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ABSTRACT: In this work, we study the water—gas shift (WGS) reaction catalyzed by a-
MoC(100) supported typical platinum group metal (PGM) single atoms (Rh;, Pd,, and Pt,)
and Au, via density functional theory calculations. The adsorption energies of key reaction
intermediates and the kinetic barriers of the proposed rate-determining step in the WGS were
systematically investigated. It is found that Rh),, Pd), and Pt, can serve as single-atom
promoters (SAPs) to improve the WGS performance of surface Mo atoms on a-MoC(100).
The enhanced activity originates from the fact that SAP modifies the electronic structure of
Mo active sites. Comparatively, the Au; species not only acts as an SAP but also directly
participates in the catalysis as a single-atom player. The additional experiments with single-
atom catalyst performance and kinetic studies confirm the theoretical calculation conclusions.
This study can provide a basis to further develop efficient WGS catalysts by tuning the activity

of the substrate with intercalation of SAPs.

he water—gas shift (WGS) reaction (CO + H,0 < CO,

+ H,) is a significant process to produce high-purity
hydrogen with the decrease of CO impurity that comes from
steam reforming of hydrocarbons industrially.' " This reaction
suffers from thermodynamical limit along with decreased CO
conversion at increased temperature. Thus, a lower operating
temperature is more favored, particularly at <200 °C.” Iron-
and copper-based catalysts have been industrially explored for
catalyzing this important process.” " However, the former
encounters the equilibrium-limited problem because of the
usual working temperature higher than 350 °C whereas the
latter has poorer intrinsic activity at low temperature.’
Therefore, developing catalysts that have high efficiency to
realize WGS reaction at low temperature is urgent but remains
a challenge.

Noble metal-based single-atom catalysts (SACs), emerging
as a new frontier in heterogeneous catalysis, provide a
promisin$ way to catalyze the low-temperature WGS
reaction. ~'” In the past decade, the advances of catalysts
still face inconsistency in the role of single-atom metal species
and the underlying substrate. Flytzani-Stephanopoulos et al.,
proposed that the alkali or OH-stabilized atomically dispersed
Au and Pt species played a dominant role in WGS reaction
regardless of support on the reducible oxide (e.g., CeO, and
TiO,) or the inert substrate (e.g, SiO,, zeolite, and carbon
materials).'"®'? In comparison, it was found later that the
synergistic effect of single-atom metal and support or metal
clusters played an important role in the catalysis. For example,
we proposed that the dual metal active sites between Ir; and Fe
of FeO, support for the WGS reaction proceed via a redox
mechanism, which also worked well for Pd; or Pt; supported
on FeO, catalysts.”*™>> Ma et al. found the high intrinsic
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activity of a-MoC for water dissociation at low-temperature
and the cooperation effect of Pt; and Pt, in removing oxygen
species on MoC, which can help to increase the stability of
MoC-based metal catalysts for a low-temperature WGS
reaction.”’

Very recently, we reported a novel Ir;/a-MoC catalyst that
exhibited unprecedented performance in catalyzing the WGS
reaction by achieving around 100% CO conversion at 150
°C.** This is the lowest temperature for the thermodynamic
equilibrium conversion that Ir-based catalysts have achieved to
date for this reaction. It was found that the Ir;/a-MoC catalyst
had a lower activation energy than the bare MoC catalyst.
Nevertheless, the Ir; species was not directly involved in the
catalysis as a player while serving as a promoter by aftecting the
electronic properties of the Mo active site. This concept, called
as single-atom promoter (SAP), is distinct from the traditional
view that the atomically dispersed metal on a support acts as
the active site. However, the understanding of the mechanisms
and the versatility of the concept of SAP is still incomplete.
The relationship between the electronic structures of the SAP-
modified active sites over the substrate and the catalytic
performance of the WGS reaction needs further clarification.

In this work, we performed investigations on the WGS
reaction catalyzed by the @-MoC(100) supported single metal
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(M,) atoms (denoted as M;/a-MoC(100), M, = Rh;, Pd;, Pt,,
and Au,) from both theoretical and experimental perspectives.
The adsorption energies of the key intermediates (CO* and
OH*), the electronic structures of the Mo sites modified by
M,, and the kinetic barriers of the proposed rate-determining
steps (CO* + OH* — COOH*) on M,/a-MoC(100) were
calculated by density function theory (DFT) calculations,
followed by analyzing the electronic effect induced by various
SAPs and exploring the corresponding structure—reactivity
relationship. This prediction is borne out experimentally with
synthesized M,/a-MoC(100) catalysts, which catalyze the
WGS reaction with lower kinetic barrier than that on bare a-
MoC(100) catalyst. Similar to the Ir,/a-MoC case, Rh;, Pd,,
and Pt; can also serve as SAPs to enhance the WGS activity of
surface Mo atoms on a-MoC because of the significant
modification of electronic structure of Mo active sites by the
SAPs. In contrast, the Au, species not only acts as an SAP but
also directly participates in the catalysis as a single-atom player.
The in-depth understanding from the combined experimental
and theoretical approach is helpful for rational design of new
and more effective catalysts by tuning the catalytic activity of
substrate with intercalation of an SAP.

