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ABSTRACT: Transition metal doped chalcogenides are one of the most important class of catalysts which have been attracting
increasing attention for petrochemical and energy related chemical transformations due to their unique physiochemical properties.
For practical applications, achieving maximum atom utilization by homogeneous dispersion of metals on the surface of chalcogenides
is essential. Herein, we report a detailed study of a deposition method using thiourea coordinated transition metal complexes. This
method allows the preparation of a library of a wide range of single atoms including both noble and non-noble transition metals (Fe,
Co, Ni, Cu, Pt, Pd, Ru) with a metal loading as high as 10 wt% on various ultrathin 2D chalcogenides (MoS,, MoSe,, WS, and WSe;).
As demonstrated by the state-of-the-art characterization, the doped single transition metal atoms interact strongly with surface anions
and anion vacancies in the exfoliated 2D materials, leading to high metal dispersion in the absence of agglomeration. Taking Fe on
MoS; as a benchmark, it has been found that Fe is atomically dispersed until 10 wt% and beyond this loading, formation of coplanar
Fe clusters is evident. Atomic Fe, with a high electron density at its conduction band, exhibits a superior intrinsic activity and stability
in CO; hydrogenation to CO per Fe compared to corresponding surface Fe clusters and other Fe catalysts reported for reverse water-
gas-shift reactions.

aspecific coordination environmentand lack a reliable and versatile strat-
egy to synthesize SACs using practical processes. Currently, there are
several methods to prepare SACs developed from bottom up or top-
down strategies both of which have advantages and disadvantages. ™2
The developed protocols to synthesize SACs can be classified as either
physical or chemical methods. Atomic layer deposition (ALD) technique
is a typical physical method to synthesize uniform SAs onto a substrate
with high precision. However, ALD generally uses specific gaseous TM
atoms and requires a high-quality substrate support i.e. single crystal sur-
face.®® Other physical methods such as mass-selected soft landing™, and
high temperature shockwave also require specialised instruments with
finely controlled atom beams. Moreover, using these methods the SA
loading cannot be increased due to severe aggregation problems. In com-
parison, chemical methods from a bottom up approach are less expensive
in their preparation cost and less cumbersome in control. However, lim-
ited knowledge of the surface chemistry, anchoring and poor understand-
ing of the metal-support interactions can make these syntheses rather em-
pirical.® In addition, the materials produced often contain supported TM
species with different sizes ranging from SA to nanoparticles due to weak
support interactions, allowing surface Oswald ripening of SAs. Reducing
the loading of SA on support is beneficial to preventing this so the com-
monly reported metal loadings achieved by wet chemical anchoring
methods are extremely low. For example, the loading of reported

INTRODUCTION

Heterogeneous catalysts with highly dispersed transition metal (TM)
sites on solid supports are critical for efficient catalysis. Selecting high
intrinsic activity on a particular support and increasing active site density
are the two main areas available for optimizing catalytic performance.!
Therefore, creating heterogeneous catalysts with optimum usage of TMs
and well-defined catalytic sites is essential for developing cost-effective
and green chemical processes. Notably, local coordination environment
can significantly affect the physicochemical properties of a single atom
(SA).Z In addition, idealised catalysts with uniform SA sites with a spe-
cific coordination structure aids our understanding heterogeneous cataly-
sis at the atomic level.

During recent years, the potential advantages of single atom catalysis
have been proposed and experimentally explored. Numerous studies
have also been exemplified using a variety of synthesis methods for pre-
paring single atom catalysts (SACs).*® The strategies to prepare SACs
include reducing the loading amount of TM on supports and using voids
to confine the SAs.”® In most cases, the mass loading of TM is usually
kept low (below 1.5 wit%) in order to avoid agglomeration and maintain
monodisperse isolated TM atoms on the supports, which leads to rela-
tively inferior catalytic performance measured on a gram basis.*® Moreo-
ver, in general, the TM and supports are deliberately chosen to construct
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Pty/FeO, by wet impregnation was only 0.17 wt%."” A photochemical
route has been developed to prepare Pdy/TiO, with a claimed high load-
ing of SAs, but the actual loading rarely exceeds 1.5 wt%.5 Another pop-
ular chemical strategy involves the carbonization of metal organic frame-
works (MOFs) with dopant metal atoms pre-encapsulated in N-contain-
ing organic linkers, ¥ The process is similar to the pyrolysis of the mix-
tures containing metal, nitrogen and carbon atoms from metal doped pol-
ymers and carbon materials. However, these strategies are restricted to
preparing anchored metal atoms on carbon and nitrogen carriers of unde-
fined and impure support structure. Although a variety of SACs have
been synthesized by these aforementioned methods, the SACs generally
suffer from low TM metal loading, or/and inhomogeneous coordination
environment.

There are some studies in literature reporting routes for the synthesis of
high loading SACs.2% Among them, the loading of SA can reach up to
20 wt%.2 However, many were unstable against aggregation under the
conditions, not well characterised, no clear established molecular interac-
tions in their complex systems and were unable to differentiate the roles
of single atoms from clusters in catalysis when the loading is high.?* It is
essential to formulate a reliable synthesis strategy to transfer the target-
single atom-containing species to the substrate and effectively anchor the
single atoms with high concentration.”

