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ABSTRACT: In the quest for optimal H, evolution (HE) through
ethanol photoreforming, a dual cocatalyst-modified heterocatalyst
strategy is utilized. Tin(II) sulfide (SnS) was hybridized with a-Fe,O; 3
to form the heterocatalyst FeOSnS with a p—n heterojunction structure
as confirmed by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), UV—vis diffusive reflectance spectroscopy (UV—
vis DRS), and Brunauer—Emmett—Teller (BET) techniques. PdO, and
PdO,/MnO, cocatalysts were loaded onto the FeOSnS heterocatalyst
through the impregnation method, as verified by high-resolution
transform electron microscopy (HRTEM), X-ray photoelectron spec-
troscopy (XPS), and elemental mapping. Photocatalytic ethanol
photoreforming resulted in the production of H, as the main product
with a selectivity of 99% and some trace amounts of CH,. The
FeOSnS2-PdO, 2%/MnO, 1% photocatalyst achieved the highest HE rate of 1654 pmol/g, attributed to the synergistic redox
contribution of the PdO, and MnO,, species.
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1. INTRODUCTION

Hydrogen (H,) is a crucial requirement for many industrial

production efficiency achieved in water photosplitting is still
too low for industrial viability. This is due to the occurrence of

chemical processes such as ammonia synthesis (~50%), oil
refining (~40%), methanol synthesis (~8%), and trans-
portation. As of 2020, approximately 87 million tons of H,
were generated worldwide, 95% of which is from fossil fuels by
steam reforming of methane and other hydrocarbons as well as
coal gasification. Nevertheless, the burning of fossil fuels releases
large amounts of greenhouse gases such as CO, into the
atmosphere, leading to global warming."” Solar energy is
considered an ideal alternative to fossil fuels due to its high
energy capacity (~1.2 X 10'* kJ received at the Earth’s surface
every second), low cost, and abundance.’ Solar-light-assisted
splitting of H,O over a TiO, photocatalyst was proposed in 1972
by Honda and Fujishima as a sustainable way for H,
production.” Currently, the best performance has been achieved
by TiO,-based systems using UV light. The advantages of TiO,
include availability, low cost, chemical stability, high chemical
inertness, and nontoxicity.” Nevertheless, one disadvantage of
TiO, is its limited activity in the visible spectrum due to its large
band gap (E, ~ 3.2 €V) and fast recombination of photo-
generated electron—hole pairs.’

In spite of the significant body of research conducted with
TiO,, other UV-active photocatalysts such as ZnO” and BiPO,*
and even visible-active photocatalysts such as Bi, WOg,” WO,,"°
and BiVO,'" with wide band gaps (Eg < 3 eV), the H,

© 2022 The Authors. Published by
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energetically favorable backward H, and O, reactions to yield
water, fast recombination of photogenerated electron and hole
(e™/h") pairs due to the strong Coulombic force, limited light
absorption efficiency, low charge transport properties, photo-
corrosion, and instability in water solutions.'” An alternative
strategy is the photoreforming of aqueous solutions containing
biomass-derived oxygenates such as ethanol, glycerol, and
glucose. Additionally, photoreforming can lead to the
production of benzaldehyde, formaldehyde, and cyclohexanone
as industrially attractive products.'”

Hematite (a-Fe,05) is an n-type photocatalyst and has been
examined for photocatalytic H, production through H,O
splitting due to its abundance, nontoxicity, good corrosion
resistance, low cost, and high photo-/thermostability.'*
Importantly, the narrow band gap of 1.9—2.2 eV renders it
with the ability to absorb about 40% of the incident visible solar
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Figure 1. (a) PXRD patterns of a-Fe,O; and SnS, FeOSnS1—3. (b) PXRD patterns of FeOSnS2-PdO,/MnO;, catalysts.

energy.” Nevertheless, the performance of a-Fe,0; is still
limited by its low electrical conductivity (~10—14 Q™' cm™),
short hole-diffusion distance (2—4 nm), poor electron—hole
pair lifetime (<10 ps), poor oxygen evolution reaction (OER)
kinetics, and weak charge mobility (107> to 107" cm® V'
s71).'*!” Furthermore, its conduction band (CB) is not negative
enough to reduce H jons to H,."® Various strategies have been
adopted to address these drawbacks associated with a-Fe,O; for
water splitting. These include the development of a-Fe,O;
nanoarchitectures with sizes smaller than its hole diffusion
length,"” surface state passivating,”’ the creation of oxygen
vacancies,”’ doping of a-Fe,0; with heteroatoms such as Sc, Ti,
Cr, Mn, and Ni,** and construction of Z-scheme p—n junction
heterostructures.”® In contrast to water splitting, few studies
have highlighted the H, production through ethanol photo-
reforming using a-Fe,O;. For example, Carraro et al. reported
that control of the crystal phase of a-Fe,O; can significantly
improve the H, production potential. The results revealed H,
production rates of 40, 225, and 125 mmol h™' m™? for a-Fe,0;,
B-Fe, 03, and &-Fe,0;, respectively, through photoreforming of
ethanol/water solutions under irradiation from a 150 W Xe
lamp.** Wender et al. reported an improved H, production rate
of 546 mmol h™' g™ for an a-Fe,0O; nanoring loaded with a 7%
Co(OH), cocatalyst versus 350 pmol h™' g™' for pure a-
Fe,0,.%

