compounds from crude
oil before processi_n% into consumer products such as gasoline
and diesel fuel.””’ Hydrodesulfurization works well in
converting thiols and disulfides into H,S, from which the
elemental S can later be reclaimed for further use, but this
process is much less effective at converting thiophenes into
H,S even when run at elevated temperatures and pressures.
Energy-efficient photocatalytic desulfurization has previously
been reported using a variety of catalysts, but no work has been
presented with Chevrel phase comfounds (CPCs) for
photocatalytic oxidative desulfurization.””'® CPCs are ternary
metal chalcogenides following the general chemical formula
M,MogXg (where M is a ternary cation, and X is S, Se, or Te),
and they form crystal structures based on building blocks
composed of Mo octahedrons superimposed onto X8 cubes
with wide channels between them where the M species
reside.''> Over the years, many applications have been
envisioned for CPCs. Early electrocatalysis applications
including hydrodesulfurization and hydrogen evolution reac-
tion catalysis have been investigated, and more recent
investigations include CO, reduction and O, reduction as
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detailed in the recent review by Zhang et al”™ In parallel,
research has been ongoing for years to investigate the
superconducting properties of CPCs, especially their high
critical field, as described in the holistic review by Pefia.'*™"*
Still others have investigated CPCs as thermoelectric
materials.'””" CPCs have also been investigated as possible
cathodes, first for Li-ion batteries, then for Mg-ion batteries,
and most recently for Al-ion batteries that hope to realize the
theoretical prediction of tripling or quadrupling the energy
density of contemporary Li-ion batteries.”"**

However, CPCs have been limited in use due to slow and
inefficient synthesis methods.'">*~>¢
this group highlights new progress made in synthesizing CPCs
by self-propagating high temperature synthesis (SHS)."" The

A recent publication by

primary merit of this SHS method is the rapid synthesis of
CuyMogSg, NiyMogSs, and Fe,MogSg with high conversion of
precursor materials into product materials.
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Eligibility of a material as a photocatalyst depends on that
material’s band gap; visible light photocatalysts have band gaps
in the range of light emitted from the sun.”” Past work suggests
that other CPCs have band gaps in the range required for
photocatalysis.”* ™" A fast and high yield synthesis of a visible
light activated photocatalyst that desulfurizes fuel through
removal of thiophene would be of large interest to fossil fuel
companies and environmentalists alike. Such a material would
fill the gap left by hydrodesulfurization in an economic and
convenient fashion, thus inspiring this investigation of the band
gap and photocatalytic activity of CPCs synthesized by SHS.

2. EXPERIMENTAL PROCEDURES

2.1. Material Synthesis and Characterization. The
Chevrel phase compounds were synthesized by mixing Mo

Figure 1. Photocatalytic desulfurization apparatus.

(SkySpring Materials) and MoS, (Climax Molybdenum)
powders with elemental powders of Ni, Fe, and Cu (SkySpring
Materials) in the stoichiometric ratio of xM:2Mo:4MoS,.
Here, M is Nj, Fe, or Cu and « is 2, 2, or 4, respectively. These
mixtures were pressed into pellets and then vacuum
encapsulated into a quartz reaction vessel. To activate the
SHS reaction, the reaction vessel was held in a tube furnace set
to 1050 °C for 10 min. Product phase identification was
accomplished using X-ray diffraction and selected area electron
diffraction with the X-ray diffraction (XRD) spectra of the SHS
Cu,MogSs, Ni,MogSs, and Fe,MogSg respectively matching
ICSD files 628442, 602930, and 14069. Representative XRD
spectra and scanning electron microscope (SEM) images of
these samples were part of another published work by the
authors and are included here in the Supporting Information as
Figures S1 and S2 with permission from the publisher of that
other article.""