Recently, two-dimensional (2D) layered transition metal chalcogenides
(TMCs) have been explored for many petrochemical conversions in the
presence of chalcogens and for energy applications, including solar cells,
batteries, light-emitting diodes, photocatalysts, electrocatalysts, thermoe-
lectric generators due to their unique physicochemical properties. =
These layered 2D materials are particularly studied as efficient catalysts
for the production of hydrogen, which has been proposed as the ideal en-
ergy carrier by virtue of its highest gravimetric energy density with zero
emission of carbon dioxide.? As a result, developing a common method
to prepare high-loading of SAs supported on TMCs is highly desirable.
Manipulating the basal plane of the TMC crystal surface by introducing
surface defect sites promises to accommodate transition metal atom(s) in
substantial amounts, desirable for improved catalytic activity.

In this study, we demonstrate the fabrication of highly stable, atomi-
cally dispersed TM catalysts on ultrathin 2D TMC materials (MoS;,
MoSe,, WS, and WSe,) with a loading of up to 10 wt% by synthesis
using thiourea coordinated TMs as precursors. The TMC materials were
first exfoliated into single molecular layers with high density anion va-
cancies by n-BuL.i treatment in solution. These anion vacancy sites of-
fered a coordination point for thiourea-TM complex, leading to a high
density of SAs with strong TM-support interaction. This is applicable to
a library of TMs including noble and non-noble TMs (Fe, Co, Ni, Cu, Pt,
Ru, etc).

Fe SAs and clusters supported on single layered MoS; (sSMoS,) are
demonstrated as model systems to correlate loading with catalytic perfor-
mance. The Fe SA (Fe;) can be atomically dispersed on sMoS;surface
up to 10 wit%.When the loading is further increased, the Fe atoms begin
to form clusters starting from surface Fe atoms pairs (Fe;). These

Fey/sMoS; and Fe/sMoS; exhibited excellent catalytic activity and se-
lectivity for the reversed water gas shift reaction of CO, with good stabil-
ity. We have used a wide variety of characterisation methods to under-
stand the structural, compositional and chemical environment of the cat-
alysts and to correlate their activity with structure.

RESULTS AND DISCUSSION

Preparation and Structural Characterization of TM-SACs.
Figure 1a demonstrates the fabrication of SACs using Fe/MoS, with a
theoretical loading of 10 wt% as an example. Single molecular layered
MoS; (sMoS;) was prepared by following our previously reported exfo-
liation method using n-BuLi intercalation.? The exfoliation creates a
number of sulfur (S) vacancies, allowing the assembly of TM-thiourea
complexes through self-nucleation under hydrothermal conditions. The
as-obtained hybrid was further reduced at 300 °C in diluted H, which re-
sulted in Fe SAC supported on 2D MoS; (Fe-sSMoS;).

As seen in Figure 1b, bulk MoS; (bMoS;) shows characteristic peaks in
the X-ray diffraction (XRD) pattern, whereas these peaks diminish in the
case of SMoS; and Fe-sMoS,. This an indication of successful exfoliation
of the layered structure which is further supported by atomic force mi-
croscopy (AFM) (Figure S1). The existence of S vacancies was verified
by electron paramagnetic resonance (EPR), which is a sensitive tech-
nique to probe unpaired electrons. In comparison to bMoS,, sSMoS;
shows a prominent signal at g = 2.005 (Figure 1c) corresponding to the
unpaired electrons trapped at sulfur vacancies.* However, with the intro-
duction of the Fe-thiourea complex (Fe(thiourea)sX, where X= Cl or
Ac), the intensity of this signal drops significantly, indicating that the Fe-
thiourea complex refilled most of the electron density at the surface S va-
cancy sites of SMoS; during the hydrothermal process prior to further
treatment. Previous studies also confirm that defective S vacancy sites
possess high molecular affinity, especially for thiol-based molecules.Z
Thus, the S in one of the four thiourea ligands may occupy the S vacancy
and coordinate to Mo. It is also possible that Fe itself may be placed at the
S vacancy as a substituted site. However, our studies®indicated that sin-
gle transition metal atoms preferentially occupy Mo top sites rather than
S sites. In order to confirm that the atomic species on top of Mo sites are
Fe atoms, Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy electron energy loss spectra (AC
HAADF-STEM-EELS) and synchrotron-radiation X-ray absorption
fine structure (XAFS) analyses were used. Figures 1d, 1e and S2 show
that Fe is present as single atoms, despite the high Fe loading (9.34 wt%
from inductively coupled plasma -mass spectroscopy and optical
emission spectroscopy (ICP-MS and -OES), Table S1) and the Fe ada-
toms are present on top of Mo sites in the 2D MoS;structure, presumably
arising from refilling of the thiol tethered Fe complex to the neighbouring
vacancies. Following. heat treatment, the higher contrast feature at the
Mo site position corresponds to Fe from EELS, showing the characteris-
tic signals of Fe L3 and Fe L2 edges at 708 and 721 eV, respectively.®
The SA property of Fe-MoS; was further confirmed by extended X-ray
absorption fine structure (EXAFS), as shown in Figure 1e. There is only
asingle peak at 1.77 A attributed to the first Fe-S coordination shell in the
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Figure 1. Preparation and structural characterization of 10%Fe-sMoS,. a. Schematic illustration of the preparation of SACs. b. XRD and ¢. EPR spectra
of bMoS;, sMoS; and Fe-sMoS;. d. ADF STEM image of Fe-sMoS; with single Fe atoms marked. Scale bar, 2 nm. e. k®weighted R-space Fourier
transform spectra of EXAFS for Fe-sIMoS;, FeS, FeCls, FeCl4H,0 and Fe foil. f. PDF spectra of bMoS,, sSMoS; and 3%Fe-sMoS,. g. A model of MoS;
bilayer where each layer contains alternating S-Mo-S sub-layers/sub-columns.

as-reduced Fe-sMoS,. Although there are some Fe atoms infrequently
observed in pairs in Figure 1d, no Fe-Fe bonding at 2.22 A was found in
the EXAFS, indicating that only traces of Fe may be in clusters/pairs. In
addition, the absorption edge of Fe-sMoS; from the X-ray absorption
near edge structure (XANES) analysis in Figure S3 is similar to that of
FeS indicating an average oxidation state between Fe® and Fe"', which
suggests a similar bonding environment and chemical status of Fe in Fe-
sMoS; and FeS.