Tin monosulfide (SnS) is a p-type semiconductor with
excellent optoelectric characteristics.”® SnS has an indirect band
gap of 1-1.2 eV, a direct optical band gap of 1.2—1.5 eV, high
absorption coefficient (10*—10° cm™ in the visible region), high
conductivity, low cost, and high charge mobility.”” Cocatalysts
such as noble metals (Ni, Pt, Au, Pd, and Rh and Ag) or
transition metal oxides (NiO, Co;0,, MnO,, and CuO,) have
been extensively examined as important charge mediators to
boost photocatalytic performance.”®

In this contribution, we have optimized the conduction band
energy of a-Fe,O; through hybridization with SnS to improve
the reduction of H' ions to H, via ethanol photoreforming.
Additionally, the FeOSnS heterocatalyst was decorated with
PdO, and MnO,, dual cocatalysts to boost the H, production
efficiency. This is the first report on the tertiary mixture of a-
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Fe,0;/SnS with dual redox cocatalysts for photocatalytic H,
production.

2. RESULTS AND DISCUSSION

2.1. Synthesis of the Heterocatalysts and Cocatalysts.
FeOSnS heterocatalysts were prepared using the in situ chemical
precipitation method with SnS:a-Fe,O; ratios of 1:1 w/w
(FeOSnS1), 1.5:0.5 w/w (FeOSnS2), and 0.5:1.5 w/w
(FeOSnS3). An impregnation method was then used to load
PdO, and MnO,, catalysts onto the FeOSnS2 catalyst, forming
FeOSnS2-PdO, 1%, FeOSnS2-PdO, 2%, and FeOSnS2-PdO,,
2%/MnO,, 1% catalysts based on the mass percentages of the
loaded cocatalysts. The synthesized catalysts were characterized
by X-ray diffraction, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), atomic absorption spectroscopy (AAS),
and UV—vis diffuse reflectance spectroscopy (UV—vis DRS).

2.2. X-ray Diffraction. The crystalline phase and purity of
the as-prepared a-Fe,0;, SnS, FeOSnS1—-3, and FeOSnS2-
PdO,/MnO, catalysts were studied by powder X-ray diffraction
(PXRD) (Figure 1). Pristine a-Fe,0O5, which was synthesized
from the decomposition of Fe(acac); in DMF in the presence of
PVP surfactant at 180 °C, presents distinct diffraction peaks at
20 = 24.1°, 33.1° (main characteristic peak), 35.6°, 40.8°, and
49.4°, assigned to the crystal planes of (012), (104), (110),
(113), and (024), respectively (Figure 1(a)).” For pristine SnS,
formed from SnCl, and sulfur in the presence of PVP in DMF,
the characteristic diffraction peaks were observed at 26 = 21.9°,
25.9°,27.6° 31.9°,39.2°,42.6° 45.5°, and 48.5° corresponding
to the (011), (012), (102), (004), (113), (021), (015), and
(023) diffraction planes, respectively (Figure 1(a)).*

In the PXRD pattern of FeOSnS1—3 heterocatalysts (Figure
1(a)), a series of characteristic diffractions peaks from a-Fe,0,
(indicated by the symbol #) and SnS (indicated by the symbol
*) are observed. In addition, the main diffraction peaks in the
heterocatalysts have minor changes compared with pristine a-
Fe,O; and SnS, suggesting that the hybridization had a
negligible influence on the original crystal structure of the
constituents. This also indicates that any improvement in the
photocatalytic potential is not caused by alteration of the crystal
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Figure 2. (a)—(c) TEM and HRTEM image, (d) PXRD pattern (pattern for a-Fe,O; (AMCSD card no. 0000143) is shown for comparison), and (e)

EDS spectra of the a-Fe,Oj; catalyst.

structure of the constituents.”" It is worth noting that we used an
in situ chemical precipitation method to synthesize FeOSnS
heterocatalysts rather than direct physical mixing. The reason
was to improve the charge transfer between the two photo-
catalysts through the strong chemical bonding formed at the
interface.” In the case of the FeOSnS2-PdO,/MnO, catalyst, no
obvious characteristic peaks of PdO, species (metallic Pd or
PdO) or MnO, species (MnO, Mn,0O, Mn,0;, and Mn;0,)
were detected (Figure 1(b)). This was due to the low loading
amount (1 and 2%) of the PdO, and MnO, cocatalysts and the
high dispersion of catalyst on the heterostructure, in accordance
with other results in the literature.**>°