2.2. Reflectance Measurements and Bandgap Calcu-
lations. Using an Ocean Optics HR-4000 spectrophotometer
with Ocean Optics DH-2000 light source in diffuse reflectance
mode, ultraviolet—visible (UV—vis) spectroscopy was con-
ducted on each of the CPCs discussed above. These
reflectance spectra were then converted into absorbance
speclzgrla32using the Kubelka—Munk transformation shown in
eq 1™

P(R )_E_(I_Roo)z
s 2Ry (1)

where R, is the reflectance of the sample divided by the
standard reflectance (i.e., the reflectance of an infinitely thick
specimen), K is the absorption coefficient, and S is the
scattering coefficient. The standard reflectance was taken to be
100 in this study. From there, a direct band gap energy and an
indirect band gap energy was estimated via the Tauc
estimation method for each material, displayed by the
relationship in eq 2°***

(a-h)"" = B(hw — E,) Q)

where h is Planck’s constant, v is the light’s frequency, E, is the
bandgap, and B is a constant. The y value varies as either 0.5 or
2 for direct or indirect bandgap calculations, respectively.’> To
ensure consistency and accuracy in the calculation of the
bandgaps, GapExtractor software was used to automate the
process of calculating the estimated band gaps.’**

2.3. Photocatalytic Desulfurization Experiments. First,
the composition of the MF for the photocatalytic desulfuriza-
tion experiments was selected. This process started with
collecting UV—vis absorbance spectra of thiophene solutions
in n-octane with concentrations of 20, 100, and 500 ppm using
a quartz cuvette and the aforementioned Ocean Optics
equipment, now operated in transmission mode. After selecting
100 ppm thiophene in n-octane as the MF for use in the
following tests, experiments were performed to verify that the
thiophene concentration was not changed by exposure to
either visible light or Ni,MogSg alone. The first of these tests
involved exposing the as-prepared MF to the Hg lamp
emission for 2 h without exposure to Ni,MoSg. The second
of these tests involved combining 10 mL of MF with 200 mg of
Ni,Mo4Sg in a sealed container that was wrapped entirely in
aluminum foil and letting it sit for 2 h.

After collecting absorbance UV—vis spectra to document the
interactions of the MF with light and Ni,MogSs alone, tests
were conducted to investigate possible photocatalytic activity
achieved by simultaneously exposing the MF to light and
Ni,MogSg. These tests started with combining 200 mg of
Ni,MogSg and 10 mL of MF in the reaction vessel then
allowing the mixture to equilibrate in the dark for an hour.
Next, the mixture was exposed to the filtered Hg lamp
emission for 2 h. Finally, a sample of the MF was removed
from the reaction vessel for UV—vis absorbance spectroscopy
to check the remaining thiophene content. Intensity of the
previously established main thiophene peak in the range 230—
245 nm was taken the indicator of changes in the thiophene
content after the photocatalytic treatment.*® Catalytic
reusability was tested by running 2 of these tests with the
same 200-mg catalyst sample in 2 separate 10 mL MF samples
where the catalyst sample was dried between successive tests.

Desulfurization was monitored by absorbance UV—vis
spectroscopy using the same Ocean Optics HR-4000
spectrophotometer and Ocean Optics DH-2000 light source
described previously, now operated in transmission mode. All
absorbance spectra were collected using a quartz cuvette, and a
scan of the empty quartz cuvette was used as the calibration
standard spectrum. This procedure was done for all UV—vis
measurements taken of liquid samples in this study.

The experimental photocatalytic desulfurization apparatus
was composed of a three-headed round-bottom glass flask
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fitted with a reflux condenser on one of its openings and a
bleach trap affixed to the top of the condenser. Cool water was
run through the condenser, and air was bubbled through water
into the flask through one of the other openings. During
experiments, the flask was either wrapped in aluminum foil to
block out all light or suspended 10 cm above a 125 W Hg lamp
fitted with a UV light cutoff filter. The test mixture held in the
flask was a model fuel (MF) composed of 100 ppm thiophene
in n-octane which was meant to mimic commercial gasoline.
Figure 1 displays the testing apparatus.