For sMoS; and Fe-sMoS,, the bulk structure is disordered due to the ex-
foliated layers. Hence, using the Bragg peaks is limited for characterising
the framework as no significant peaks were observed, as shown in Figure
1b. In contrast, pair distribution function (PDF) is a powerful tool for
structural characterisation of materials with significant intrinsic disor-
der.3% This technique uses both the Bragg and the diffuse diffraction

component to yield structure parameters reflecting both the local struc-
tural disorder and the long-range order. The PDF spectra of dried bMoS,,
sMoS; and Fe-sMoS; are shown in Figures 1f and S4 together with a
model of two-layer MoS,, shown in Figure 1g. The sMoS; and Fe-
sMoS,show attenuated PDF signals from 7 A to 20 A, the distance cor-
responding to 1 to 3 layers of sSMoS,, compared to bMoS,,. In the signal
range larger than 20 A, the signal significantly decays. Of particular in-
terest, the signals at 7.11 A and 7.78 A, corresponding to Mo-Mo and
Mo-S bonds respectively, in two layer MoS; (Figure 1g) are absent. This
indicates that MoS, was exfoliated into single layers and that disordered
restacking is within 2-3 layers during drying and reduction. To identify
the local structure, the first-shell spectra in the range corresponding to to
Mo-S, Mo-Mo and Mo-S bonds at 2.41 A, 3.16 A, and 3.99 A respec-
tively, were simulated (Figure S4) with errors within 2%. Simulated PDF
patterns of Fe-sMoS; (Figure S4d), using a DFT model where Fe SA is



located on top of the Mo site (Figure S4f), fits well with the experimental
data of PDF, indicating that the introduction of Fe SA did not cause fur-
ther restacking of sSMoS, and that the ultrathin layered framework was
kept intact.

In order to synthesise SACs with high metal loading, we followed a 3-
steage strategy. Initially, bMoS, was exfoliated to form monolayers with
S vacancies and PP was introduced in the colloidal solution to prevent
restacking of the layers. Subsequently Fe-thiourea complex was used un-
der hydrothermal conditions to refill the S vacancies within three-sub-
layers of S-Mo-S in a trigonal prismatic 2-H structure of mono-layer
MoS; through thiol-terminated ligands.**%? Finally, the thermal treat-
ment of the resultant solid yielded single atom Fe, located on top of Mo
site, catalyst. To reveal the roles of PVP and thiourea, two control exper-
iments were designed where Fe-sMoS; catalysts were synthesized by fol-
lowing the same experimental procedure but without the use of thiourea
or Polyvinylpyrrolidone (PVP). These samples were examined by XAS.
EXAFS spectra as shown in Figure S5, which show a new peak at-
tributed to an Fe-Fe bond at 2.64 A for the two controlled samples in ad-
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ditional to the Fe-S bond, belonging to Fe. Thus, maintaining the mono-
layer structure during synthesis with a high density of S vacancies is a
prerequisite for the synthesis of high loading SACs. In the absence of thi-
ourea and PP, sMoS; is unable to support a high loading (ca. 10 wt%)
of Fe SAs with the majority of Fe remaining atomically dispersed. To
ensure the full utilization of SAs for catalytic reactions, the catalyst pre-
cursor was Washed several times and calcined at 300 °C under 5%H,/N,
to remove the surface organics that may cover the Fe atoms should be
removed. The thermal gravimetric analysis (TGA) under nitrogen con-
firmed the total removal of organic species introduced during prepara-
tion. As shown in Figure S6, the curve of as-reduced Fe-sMoS;, does not
show any feature with no obvious weight loss, demonstrating the suc-
cessful removal of thiourea and PVP by reduction and pre-treatments. To
further confirm the absence of organic contaminants, IR spectroscopy
(Figure S7) indicated that the signals of C-H and C-O vibrations derived
from PVP were completely disappeared after reduction and no signal
from thiourea was observed, demonstrating the catalyst surface was clean
from organics.
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Figure 2. AC HAADF-STEM images (left) and EXAFS spectra (right) for TM-sMoS; and corresponding TM foils (10 wt%). a, b. Co. c,d. Pt.e,f. Ni.

g,h. Pd. i,j. Cu. kI. Ru. Scale bars, 2 nm in all cases.