2.3. Transmission Electron Microscopy. Transmission
electron microscopy images of synthesized a-Fe,O; display
nanometer sized particles with high monodispersity and an
average diameter of 120 + 24 nm (Figure 2(a) and 2(b)). The
high-resolution TEM (HRTEM) image reveals lattice spacing of
0.36 and 0.27 nm, referring to (012) and (104) crystal planes,
respectively (Figure 2(c)).”® The observed values match with
the PXRD pattern of the standard American Mineralogist
Crystal Structure Database (AMCSD card no. 0000143) for
rhombohedral (hexagonal) a-Fe,O; with lattice constants of a =
b=0.503 nm and ¢ = 1.377 nm (Figure 2(d)). The characteristic
peaks for iron (Fe), oxygen (O), and carbon (C) were detected
in the EDS spectrum of a-Fe,0; (Figure 2(e)).”” We have
attributed the trace amounts of chloride to the KCl used for the
shape-controlled synthesis.
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The TEM image of SnS reveals the characteristic formation of
interconnected flower-like structures (Figure 3(a)).”® Each
nanoflower consists of thin 2D nanosheets with sharp edges
growing anisotropically in all directions (Figure 3(b)).” The
HRTEM image reveals lattice spacing of 0.34 nm ascribed to the
(012) crystal plane (Figure 3(c)).*” The observed values match
with the PXRD pattern of the standard American Mineralogist
Crystal Structure Database assigned to the orthorhombic phase
of SnS with lattice parameters a = 0.433, b = 1.11, and ¢ = 0.398
nm (AMCSD card no. 001811S5) (Figure 3(d)). The EDS
spectra of SnS exhibit the signals for C, Sn, and S atoms (Figure
3(e)). The presented data reveal an Sn/S atomic ratio of 70.3,
indicating the synthesized SnS catalyst deviated from
stoichiometry. This high sulfur deficiency is due to postcalci-
nation of SnS which results in significant evaporation of sulfur
due to its high volatility.*' Banu et al. reported the atomic ratio
of Sn/S = 21.97 after annealing the prepared SnS thin films at
500 °C for 30 min.*

The TEM image of the a-Fe,O; and SnS heterostructure
(FeOSnS) shows that a-Fe,O; is dispersed onto the surface of
SnS nanoflowers with close contact between the two
components (Figure 4(a)). This is favored for forming a
heterostructural interface through interactions between the two
photocatalysts, which can promote effective charge separa-
tion.**** Furthermore, a-Fe,O; and SnS are shown in the TEM
images to retain their original shape without morphological
changes after hybridization.*> The TEM image of FeOSnS2-
PdO, 2% shows the morphology changes after loading PdO,
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Figure 3. (a)—(c) TEM and HRTEM images, (d) PXRD pattern (a pattern for SnS (AMCSD 0018115) is shown for comparison), and (e) EDS

spectra of the SnS catalyst.

nanoparticles, in which the PdO, nanoparticles are observed as
black dots, dispersed on the surface of the heterocatalyst (Figure
4(b)). The size distribution profile shows an average size of 3.7
+ 1 nm (Figure S1). The TEM image of FeOSnS2-PdO,, 2%/
MnO, 1% exhibits the same morphology as FeOSnS2-PdO, 2%
with PdO, nanoparticles seen as black dots, with an average size
of 2.8 + 0.87 nm (Figures 4(c) and S1). Notably, the MnO,
cocatalyst is not localized due to the low concentration.
Scanning TEM (STEM) imaging using a High-Angle Annular
Dark Field (HAADF) detector and an Energy-Dispersive
Spectroscopy (EDS) elemental mapping evidenced the presence
of C, O, Fe, Sn, S, and Pd elements without any signal for Mn in
the FeOSnS2-PdO,, 2%/MnO,, 1% catalyst (Figure 4(d)).

2.4. Heterostructure Formation. The heterostructure
formation was further studied using the Brunauer—Emmett—
Teller (BET) method. We calculated the specific surface area
(Sger) and pore volume of the synthesized catalysts from
adsorption—desorption isotherms. SnS presented Sy and pore
volume values of 60.9 m* g™" and 0.063 cc/g which were higher
than that of a-Fe,O; with Sggy and pore volume values of 24.6
m* ¢! and 0.031 cc/g, respectively (Figure 5(a)). The higher
surface area of the SnS catalyst is due to its hierarchical porous
architecture, whereas in the case of a-Fe, 03, a small surface area
and low pore volume indicate that the a-Fe,O; primary crystals
are densely packed as evidenced by TEM results.** Integration