3. RESULTS AND DISCUSSION
3.1. CPC Band Gaps. Figure 2a displays the measured

reflectance data for each of the CPCs. Using the Kubelka—
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Figure 2. (a) Experimental reflectance spectra and (b) calculated
absorbance spectra for each CPC studied here.

Table 1. Direct and Indirect Band Gaps of Ni,Mo,Ss,
Cu,MogSs, and Fe,MogSq

material direct bandgap (eV) indirect bandgap (eV)
Ni,MogS, 1.74 1.73
Cu,MogS, 1.67 1.67
Fe,MoSq 1.63 1.63

02r ~
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I-' ! e 100ppm Thiophene
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0.15 " N i
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Wavelength (nm)
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Figure 4. Absorbance spectra of 20, 100, and 500 ppm thiophene in
n-octane.

Munk transformation shown in eq 1, those reflectance spectra
were converted into absorbance spectra.’’”* The resultant
absorbance spectra are displayed in Figure 2b.

From this absorbance data, the Tauc method was used to
calculate the direct and indirect bandgaps.””*’ The GapEx-
tractor program determined the bandgaps using a segmenta-
tion routine to identify the linear regions in the Tauc plots to
be extrapolated for band gap estimation.”**” Figure 3 presents
the direct and indirect band gap Tauc plots for Ni,MogSg as
generated by GapExtractor using eq 2. Figure S1 in the
supplementary document displays the analogous Tauc plots for
CuyMogSs and Fe,MogSg. The band gaps of all 3 CPCs studied

70 T T T T T T

60

10r

25 35
hv/eV

(a)

4.5

3 : : - - -

25+ 1

(FR)-hv) "™V

1.5 . . .
25 3 35
hv/eV

(b)

4.5

Figure 3. (a) Direct band gap Tauc plot and (b) indirect band gap Tauc plot for Ni;MogSs.
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Figure 5. Absorbance spectra of the MF in the as-prepared state and
after 2 h of exposure to light and Ni,Mo4Sg separately.

here were also estimated by manually following the convention
of extrapolating the linear region of the Tuac plot and
estimating the band gap as the x-intercept of that extrapolation
to verify that the GapExtractor results are valid. These band
gap values are displayed in Table 1.

From these results, Ni,Mo4Sg was selected for photocatalytic
desulfurization experiments. The direct bandgap of 1.74 eV in
Ni;Mo4Sg will make best use of the sun’s emission spectrum in
electron—hole pair generation, making it the most attractive
option for these experiments.”” However, the other 2 materials
still show significant promise as photocatalysts that simply will
not be able to use as much of the sun’s full emission spectrum.

3.2. Determining the Model Fuel Composition. Figure
4 shows the absorbance spectra of 3 candidate concentrations
of thiophene in n-octane. Note the main thiophene peak in the
range 230—24S5 nm; the height of this peak was the metric used
for the comparisons presented in this manuscript. The
difference between the 100 and 20 ppm thiophene spectra
was significantly larger than that between the 500 and 100 ppm
spectra, inspiring the decision to use the 100 ppm thiophene in
n-octane as the MF because differences in thiophene

3.3. Photocatalytic Desulfurization of the Model Fuel.
Figure 5 demonstrates that exposure to either light or
Ni,Mo4Sg alone did not eliminate the main thiophene peak.
However, there was some slight decrease in the main
thiophene peak after 2 h of light exposure. This detail was
noted and considered during the analysis of the following
photocatalytic desulfurization experiments. The new peak in
the “MF after 2 h with catalyst only” curve was attributed to
the presence of the Ni,Mo,Sg in the MF.