The versatility of the synthesis. Thiourea strongly coordinates to a vari-
ety of TM ions®, giving a route to extending our synthesis strategy to
other TMs. We therefore prepared thiol complexes of non-noble (Co, Ni,

Cu) and noble (Pt, Pd, Ru) TMs and used these in the synthesis of corre-
sponding SACs with exfoliated 2D monolayer materials as the support.
The metal loading was adjusted to 10 wt% in all as-prepared catalysts.
XRD spectra and AC HAADF-STEM images were used to initially



identify the aggregation states of metal species and the texture of the cat-
alysts. ICP-OES was used to measure the concentration of TM species
which shows that most of the TM species from the TM precursors were
successfully deposited onto the sSMoS; during preparations (Table S1).
XRD spectra shown in Figure S8 show no clear crystalline features from
the corresponding TMs, indicative of a high dispersion of TMs on sMoS,
even at a high metallic loading. AC HAADF-STEM images (Figures
2a,c,e,0,i,K) show that these TM species are also atomically dispersed
over sMoS; rather than forming TM nanoparticles. EXAFS spectros-
copy is sensitive to the local environment of metal atoms and was thus
used to confirm the presence of SAs in the various TM-SACs. Figures
2b,d,fhjl show k-weighted R-space Fourier transform spectra of
EXAFS for the SACs along with relevant reference metal foils. For each
TM-SAC, the spectrum was distinct from that of the relevant TM foil.
Al the SACs contain a single peak in the first shell in R space at around
1.80 A, This distance is shorter than the typical TM-TM bond distance as
indicated by the red line corresponding to the TM foil (Figure 2). These
results clearly demonstrate that the TIM species are atomically dispersed
on the sMoS,, which is consistent with the XRD and AC HAADF-
STEM results. Furthermore, we expanded the synthesis method using
other exfoliated 2D materials (MoSe,, WS,, WSe,) as supports for SACs.
AC HAADF-STEM results (Figure S9) show that Pd SAs were success-
fully anchored onto these ultrathin 2D materials, demonstrating that the
synthesis method is applicable to a wide range of different TMs and 2D
materials.

Notice that our current synthetic method relies on usage of thiourea and
butyllithium to prepare metal complexes and exfoliated single MoS;
layer before their immobilization reactions, which may be cumbersome,
expensive and not green in practice. We thus tried to modify this synthetic
method without using thiourea and butyllithium (Figure 5b). For exam-
ple, MoS, was exfoliated by hydrazine instead of using butyllithium?
and iron acetate was used. Only single characteristic peak is observed for
3%Fe-MoS; but two peaks in 10%Fe-MoS; indicate the Fe aggregation
atthe high loading. Fe SAC the modified method is thus applicable when
the loading is 3 wt%, indicating the single atom catalyst can also be pre-
pared by using simple water soluble Fe salt (see SI).

Structural evolution with progressive Fe introduction. One benefit of
the strategy of creating and refilling surface anion vacancy sites is that the
defined structure from SA to clusters can be controlled and monitored
progressively with atomic precision, to gain fundamental insights on the
active site and the effect of progressive structural evolutions. Fe-sIMoS;
was used as an example to study the structural evolution by varying the
Fe loading.

Progressive introduction of Fe from 3 to 20 wt% on sMoS, was moni-
tored using different characterisation methods. The ICP-OES results in
Table S2 show that the deviation of the actual loadings of Fe from the
theoretical ones is small, indicating successful stoichiometric loading of
Fe. X-ray photoelectron spectroscopy (XPS) was used to study the chem-
ical composition and electronic structure on the surface of these sam-
ples.® It is noted that the calculated surface composition from XPS is very

close to the bulk composition obtained from ICP-OES (Table S2) which
signifies that most of MoS; retained a monolayer structure during Fe dep-
osition, leading to homogeneous Fe dispersion on the surface support.

The Fe dispersion was then studied using XRD, EXAFS, and AC
HAADF-STEM. XRD spectra (Figure S10) show no crystalline Fe sig-
nals, indicating high dispersion even at 20 wt% of Fe. A peak at 15° is
attributed to the vertical plane of MoS, (002), due to from restacking of
layers during Fe deposition and solvent evaporation. Intriguingly, the in-
tensity of this peak gradually decreases as the loading of Fe increases sug-
gesting that the accommodation of Fe atoms on MoS, nanosheets can
lower the degree of restacking during drying. The k®-weighted R-space
Fourier transform spectra from EXAFS (Figure 3a) indicate a single Fe-
S coordination at 1.80 A, thus providing evidence of single atom disper-
sion, up to 10 wt% of Fe loading. However, increasing the Fe loading to
15 wi% or 20 wit% results in the emergence of new features at 2.57 A,
assigned to a Fe-Fe coordination shell. The Fe-Fe bonding distance in Fe-
sMoS; is longer than that in Fe foil (2.22 A), which may be due to scat-
tering between neighbouring Fe atoms on two top Mo sites. AC
HAADF-STEM images (Figure S11) show a gradual increase in the
density of Fe SAs with the progressive addition of Fe species. Most Fe
SAs are isolated for Fe loadings less than 10 wt%. However, for Fe load-
ing at 15 wt% and 20 wt%, some of the Fe atoms form small lamellar 2D
clusters rather than aggregating into 3D nanoparticles consistent with a
longer Fe-Fe bond distance compared to that in Fe foil.