of a-Fe,O; with SnS resulted in FeOSnS heterocatalysts
(FeOSnS1-3) with reduced specific surface areas and pore
volumes (Figure 5(a) and Table S1). This is due to the decrease
in the pore volume of SnS or the blocking of the porous channels
of SnS when coupling with a-Fe,05, as reported by Yousatit et
al.*” The pore volume and diameter values for FeOSnS1—3
catalysts were not consistent with the initial ratios (Table S1),
indicating that a-Fe,O; nanoparticles are not uniformly
distributed on SnS which agrees with the TEM results.
Furthermore, loading of the cocatalyst reduced the surface
area and pore volume of the FeOSnS2 heterocatalyst from 24.9
mz/g and 0.008 cc/g down to 15.6 mz/g and 0.005 cc/g for
FeOSnS2-PdO, 2%/MnO, 1% (Figure S(b) and Table S1).
This phenomenon is attributed to the partial surface coverage of
the heterocatalyst by the deposited cocatalysts.*®

The heterostructure formation was further confirmed by
attenuated total reflection-Fourier transform infrared (ATR-
FTIR) and UV—vis diffuse reflectance spectroscopy (UV—vis
DRS) results (see Figures S2 and S3 in the Supporting
Information). XRD and FT-IR studies could not confirm the
presence of the cocatalysts in the FeOSnS heterostructures, but
EDS analysis was able to. Unfortunately, as the detection limit of
EDS used in this study was <1 wt %, the technique was not able
to give accurate quantitative values (see Figure S4 in the
Supporting Information). Atomic absorption spectroscopy
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Figure 4. (a)—(c) TEM images of FeOSnS2, FeOSnS2-PdO, 2%, and FeOSnS2-PdO, 2%/MnO, 1% catalysts. (d) HAADF-STEM and EDX

elemental mapping images of FeOSnS2-PdO, 2%/MnO, 1% catalyst.

(AAS) was therefore utilized to confirm the content of the
cocatalyst in the synthesized FeOSnS2 heterocatalyst (see Table
S2 in the Supporting Information).

2.5. X-ray Photoelectron Spectroscopy. To further
explore the presence of the cocatalysts and identify the related
oxidation states, XPS was performed. Wide-scan survey spectra
revealed photoelectron lines at binding energies (BEs) of 23.6
eV (Sn 4d), 153—175 eV (S 2p), 278300 eV (C 1s), 328348
eV (Pd 3d), 480—505 eV (Sn 3d), 520—545 eV (O 1s), 556—
630 eV (Mn 2p), and 697—745 eV (Fe 2p), at the surface (<3
nm), as illustrated in Figure 6a. This is consistent with the EDS
results and revealed the successful impregnation of PdO, and
MnO, cocatalysts on FeOSnS2. The high-resolution XPS
window of the C 1s core level (Figure 6(b)) is deconvoluted
into three peaks at BEs of 284.8, 285.7, and 288.3 eV,
respectively, corresponding to C—C sp” from PVP molecules