Figure 6 displays the results of sequential photocatalytic
desulfurization experiments where the same 200-mg photo-
catalyst sample was used to desulfurize 2 different MF samples.
Note the major reduction in the thiophene main peak
intensity. Furthermore, similar performance was observed in
the second round of using the same 200-mg sample of
Ni,MogSg, indicating that the observed phenomenon is
repeatable and supporting the assertion that this phenomenon
is catalytic in nature rather than reliant upon consuming the
Ni,MogSg as part of some other chemical reaction. This total
elimination of the thiophene peak from the UV—vis spectra is
itself not groundbreaking since others have reported nearly or
totally removing thiophene and its derivatives in similar
experiments with other photo-oxidative catalysts. What makes
this result comparatively noteworthy is the relative procedural
simplicity of this material’s synthesis process in comparison
with the multistep processes reported alongside these other
investigations of composite Mn;0,/Ag,WO,, composite
graphene oxide/MoS,, and mesoporous graphitic carbon
nitride.* "

The observed photocatalytic desulfurization by Ni,MoS; is
attributed to a photo-oxidative mechanism driven by the
presence of oxygen and moisture supplied by bubbling air
through water into the MF during the experiments. The
proposed mechanism starts with photonic excitation of
electrons into the conduction band of the Ni,Mo4Sg
photocatalyst, enabled by its relatively narrow band gap.
Photoexcitation generates valence band holes (hy") and
conduction band electrons (ecg ™). These species then generate
oxygen radicals (*0,”) and hydroxide radicals (*OH) from
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Figure 6. (a) Absorbance spectra of MF before and after photocatalytic desulfurization with a fresh catalyst sample and (b) absorbance spectra of a
second MF sample before and after photocatalytic desulfurization with the same catalyst sample reused.
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Figure 7. Schematic of proposed Ni,MogSg-catalyzed photo-oxidative desulfurization mechanism.

oxygen and water molecules adsorbed on the surface of the
Ni,Mo4Sg photocatalyst then follows. These radicals then
attack thiophene molecules adsorbed on the Ni,MoSg surface,
and the sulfur is discharged as SO; while the rest of the
thiophene atoms are converted to CO, and H,O following the
same mechanism for the photo-oxidative desulfurization of
thiophene and thiophene derivatives by other photocatalysts
published elsewhere.*”'® This mechanism is illustrated by
reactions 3—6 below.

hv 4+ Ni,MosSg — h:r,B + ecp 3)
h$B + HZOads - .OH (4)
eEB + OZads - .O; (5)
*OH + C,H,S + *0; — CO, + H,0 + SO, (6)

While the whole point of desulfurizing fossil fuels is to prevent
the release of damaging greenhouse gases like CO, and SO;,
the controlled creation and subsequent collection of these
species in a plant is preferable to the uncontrolled release of
them in vehicle exhaust. Controlled generation and collection
can allow for further processing into elemental sulfur like the
gaseous H,S released by standard hydrodesulfurization. This
proposed mechanism is illustrated in Figure 7.

4. CONCLUSIONS

The CPC Ni,Mo4Sg synthesized by SHS from elemental Ni,
elemental Mo, and MoS, has been proven to function as a
photocatalyst for photo-oxidative desulfurization of an n-
octane model fuel containing 100 ppm of thiophene. It was
demonstrated that the large drop in thiophene concentration is
not solely due to either the light exposure itself or light-
independent interactions with the Ni,MosSgs photocatalyst.
Ni,MosS; demonstrated the ability to be reused as a
photocatalyst for this photo-oxidative desulfurization, as
repeated runs with the same photocatalyst sample demon-
strated similar photocatalytic efficacy. The other CPCs
CuyMoSs and Fe,MogSg which can be synthesized by the
same method also show promise for photocatalysis applications
after finding that their band gap energies are like that of the
Ni,MogSs.
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B ABBREVIATIONS

SHS, self-propagating high-temperature synthesis; UV—vis,
ultraviolet—visible; CPC, Chevrel phase compound; MEF,
model fuel
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