The chemical status of Fe can be analysed based on the energy of the
edge and pre-edge features in XANES spectra (Figures S12 and 3b).®
The edge of all the Fe-sMoS; catalysts falls between that of Fe foil and
Fe(Ill), indicating that the valence is between Fe(0) and Fe(111). As the Fe
coordination geometry affects both the shape and intensity of the pre-
edge peak, the pre-edge region can be used to obtain quantitative infor-
mation on the oxidation state and local environment of the Fe species. It
is noted that the pre-edge of Fe-sMoS; at 10 wt% Fe loading at 7112.8
eV is at the same position as in hydrated FeCl, and FeS, indicating that
Fe SAs are in the Fe(ll) oxidation state. Upon increasing the Fe loading,
the Fe pre-edge energy is shifted by 0.69 eV (Al) and 0.90 eV (A1+A2)
for the 15 wt% and 20 wt% Fe-sMoS, samples, respectively. This indi-
cated that some of the Fe atoms are in Fe(l1l) oxidation state in these sam-
ples where Fe lamellar cluster formation is observed. In order to under-
stand how the chemical state of Fe changes on Fe-Fe bond formation, we
constructed (2x2) supercell models of 2H-MoS, with a single Fe atom
(Fey), a 2-Fe atom cluster (Fe;) and a 3-Fe atom cluster (Fes) located on
top of Mo sites to simulate XANES spectra of these models. The simu-
lations are shown in Figure 3c. In agreement with the experimental data,
the pre-edges of both simulated Fe,-sMoS; and Fes-sIMoS; shift to higher
energies, implying that the formation of Fe clusters could cause an energy
shift higher positive values. The calculated energy shift of Fe,-sSMoS,
(0.65 eV (A3)) compared to Fe;-SM0S; is very close to the energy shift
(0.69 eV (Al)) observed for 15%Fe-sMoS; relative to 10%Fe-sSMoS,, in
which Fe is in the form of single atoms only. This strongly suggests that
most of Fe atoms are present as Fe-Fe pairs in 15%Fe-sMoS,. As the
energy shift in the case of 20%Fe-sMoS; (0.90 eV (A1+A2)) is smaller



than the ones simulated for Fes-sSMoS; (1.37 eV (A3+A4)), we propose
that Fe is in a mixed environment where both Fe, and Fes clusters are
present. These arguments are further supported by performing detailed
EXAFS and Wavelet analyses®. The wavelet transformation for the Fe
k-edge EXAFS signals are shown in Figure 3d-i. For Fe foil, there are
two hotspots at 8.4 A (k value) with R values of 2.22 A and 4.45 A,
These are attributed to the Fe-Fe scattering in the first and second shells.
However, only one hotspot region at 1.8 A is observed for Fe-sMoS;
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persion of Fe species and this hotspot is likely to be caused by Fe-S scat-
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shell when the Fe loading is increased to 15 wt% and 20 wt%. Two
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signals of Fe-sMoS; and Fe foil based on Morlet wavelets with optimum resolutions at the first and higher coordination shells. Inten-
sity decreases in the order of red, yellow, green, and blue. j. Estimated vacancy concentration (Est. Vs, black solid line) and Fe density
obtained from the loading (mustard dashed line) and statistical calculations from STEM images (orange solid line). k. Proportion of
variance for 1-4 principle component species for XANES and EXAFS data based on the F-test. I. Principle component as a function of Fe loading.

hotspot regions at around 1.80 A (R-value) are assigned to Fe-S scat-

tering while the third hotspot located at 2.8 A (R-value) is due to Fe-Fe
scattering. Notably, the Fe-Fe scattering is enhanced with higher Fe load-
ing in 20%Fe-sMoS,. These results strongly suggest that Fe clusters are
formed in the 15%Fe-sMoS; and 20%Fe-sMoS, samples. On the basis
of wavelet analyses, all the EXAFS spectra of Fe-sMoS, were fitted and
the results are shown in Figure S13 and Table S3. The R factors were all
within 1.5% to ensure the accuracy of the fitting. For the Fe content of 10
wt%, only Fe-S scattering with a coordination number (CN) of ca. 3
could be fitted. Additional Fe-Fe scattering was found for 15%Fe-sMoS;
and 20%Fe-sMoS,, with a CN of 1.25 and 2.18 respectively which sug-
gest the formation of few atom clusters of Fe in these samples. It is also
noted that all the Fe-sMoS; catalysts show a Fe-S scattering with a CN of
ca. 3, meaning that each Fe atom is supported by three S atoms and the
Fe atoms in clusters are deposited on the same layer in a coplanar manner,
which agrees with our observations from STEM images.

Furthermore, first principle DFT was employed to monitor the structural
evolution with progressive Fe introduction of Fe;, Fe; and Fe; into
sMoS,. The three optimised models shown in Figure S14 indicate that
each Fe atom is preferentially located on a top Mo site and coordinated
to three S atoms. The Fe;-sMoS; has the same bonding distance for three
Fe-S bonds, which is consistent with our experimental results. For Fe
clusters, our model suggests that Fe atoms sit preferentially at the neigh-
bouring top Mo sites, causing elongation of the Fe-Fe bond distance com-
pared to that in Fe foil. In addition, the distance of the Fe-S bonds slightly
deviate from each other, as implied in the EXAFS fitting (Table S3). All
these experimental and calculated results support that our hypothesis that
progressive introduction of Fe induces a structural evolution from Fe
SACs to few atom clustered Fe.

Mo k edge XAS spectra have been conducted to investigate the environ-
ment change of Mo during the preparation procedure. As shown in Fig-
ure S15a, there is no new peak emerged after exfoliation of
bMoS; or Fe loading to sSMoS;. Thus, no Fe-Mo bonding can be
inferred with no direct bonding interaction between Fe and Mo.
Notice that the two major peaks are arisen from Mo-S scatter-
ing, which significantly decrease after the exfoliation of bMoS;
due to the formation of S vacancies. However, the peak inten-
sity only slightly recovers even after the introduction of excess
Fe thio-complex with the anticipated total refilling of the S va-
cancies. In Mo k edge XANES spectra (Figure S15b), the edge
region analysis shows that Mo k edge shifts towards lower en-
ergy as the exfoliation of MoS, but shifts a little back when Fe
thio-complex is doped. This indicates that Mo becomes more
electron richer as the formation of S vacancies after exfoliation
but can slightly return to the direction of the original value upon
the Fe thio-complex introduction. Similar conclusion can be

made based on the absorption analysis of 1s—5p dipole-al-
lowed electronic transition. The absorption is much weakened
when MoS; is exfoliated but can slightly return after the Fe thio-
complex introduction. XPS spectra of Mo3d and S2s have been
investigated (Figure S16). It is interesting to find that with the
introduction of Fe, both the peaks of Mo3d and S2s shift to-
wards higher binding energy, indicative of the electronic dona-
tion from Mo and S to Fe, consistent with the result of XANES
spectra. Thus, the S vacancies can enrich electron density of Mo
but it cannot return to the original value by refilling the vacan-
cies due to the strong electron donating to the Fe atoms by the
sMoS; structure.