and adventitious carbon, a C—OH bond, and a carbonyl
(—OC=0) bond, respectively.”” The O 1s core-level spectra
(Figure 6(c)) exhibit a high intensity peak at ~$30.3 eV
corresponding to the lattice oxygen of iron—oxygen bonds (Fe—
O) of the a-Fe,05 component in the heterocatalyst. The high
intensity of the peak is due to the high number of iron ions
(Fe") strongly interacting with the lattice oxygen (O®”) in the
crystal lattice. The peak centered at 532.2 eV is associated with
the surface —OH groups (adsorbed water) and oxygen bonded
with the PVP C atoms (Fe—O—C bond).”’ As can be seen in the
wide-scan survey spectra and high-resolution S 2p photoelectron
spectra (Figure 6(d)), the peaks at 161—162 and 162—163 eV
corresponding to S 2p;/, and S 2p,, are absent. This is due to
sulfur being present in amounts lower than the detection limit
for XPS,”" which is in accordance with EDS and elemental
mapping results.’>>® Sn manifests itself with strong peaks
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centered at 24 eV (Sn 4d), 486.4 €V (Sn 3d,), 494.9 eV (Sn
3d;.,), 713.6 eV (Sn 3ps,,), and 755.2 eV (Sn 3p,/,) (Figure
6(a)). The deconvolution of the Sn 3d energy state (Figure
6(e)) revealed spin—orbit doublet peaks at 486.4 eV (Sn 3d;/,)
and 494.9 eV (Sn 3d,/,) with a separation of 8.5 eV which
confirms the oxidation state of +2 and the formation of single-
phase SnS. In addition, two small peaks at slightly higher BEs of
487.8 (Sn 3ds),) and 496.2 eV (Sn 3d,,) are assigned to Sn*",
indicating the partial oxidation of the edges of SnS due to the
unstable state of Sn* at the annealing temperature (500 °C).>*
Overall, XPS analysis indicates SnS as the major phase and SnS,
as an impurity in the FeOSnS2/PdO,/MnO, catalyst. The high-
resolution Fe 2p spectrum in Figure 6(f) exhibits the BEs of Fe
2p;/, and Fe 2p, /, at 710.9 and 724.5 eV with additional satellite
peaks at 734.7 eV. Taken together, the data verify the valence
state of Fe ions as +3 in a-Fe,0;. The result indicates that
calcination at 500 °C does not change the valence state of Fe** to
reduced or oxidized forms (e.g, Fe** or Fe*'). Notably, as
marked in the dotted square in the low-resolution survey
spectrum (Figure 6(a)), the core-level lines assigned to Sn 3p
located at BEs of 715.6 eV for Sn 3p;,, and 757.7 eV for Sn 3p, 5,
overlap with the Fe 2p core levels.”” The core-level high-
resolution orbital scan of the Pd 3d spectra were deconvoluted
into four peaks centered at BEs of 336.9, 335.4, 342.4, and 343.5
eV, respectively (Figure 6(g)). The high intensity peaks at BEs
of 336.9 (3ds,) and 342.4 €V (3d,,) are assigned to Pd** from
the palladium precursor (PdCl,) or PdO, which is in agreement
with the reported value of the BE at 336.8—337.4 €V.>® The very
low intensity peaks at BEs of 337.7 and 343.5 eV are attributed to
Pd*, suggesting that a low percentage of Pd*" has been oxidized
during the impregnation/calcination process.”” There was no
metallic Pd (Pd®) detected on the surface of the catalyst with
typical BEs of 335.1 and 341.1 eV.”® The high-resolution
spectrum of Mn 2p exhibited two main peaks at BEs of 641.8 and
653.3 eV assigned to Mn 2p;,, and Mn 2p, ,, respectively. The
spin—orbit splitting energy value of Mn 2p was 11.5 eV, close to
11.6 eV as reported by Yu et al.*’ The peaks were deconvoluted
to identify the chemical valence of the MnO,, cocatalyst. As can
be seen from Figure 6(h), the Mn 2p, , and Mn 2p;, peaks can
be resolved into two pairs of triplet peaks, respectively. The Mn
2p3/, peaks at BEs of 640.6, 641.8, and 642.4 eV correspond to
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Mn** (MnO), Mn* (Mn,0;), and Mn* cations (MnO,),
respectively. Similarly, the Mn 2p, , peaks appeared at BEs of
652.4, 653.3, and 653.8 eV which correspond to Mn**, Mn**,
and Mn*" cations, respectively. These results indicate the
coexistence of MnO, Mn,0;, and MnO, species. The loaded
manganese oxide is labeled as MnO,, (1 < x < 2).%°

2.6. Photocatalytic Reforming of Ethanol. Our initial
investigations of the photocatalytic performance of as-
synthesized a-Fe,O;, SnS, and FeOSnS1—3 heterocatalysts
focused on their ability to act as water-splitting catalysts. While
FeOSnS2 was found to have the optimum photocatalytic
activity, H, generation was low over all samples (Figure S7 in the
Supporting Information). Therefore, our efforts turned to the
photocatalytic reforming of ethanol using the cocatalysts. To
explore the effect of the cocatalysts on the photocatalytic
activity, single PdO, and dual PdO,/MnO, cocatalysts were
loaded on FeOSnS2, and studies of the photocatalytic reforming
of ethanol in ethanol/water solutions compared to bare
FeOSnS2 were performed. The results are shown in Figure 7
and Table 1. A blank test was carried out without photo-
irradiation in the presence of both ethanol and photocatalyst
(entry 1), resulting in negligible photocatalytic production rates.
This confirms that this reaction does proceed photocatalytically
with photoirradiation in the presence of the photocatalyst. The
photocatalytic reforming of ethanol using ethanol/water
solutions with single and dual cocatalysts loaded on FeOSnS2
resulted in the production of H,, with only trace amounts of CH,,
produced which is consistent with the results presented in the
literature for both single and dual cocatalyst systems.’’ Product
selectivity of H, among other possible gases reached 99% (Table
1), with the formation of other oxygenated organic compounds
unable to be detected; therefore, this method produces very high
levels of pure H, gas.