Following our previous study on Ir,/a-MoC,”* we use a-
MoC(100) instead of @-MoC(111) because the energy barrier
(0.61 eV) for the rate-determining step of WGS on a-
MoC(100) is much lower than that (2.25 eV) on a-
MoC(111)." Three typical PGMs (Rh;, Rd;, and Pt;) and
the Au, single-metal (M,) atom are chosen to replace a surface
Mo or C atom of @-MoC(100). All the computational details
are provided in the Supporting Information. The calculated
formation energies of M, are shown in Table S1. One can see
that the substitution of a surface C atom by the M, atom is
energetically more favorable than the replacing of a surface Mo
atom by the M, atom because of more negative formation
energies. In addition, the doped M, has stronger adsorption
energy than that for the M; adsorption on @-MoC(100)
(Table S2). Hence, we focus on only the case of replacing a
surface C atom of a-MoC(100) by an M, atom, denoted as
M,/a-MoC(100) in the following. The optimized geometries
of M;/a-MoC(100) are shown in Figure S1, in which the
introduced M, is located above the @-MoC(100) surface and
coordinated with four surface Mo atoms, consistent with the
former Ir,/a-MoC(100) model.”*

Our DFT studies toward WGS reaction mechanism start
from an extensive investigation of the adsorption of CO* and
OH?*, followed by exploring the kinetics of CO* + OH* —
COOH¥*, a mechanism previously reported on Au/a-MoC and
Ir;/a-MoC.”** Two possible reaction routes on different sites
are considered on M,;/a-MoC(100). One is that the reaction
takes place on the sole Mo sites (denoted as Mo site
mechanism in which M, serves as a single-atom promoter,
SAP). In this mechanism, the adsorption modes of CO* and
OH* are shown in panels a and b of Figure 1, respectively.
Another one is that the reaction process is catalyzed with the
participation of the single M; atom (denoted as M, site
mechanism in which M, is a single-atom player). Under this
circumstance, the adsorption patterns of CO* and OH* are
displayed in panels c and d of Figure 1, respectively.

For the Mo site mechanism, after introduction of the M;, the
calculated adsorption energies of CO* and OH* become
weaker on Mo atoms in comparison to that on the Mo site of
(=121 eV for CO* and —3.51 eV for OH*) pristine a-
MoC(100) (Figure 2a). In particular, Au; has a most
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Figure 1. Structural diagrams of the adsorption of CO* (a) and OH*
(b) in the Mo site mechanism and the adsorption of CO* (c) and
OH* (d) in the M, site mechanism on M,/a-MoC(100), M, = Rh,,
Pd,, Pt;, Au;. M}, Mo, C, O, and H atoms are shown in blue, cyan,
gray, red, and white, respectively. The Mo atoms involved in the Mo
site mechanism are colored orange.

significant impact on the adsorption strength of CO* and
OH?¥*, yielding the binding energies of —0.73 and —3.07 eV,
respectively. Furthermore, to obtain a deeper understanding
how the M, atom affects the adsorption strength of CO* and
OH* on Mo sites, electronic structure analysis was carried out.
The d-band center (&) is a useful descriptor for evaluatinﬁg the
interaction between transition metals and adsorbates.””*° We
calculated the projected density of states (PDOSs) of the d-
orbitals for the active Mo atoms of @-MoC(100) and M,/a-
MoC(100) (Figure S2). As shown in Table S1 and Figure 2b,
the &4 values of surface Mo sites become more negative after
intercalating an M, atom on a-MoC(100). This is consistent
with the change trend for the adsorption energy of CO* and
OH*. For example, the &, of Mo sites is shifted from —2.24 eV
on a-MoC(100) to —2.26 eV on Rh;/a-MoC(100).
Correspondingly, the adsorption energies of CO* and OH*
are reduced from —1.21 and —3.51 eV to —0.91 and —3.25 eV,
respectively (Figure 2a). On Au;/a-MoC(100), the &4 of
surface Mo sites is significantly shifted to —2.31 eV, inducing
much weaker interaction between the CO*/OH* species and
the Mo sites (Figure 2a). We calculated the number of d-
electrons of the four active Mo atoms displayed in Figure 2b by
integrating the projected surface d-band density of states up to
the Fermi level (called d-band filling).”” It can also be seen
from Table S1 and Figure 2b that there is more electron filling
into the d-orbitals of the active Mo sites on M,/a-MoC(100)
in comparison to that for pristine a-MoC(100). According to
the theory proposed by Norskov et al,”” >’ the increase of d-
band filling can lead to the shift of &4 to lower energy region.
The above electronic structure analysis clearly shows a physical
picture why the intercalated M, atom helps weaken the
adsorption strength of CO* and OH* on the surface Mo sites
of a-MoC(100).