XPS data (Figures S17 and S18) was also used to examine the amount
of surface species and the oxidation state of Fe. The Fe2p signal is en-
hanced as the Fe loading increases, suggesting more surface Fe species
are anchored on sMoS,. An. S. et al. found that ultra-small clusters and
single-atom Fe sites embedded in graphitic carbon nitride (g-CsNs) have
a Fe2pappeak at a relative high binding energy (~710.5 eV) as Fe(ll).2* It
was also reported that Fe2pa» of Zn[Fe(CN)sNO] appears at 710.2 eV.®
Therefore, Fe2pa» peak in Fe-sMoS; is deconvoluted into two peaks at
7105eV and 712.4 eV, attributing to Fe(11) and Fe(l11), respectively. The
main specie is Fe(ll), which is consistent with the Fe k edge XANES
study in Figure 3b. Further increasing the Fe loading led to the increment
of Fe(l1l) species as well as Fe(ll)*® supporting the observations made
from EXAFS. The amount of S vacancies (Vs) was estimated based on
the ratio of S and Mo from XPS.* The amount of \/s decreases linearly
with Fe loading (Figure 3j and Table S4). The Fe density was then calcu-
lated based on the ICP results and STEM images. The deviation is minor,
consistent with successful loading of high concentration of Fe atoms with
a coplanar structure. Principal component analysis (PCA) was then used
to extract chemical information, improving our understanding of chemi-
cal and physical material properties for complex systems.* In this work,
PCA from EXAFS and XANES (Figure 3k) indicates that there are 1 or
2 Fe species in the Fe-sMoS; as the proportion of variance explained
within 5% based on the Fischer (F) test. The Fe content in the five sam-
ples are thus monitored for Fe single atom, Fe cluster and unassigned spe-
cies. As shown in Figure 3l, the main component in these samples is Fe
single atom at loadings below 10 wt%. However, increasing the loading
of Fe generates Fe clusters, which consistent with EXAFS fitting.
Catalytic performance for reverse water gas shift (RWGS). CO, is
the most widely known global greenhouse gas, and recently, much atten-
tion has been paid to CO, capture and utilisation. In particular, synthesis
of valuable chemicals and fuels, such as methanol, from CO, has been of
great interest. In industry, methanol is produced via the CAMERE pro-
cess® which involves the formation of CO via reverse water gas shift
(RWGS)* followed by methanol synthesis using a gas mixture of



CO,/CO/H,. RWGS reaction is a very important pre-reaction es-
pecially regarding to the recent use of renewable hydrogen to
reduce CO; to CO both thermal and electrochemically before a
mixture of CO/CO; is used for later fast methanol synthesis.
However, chemical reactions using CO, as reactants are generally
highly endothermic with unfavourable equilibrium positions towards
product(s) and hence generally require elevated operating temperatures.
For instance, for RWGS, the typical reaction temperature is above 500
°C.*® Since RWGS is one of the key processes in carbon dioxide hydro-
genation to form methanol, great efforts have been devoted to prepare
novel catalysts that are active and selective under mild operating condi-
tions. There is also a considerably interest in developing sulphur tolerant
RWGS chalcogenide based catalysts.

Despite the fact that SACs are likely to show high intrinsic activity for
CO; hydrogenation per single metal atom site, the catalytic activity per
gram or unit packed volume might be low due to their low TM loadings.
On the other hand, SACs can achieve maximum atom utilisation. There-
fore, maximizing the loading of SAs can optimize the catalytic perfor-
mance and improve the practical economic viability of catalytic systems.
Having illustrated the structural evolutions of Fe-sMoS; catalysts with
different loadings, we compared their catalytic performances in CO. hy-
drogenation. The dominant product over Fe-sMoS, was CO with a se-
lectivity of 99.9% at ambient pressure (Figure 4a). Increasing the pressure
to 10 bar led to the formation of CH, as the main by-product for all cata-
lysts (Figures S19 and S20) while trace amounts (<1%) of C, and Cs hy-
drocarbons and methanol were also observed when the Fe loading was
increased above 10 wi%. These results indicate that Fe SA or small co-
planar Fe clusters are not able to couple C species to form higher carbon
chains due to their highly dispersed nature on the TMC monolayer sur-
face. Increasing the reaction temperature resulted in higher CO, conver-
sion for all catalysts until 350 °C, after which the conversion levelled off.
Among Fe-sMoS; with various Fe loading, 10%Fe-sMoS, showed the
best catalytic activity with a CO selectivity of >98% even at elevated
pressure and temperature (Table 1 and Figures S19, S20). As shown in
Table 1, 10%Fe-sMoS, with maximum Fe SAs shows superior perfor-
mance than most of the reported Fe based catalysts at a lower operating
temperature.
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Figure 4. Catalytic performance for RWGS over Fe-sMoS;, and bulk
MoS,. a. Conversion of CO, and selectivity of CO in RWGS. b. Intrinsic
activity over Fe-sMoS; as a function of Fe loading. c. Calculated density
of states of sSMoS, and Fe-sMoS,. d. Charge differences of Fe-sMoS, and
sMoS,. Condition: 1 bar, 300 °C, gas hourly space velocity (GHSV),
9000 mL/g/.