Time course data for H, formation in the photocatalytic
reforming of ethanol over the FeOSnS2 and FeOSnS2/PdO,/
MnO, catalysts are shown in Figure 7(a). An overall increase in
H, formation yield with time of illumination was observed for all
samples, but a low amount of H, (42 pmol/g) was produced
from the noncatalyzed irradiation of ethanol after 3.5 h of
illumination (Table 1). The FeOSnS2 sample produced a high
amount of H, (702 umol/g) after 3.5 h of illumination,
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Figure 6. (a) XPS survey spectra and high-resolution XPS spectra of (b) C 1s, (c) O 1s, (d) S 2p, (e) Sn 3d, (f) Fe 2p, (g) Pd 3d, and (h) Mn 2p for
FeOSnS2-PdO, 2%/MnO, 1% catalyst.

indicating the successful trapping of h* by ethanol during the electrons on the photocatalyst surface, leading to a higher H,
reaction (Figure 7b).%” The consumption of the photogenerated formation.”* Our prepared FeOSnS2 heterocatalyst presents
holes by ethanol results in the accumulation of photogenerated better performance than previously reported photocatalysts
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Figure 7. (a) Time course and (b) accumulated H, evolution amount from ethanol photoreforming over 1 g of FeOSnS2-PdO,/MnO,, catalysts after a
3.5 h illumination (source: mercury lamp (4.4 mW cm™ measured at 1 = 254 + 10 nm)).

Table 1. Product Yields for the Photocatalytic Reforming by
Photocatalysts

Production rate (xmol/g)

Entry Gas Photocatalyst H, CH, CO CO, Stz
Ar  No light - - -
1 Ar  FeOSnS2 702 1.75 99.75
2 Ar  FeOSnS2-PdO, 1% 821 4.75 99.42
3 Ar  FeOSnS2-PdO, 2% 1444 S.S 99.62
4 Ar  FeOSnS2-PdO, 2%/ 1654 11 99.33

MnO, 1%

consisting of a-Fe,O; modified with other metal sulfides. For
example, Lu et al. reported an HE rate of 6.9 ymol/g/h over Zn-
doped a-Fe,0;-modified WS, after 2 h solar light irradiation.®®
Kadam et al. reported the highest HE rate of 136 ymol/g/h fora
10% Mo-doped SnS photocatalyst at 400 nm.”* When PdO,
species were loaded as cocatalysts on FeOSnS2, H, formation

yield was increased from 702 pmol/g for FeOSnS2 to 821 ymol/
g for FeOSnS2-PdO, 1% and 1444 pmol/g for FeOSnS2-PdO,,
2% after 3.5 h of illumination. The high H, formation yield for
FeOSnS2-PdO,, 2% with a higher loading amount of PdO,
demonstrates that the photogenerated electrons and holes could
be efficiently separated once PdO, was loaded on the surface of
FeOSnS2 by the impregnation method. The loading of the
MnO, species as an additional cocatalyst on FeOSnS2-PdO, 2%
can increase the H, formation yield from 1444 pmol/g for
FeOSnS2-PdO,, 2% to 1654 pmol/g for the FeOSnS2-PdO,
2%/MnO, 1% photocatalyst under the same conditions. The
formation of PdO, and MnO,, cocatalysts was evidenced by XPS
and UV—vis DRS analysis, confirming the role of dual
cocatalysts of PdO,/MnO, in photocatalytic reforming of
ethanol, where the PdO, serves as an electron trap (catalytic
sites for H, reduction) and MnO, serves as a hole trap (catalytic
sites for oxidation reaction). This vicinal charge separation by
dual cocatalysts of PdO,/MnO, can also lead to efficient

Scheme 1. Band Bending and Carrier Transport at the Surface or Interface for FeOSnS2/PdO,/MnO, Catalysts

—

N

Potential/vs NHE

w
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photocatalytic reforming of ethanol. Since reduction and
oxidation reactions take place in a pair, any improvements in
the oxidation would result in improved reduction and
subsequent higher H, formation rates.”” This indicates that
the coexistence of reductive and oxidative cocatalysts could
synergistically improve the photocatalytic potential. Lopez-
Martinez et al. observed the same phenomenon where the
maximum HE rate of 728 pmol/m? was achieved over dual
AuPd cocatalysts loaded onto SnS after 3 h irradiation (Xe lamp
of 450 W and 100 mW/cmz).66

2.7. Proposed Mechanism for H, Production. The
possible charge separation at the interface of the PdO,/MnO,,
dual cocatalyst loaded on FeOSnS2 for the photocatalytic
reforming of ethanol is depicted in Scheme 1. Before contact, the
conduction band and valence band edge positions (Eyg and Ecg)
of SnS and a-Fe,0; catalysts are independent of each other and
were calculated to be 2.89 and 0.96 eV for @-Fe,0; and 1.04 and
—0.40 eV for SnS (Supporting Information). The coupling of p-
type SnS and n-type Fe,O; forms a p—n junction at the
heterostructure interfaces, which leads to the formation of an
internal electric field (E;.a1) between the p-type side and the n-
type side and band bending.”” At the p—n junction the electrons
and holes are separated, and enhancement of the photo-
generated electrons transferring from the CB of p-type SnS to
the CB of n-type a-Fe,O; (Scheme 1) occurs. Loading PdO,
and MnO, on the FeOSnS2 surface improves the interface
reaction speed because the cocatalysts can reduce the activation
energy of the reduction and oxidation reaction for the
photocatalytic reforming of ethanol. The TEM images revealed
the PdO, NPs were deposited on the surface of a-Fe,O; and
SnS. However, we could not determine the exact position of
MnO, on the surface of FeOSnS2, and it seems that MnO,, is
randomly distributed on the surface of the FeOSnS2 catalyst.
Considering the improved HE rate for the dual cocatalyst, one
possible explanation may be that the loaded cocatalysts are
sufficiently spatially separated that the recombination of
electron/hole pairs is minimized. Therefore, PdO, functions
as the reduction site and receives the photoexcited electrons
from the CB of a-Fe,O; to produce H,, while MnO,, functions as
the oxidation site and receives the photoexcited holes from the
CB of SnS to produce CH,.