Bulk MoS; presented an extremely low CO, conversion of around 3%.
However, incorporating Fe species onto SMoS; led to a considerable in-
crease in the CO, conversion to CO. The conversion of CO; increased
linearly as the Fe loading increased from 3 wt% to 10 wt%, as shown in
Figures 4a and S19. This is understandable as the atomic density of Fe
SAs increases with loading. The conversion of CO, was found to be
17.2% with a high selectivity of 99.9% to CO. However, further increas-
ing the loading to 15 wt% and 20 wt% resulted in inferior catalytic per-
formance. This demonstrates that the formation of Fe clusters is detri-
mental to the activation of CO..

To express the intrinsic activity per metal it is common to derive the value
from metal dispersion generally using CO or H, chemisorption for sup-
ported metal catalysts. However, this is prerequisite that the support
would not interfere the CO/H, chemisorption on metal surface. Single
molecular 2H or 1T MoS; structure is not an inert support but akin to
semiconductive /metallic surface towards strong adsorption/migration of
these gaseous species.® As a result, the estimation of dispersion cannot
simply be conducted by the conventional means. It is possible that the
coverage by organic species during preparation and the restacking could
reduce the amount exposed Fe species, limiting the full utilization of Fe
atoms. However, TGA and IR in Figures S6 and S7 confirm the success-
fully removal of these organic species including thiourea and PVP. Alt-
hough there is a small peak at 14.4° attributable to (002) stack-
ing in c direction with the interlayer spacing of 6.5 A, according
to PDF the 2 to 3 layer are in fact stacked in highly disordered
manner to each other (the signals at 7.11 A and 7.78 A, corre-



sponding to Mo-Mo and Mo-S bonds, respectively, in two lay-
ers of MoS; are completely disappeared, see Figure 1g). As a
result, the large spatial distances between the randomly/disor-
dered stacked individual layers decorated with Fe atoms do not
seem to strongly restrict the access of small substrate molecules
(H2/COy). However, it is rather difficult to experimentally prove
the fully accessibility of Fe sites using chemisorption technique
(CO or Hy) due to their weak adsorption in the presence of ac-
tive single molecular layer MoS,. Therefore, the ‘intrinsic activity’
was calculated based on the total Fe loading with the assumption of Fe is
fully dispersed with no inaccessible Fe species embedded in the layer re-
stacking. Thus, the intrinsic activity is simply calculated based on the ac-
tual Fe loading and the results are plotted as a function of Fe loading in
Figure 4b. Interestingly, the intrinsic activity was constant for the Fe load-
ings less than 10 wt%, and the activity attenuated dramatically in a linear
fashion as more Fe species were introduced. Combined with our struc-
tural analysis, we conclude that Fe SA s the active site for CO, hydro-
genation to CO and the increase in surface density of Fe SA sites would
induce the formation of Fe clusters, lowering the intrinsic catalytic activ-
ity. The formation of coplanar Fe clusters clearly causes a decrease in the
electron density of an Fe atom as the Fe spectra are significantly shifted
to higher binding values as indicated by XANES and XPS spectra. To
confirm this the effect of Fe loading on the electronic structure was eval-
uated based on the calculated density of states in sMoS; and Fe-sMoS;
(Figure 4c). Addition of a single Fe atom led to a change in the electron
density of MoS,, further illustrating the interaction between Fe and MoS,.
Notably, new energy states at the conduction band 0.73 eV above the
Fermi level emerged for Fe-sMoS,, derived from a Fe 3d orbital. There-
fore, the Fe atom acts as an electron mediating site to activate substrates
and the electron difference between Fe-sMoS;, and sMoS; is shown in
Figure 4d. Fe SA gives the highest electron density while the formation
of Fe clusters leads to a reduction in electron density per Fe atom. These

results closely match the XPS results shown in Figure S17. Combined
with the measured catalytic performance, this clearly demonstrates that
Fe SA is the active site for RWGS and the formation of Fe cluster(s) is
detrimental to this activity. The high electron density of Fe is anticipated
to make the binding of substrates stronger due to electron back donation
hence leading to higher activity. CO,-temperature program desorp-
tion (CO.-TPD) was further performed to confirm this. As indi-
cated in Figure 5a, sMoS; shows a small peak at 520 °C, which
corresponds to the adsorption of CO, at S vacancies.>? In com-
parison, the signal dramatically increased after Fe was doped
onto sMoS,. The main peak emerged at 720 °C is attributed to
the adsorption of CO,0n Fe species. 10%Fe-sMoS; with utmost
Fe single atoms shows the highest capacity for CO, adsorp-
tion/activation. 15% and 20%Fe-sMoS, show lower peak size,
indicating the formation of Fe clusters does not facilitate the
CO, adsorption/activation. Accordingly, Fe single atom may
give high electron density while the formation of Fe clusters
leads to a reduction in electron density per Fe atom. Thus, the
CO,-TPD confirms that the Fe single atoms are more superior
than Fe clusters for CO; binding/activation, which is also essen-
tial for RWGS reaction. Finally, the stability of Fe SACs was evalu-
ated at 300 °C under CO,/H, for a prolonged time. The 10%Fe-sMoS;
shows essentially no decrease in catalytic conversion and selectivity for
more than 500 h of testing time, as shown in Figures S21 and S22. Fur-
thermore, no Fe-Fe scattering feature was found in EXAFS analysis (Fig-
ure S23), while the 10%Fe-sMoS; after reaction maintains a Fe-S coor-
dination environment identical to that of the freshly prepared sample
(Figure 1e). This long term stability of Fe-sMoS, with a high loading of
Fe species is attributed to the strong coordination of three S atoms to each
Fe atom arising from filling surface anion vacancy sites. These results
suggested that SACs prepared