3. CONCLUSION

We have successfully synthesized FeOSnS heterocatalysts using
a simple in situ chemical precipitation method. The prepared
FeOSnS2 heterocatalyst exhibits excellent HE performance
relative to pristine a-Fe,O; and SnS, due to the new
heterostructural interface provided by this technique. Loading
of redox PdO, and MnO, cocatalysts did not influence the
crystal structure of the FeOSnS2 heterocatalyst, but they were
partially oxidized during loading. The loaded cocatalysts masked
the pores of the FeOSnS2 heterocatalyst, resulting in the
reduction of the active surface area (Sygr). HE results revealed
the success of the undertaken strategies, namely, the integration
of a-Fe,0; and SnS and coloading of redox PdO, and MnO,,
cocatalysts. The highest HE rate was achieved for FeOSnS2-
PdO, 2%/MnO, 1%, ascribed to the synergistic redox
contribution of the PdO, and MnO, species. In order to
increase the HE rate further, two strategies will be considered in
future work including (i) the loading of cocatalysts using
different methods onto the optimal heterocatalyst and (ii)
altering the ratios of the loaded PdO, and MnO, cocatalysts.

4. EXPERIMENTAL SECTION

4.1. Materials. Iron(III) acetylacetonate (Fe(acac); >
99.9% trace metals basis), poly(vinylpyrrolidone) (PVP, average
molecular weight 40,000 g mol™'), N,N-dimethylformamide
(DMEF), sulfur powder (99.99%), and tin chloride dihydrate
(SnCl,-2H,0, 99%), were purchased from Sigma-Aldrich. All
other chemicals were of analytical grade and used as received
from commercial sources without further purification.

4.2. Synthesis of the a-Fe,O; Catalyst. The a-Fe,O,
catalyst was synthesized through our previously published
hydrothermal route.*®

4.3. Synthesis of the SnS Catalyst. The flower-like SnS
catalyst was synthesized by the above hydrothermal method,
except SnCl, (0.2 mmol), PVP (0.4 mmol), and sulfur powder
(0.1 mmol) precursors were mixed in DMF (20 mL) under
stirring (500 rpm) at 70 °C for 120 min followed by
hydrothermal reaction at 180 °C for 6 h and an eventual
washing process as above.

4.4, Synthesis of a-Fe,0;—SnS (FeOSnS) Heterocata-
lysts. The in situ chemical precipitation method was utilized to
synthesize FeOSnS heterocatalysts using different mass ratios of
as-prepared SnS and a-Fe,O; constituents to find the optimal
formulation for coating with cocatalysats in the next step. In a
typical experiment, SnS:a-Fe,O; (1:1 w/w) was dispersed by
ultrasonication in 50 mL of EtOH/H, O solution (20:80 v/v) for
30 min and stirred in a fume hood at 80 °C for 24 h. The
resultant product was collected by centrifugation, rinsed with
distilled water and absolute ethanol three times, and dried at 80
°C for 6 h in an electric oven. The obtained heterocatalyst was
denoted as FeOSnSl1. Similarly, FeOSnS2 (SnS:a-Fe,O; =
1.5:0.5 w/w) and FeOSnS3 (SnS:a-Fe,O; = 0.5:1.5 w/w) were
also prepared following the above procedure. The prepared
FeOSnS1-3 heterocatalysts were then placed inside ceramic
crucibles and calcined under Ar(g) at S00 °C for S h.

4.5. Loading of PdO,/MnO, Cocatalysts onto FeOSnS2.
An impregnation method was utilized to load cocatalysts on the
FeOSnS heterocatalyst. To synthesize FeOSnS2-PdO, 1%, 0.5 g
of FeOSnS2 was soaked in a solution (100 mL) containing the
Pd precursor (0.008 g PAdC,) and continuously stirred in a water
bath at 120 rpm at 80 °C until the evaporation of the water from
the suspension. The resulting solid was washed with absolute
ethanol and distilled water three times and dried at 70 °C in an
electric oven overnight followed by a calcination on a ceramic
crucible in air at 350 °C for 2 h. FeOSnS2-PdO, 2% and
FeOSnS2-PdO, 2%/MnO, 1% catalysts were prepared using the
same procedure with stoichiometric amounts of Pd (0.016 g of
PdCl,) and MnO,, precursors (0.016 g of PACL, and 0.027 g of
Mn(NO,),4H,0).