Table 1. Catalytic performance of Fe-sMoS, in RWGS reaction compared to state-of-the-art catalysts®

Catalyst (OTC) GHSV (mL/g/h) H,:CO, Rate (umol/gs) Se'ioc/?)v“y Ref.
10%Fe-sMoS; 300 27000 3.2 99.9 this work
10%Fe-sMoS; 400 27000 8.1 99.9 this work
10%Fe-sMoS; 500 27000 15.7 99.9 this work

Fe hematite nanosheet 510 12000 3.7 - 46
FesC 480 45000 7.2 >99 47
Fe/CeO,-Al,03 500 30000 245 80 48
Fe/CeO, 400 60000 6.4 100 49

Fe/Si-1 400 731 0.36 96.7 50




Fe oxide 600 6000 13 85 43
Pt-Al,O3 400 12000 1.6 - 51
Pd-La,Os/MWCNT 400 72000 ~8.3 ~100 52
Rh/S-1° 300 3600 0.006 85.7 53
21 bar. *10 bar.
Using this method active Fe containing catalyst (10%Fe/sMoS;) for
RWGS can be preliminary achieved without rapid deactivation as com-
pared with typical supported Fe oxide in the presence of thiophene. This . b | _
new but more sulfur tolerant RWGS catalyst under on stream reaction 2o | |ps F0min

conditions may open up practical catalytic applications (Figure S24).

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) has been conducted to study the mechanism of CO,
reduction. As presented in Figure 5b, CO is progressively gen-
erated when CO; and H; are continuously flowed through the
10%Fe-sMoS,. However, no intermediates such as formate or
formic species of strong IR sensitivity is actually detected. This
supports to the fact that the catalytic CO, reduction may follow
a direct CO; redox splitting mechanism to CO and O on Fe-
sMoS; as similar to the related WGS mechanism by metal at-
oms on support claimed by a number of researchers in the liter-
ature.%® In addition, by comparing the DRIFT spectra (Figure
S25) at 30 min over sMoS;and 10%Fe-sMoS,, the signal of CO
over 10%Fe-sMoS;is significantly higher than that over sMoS,
further confirming the promotion of Fe single atom for CO, re-
duction to CO.

A proposed reaction mechanism based on our DFT calculation
is briefly summarised in Figure 5¢. Upon exposure of H; to the
edge sites of SMoS, dissociative of H, will take place, followed
by the readily transfer of H to the neighbour terrace S sites of
the metallic like sMoS, (1T and 2H) support. (an alternative
model based on the initial H; activation on Fe site of sSMoS; and
then transferred to terrace S sites may also be feasible). These
steps are energetically favourable due to the high affinity of H
to terrace S site of SMoS,. The H coverage on such support in-
terface is generally known. Also, MoS; especially single layer
MoS; is well accepted to be extremely active as support for tran-
sition metal(s) in hydrogen production from catalytic/photo-
catalytic/electrocatalytic water splitting due to involvement of
H-S.%* CO, (O=C=0) is then activated by Fe with a bent adsorp-
tion geometry indicative of the strong interaction of its terminal
O by the neighbour H from the support. It then followed by its
redox dissociation to CO and OH probably via a short lifetime
of COOH (undetected by DRIFTS) and then H,O from the cat-
alyst surface. The described pathway depicts the strong support
effect to the metal atom in catalysing the RWGS, which is in
line with the DFT calculations of supported single metal atom
on metallic like support surface from the literature.*®
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Figure 5. (a) CO,-TPD over sMoS; with different Fe loadings.
(b) Time dependent DRFTS spectra over 10%Fe-sMoS; at 300
°C under CO; and H (1:3); (c) A proposed mechanism for
RWGS on Fe-sMoS..

CONCLUSION

In summary, a new synthetic strategy of creating and refilling of vacan-
cies on exfoliated 2D materials was developed to fabricate high loading
of TM SACs on monolayer TMC supports. The method appears to be
universal and can be used to prepare a library of TMs (Fe, Co, Ni, Cu, Pt,
Pd, Ru and so on) on 2D materials via surface anions anchoring sites
(MoS;, MoSe,, WS, and WSe,). The layered structure covered with an-
ions and a high density of surface vacancies are the two prerequisite con-
ditions for the preparation of SACs at high loading. Therefore, exfoliation
of 2D materials to form monolayers allowed a loading of SA-TMs up to
10 wi%. The atomic metal dispersion at such a high concentration is at-
tributed to the strong metal-support interactions which are related to the
high affinity of the chalcogenide anion to TMs due to strong soft acid
base electronic interactions and the kinetic refilling of the surface anion
vacancies with thio-ligands of TMs on doping, prior to heat treatment and
reduction. We envisage that similar modified synthesis methods could
also be applied other layered materials such as graphene, and layered
double hydroxides. Using this method, well-defined catalytically active
sites, with sizes ranging from SA to clusters, can deliberately be prepared



and used as model catalysts to study the kinetics and reaction mecha-
nisms of various catalytic chemical processes.
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