4.6. Ethanol Reforming for Hydrogen Production. The
photocatalytic H, production was commenced by irradiation of
the solution using a 100 W high-pressure mercury lamp (4.4 mW
cm™* measured at A = 254 + 10 nm). The amount of H, in the
outlet gas was quantified by an online gas chromatograph
(Shimadzu, GC-8A, TCD, Shincarbon ST column, argon
carrier). The experiment was carried out using a 20:80
ethanol—water solution where ethanol was used as the sacrificial
reagent to consume the photogenerated holes during the
reaction. The selectivity toward H, evolution compared with
CH,, Sy, was calculated using the formula:

Sip (%) = Ry /(Ryy, + Repy) X 100
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where Ry, and Ry, describe the production rate of H, and CH,,
respectively. The amount of CO and CO, produced was
negligible and not considered in this equation.

5. CHARACTERIZATION

Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku Spider X-ray diffractometer with Cu K,, radiation (1 =
1.5406 A), at 40 kV and 50 mA from 10° to 80° in the Bragg
configuration. The morphology of the catalysts was examined
using transmission electron microscopy (TEM, Tecnai G2 Spirit
Bio-TWIN, acceleration voltage of 200 Kv) and scanning
electron microscopy (SEM, FE-SEM FEI Quanta 200). Image]J
software was acquired for postprocessing and particle size
analysis. The elemental mapping images and energy-dispersive
X-ray spectroscopy (EDX) spectra of catalysts were probed by
an energy-dispersive spectrometer connected to field-emission
scanning electron microscopy (FE-SEM FEI Quanta 200) to
verify the chemical composition. The spectral data were
collected with a silicon EDAX unit (NJ, USA) running Genesis
Spectrum software (version 5.21). The EDS spectra were
generated for each catalyst by a line scan of several randomly
selected areas under different magnifications.

The chemical state of catalysts was probed with X-ray
photoelectron spectroscopy (XPS) (Kratos Axis Ultra®® X-ray
Photoelectron Spectrometer) at the pressure of 10~° Torr with
ALK, X-rays (1486.69 eV) as the X-ray source. All spectra were
calibrated with respect to the C 1s signal from adventitious
hydrocarbon set at 285 eV. The high-resolution narrow-scan
XPS spectra included nonlinear (Shirley) background sub-
traction and peak deconvolution by using mixed Gaussian—
Lorentzian functions.

The mass percentages of PdO, and MnO, cocatalysts were
analyzed by atomic absorption spectroscopy (AAS; GBC
Scientific PerkinElmer Instrument) with a slit width of 0.2 nm,
a lamp current of 5 mA, and an air-acetylene flame, with a Pd
hollow cathode lamp (340.5 nm) and Mn hollow cathode lamp
(403.1 nm) for PdO, and MnO,, respectively. For AAS analysis,
approximately 5 mg of catalyst was digested in a mixture of
concentrated HCI (37%, 0.5 mL), HNO; (70%, 1.0 mL), and
H,0, (32%, 1.0 mL) at 100 °C overnight followed by dilution to
50 mL with Milli-Q water. Standard 1000 ppm Pd in HCI and
Mn in HNO; (Sigma-Aldrich) solutions were used to prepare
metal calibration standard solutions (10—100 ppm) from which
the intensity vs concentration plot was acquired for
quantification.”” The N, adsorption—desorption isotherms
were analyzed on a Quantachrome BELSORP Mini Autosorb
nitrogen-adsorption apparatus. Samples were evacuated at 120
°C for 20 h prior to Brunauer—Emmett—Teller (BET)
measurements with autosorb at liquid nitrogen temperature
(77 K). The BET specific surface area (Sppy) of the catalysts was
investigated by a multipoint BET method utilizing the
adsorption data in the relative pressure (P/P,) range of 0—1.

The optical characteristics and band gap values of the catalysts
were acquired via a UV—vis diffuse reflectance spectrometer
(UV—vis DRS; V-640 (JASCO)) with an integrating sphere
attachment in the wavelength range of 200—800 nm at RT.
High-purity barium sulfate (BaSO,) powder was used as a
reflectance standard. Photoluminescence (PL) emission spectra
were collected at RT using a Horiba Scientific Fluoromax-4
Spectrofluorometer. All samples with concentrations of 0.06
mg/mL in EtOH were excited at 330 nm with a 150 W ozone-
free xenon arc lamp as the excitation source, and the emission
spectra were recorded from 330 to 620 nm.
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