Subsequently, we investigate the kinetics of CO* + OH* —
COOH* on M,;/a-MoC(100) following the Mo site
mechanism, which was previously identified as the rate-
determining step of the WGS process on Ir;/a-MoC(100) and
other catalysts.”" "> Taking Rh;/a-MoC(100) as an example,
in the initial state, CO* and OH* coadsorb at two adjacent
Mo sites. At the transition state, OH* attacks the C atom of
CO* with a new forming C—O bond distance of 1.368 A by
overcoming an energy barrier of 0.45 eV. In the final state, the
COOH* intermediate is formed. We also calculated the
subsequent reaction of COOH* + OH* — CO,* + H,0*
following the Mo site mechanism, and the results show that
this reaction step is facile on M,;/a-MoC(100) with a very
small barrier (Figure S3), further confirming that CO* + OH*
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Figure 2. (a) Calculated adsorption energies of CO* and OH* in Mo site mechanism over a-MoC(100) and M,/a-MoC(100). (b) Relationship
between the d-band filling and the d-band center (&4) values of the active Mo atoms over a-MoC(100) and M;/a-MoC(100). (c) Relationship
between the 5 of Mo sites and the energy barrier of CO* + OH* — COOH¥* following Mo site mechanism over a-MoC(100) and M,/a-

MoC(100).

— COOH?* is the rate-determining step of the WGS.
Interestingly, the barrier of CO* + OH* — COOH* on
M;/a-MoC(100) correlates well with the electronic &4 value of
surface Mo sites; namely, the more negative the value of &4, the
lower the reaction barrier (Figure 2c). The &4 values vary from
—2.31 to —2.26 eV, corresponding to kinetic barriers ranging
from 0.25 to 0.45 eV, which is lower than that (0.61 eV) on
pristine @-MoC(100). In particular, the surface Mo sites on
Au,/a-MoC(100) has the deepest &4 leading to the lowest
energy barrier of 0.25 eV. Therefore, the above theoretical
calculations predict that the M; dopant can be used as a SAP
to promote the WGS activity of the surface Mo atoms of a-
MoC(100).

To test the theoretical predictions, @-MoC and a series of
noble metal single-atom catalysts including @-MoC supported
Rh), Pd,, Pt;, and Au, were synthesized through a temper-
ature-programmed carburization method as previously re-
ported.”* SEM was performed to deteremine the morphology,
and the M;/a-MoC (M = Rh, Pd, Pt, Au) catalysts all exhibit
porous grains without obvious differences among them (Figure
S4). As shown from XRD results (Figure SS), a-MoC is the
main crystal phase of the substrate dominated by the (111)
and (200) facets, which is not changed after the addition of
noble metal species, indicating that the noble metals are highly
dispersed on a-MoC. HRTEM results also indicate the
dominant exposed crystal planes are a-MoC(111) and (200)
on these M;/a-MoC (M = Rh, Pd, Pt, Au) catalysts (Figure
S6). Aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (AC-HAADF-STEM)
was performed to visually confirm the metal dispersion on
catalysts. As shown in Figures 3 and S7—S10, dispersed Pt; and
Au, species can be observed on the main facets of a-
MoC(111) and a-MoC(200) except for Rh and Pd because of
the low contrast of Rh and Pd atoms compared with Mo
atoms. EDS mapping was further performed to reflect the
dispersion status of Rh and Pd (Figure 3e,f). It can be seen that
both Rh and Pd disperse uniformly with no presence of either
particles or clusters on a-MoC. Previous studies also proved
the facile single-atom form of a-MoC supported met-
als”'>'>**% because a-MoC had abundant surface sites
which could provide strong anchoring to the supported
metal species.'” Considering the same preparation method
and the similar characters of the series of noble metal catalysts,
as well as the strong metal—support interactions of a-MoC
supported catalysts,'” we speculate that the Rh and Pd species
also disperse in a single-atom form on @-MoC(111) and a-
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(200)

Figure 3. AC-HAADF-STEM images of Au,/a-MoC catalyst (a and
b) and Pt;/a-MoC catalyst (c and d). The element EDS mappings of
Pd,/a-MoC catalyst (e) and Rh;/a-MoC catalyst (f). The yellow
circles and blue circles indicate Au; and Pt; single atoms, respectively.
The interplanar spacing of @-MoC(200) and @-MoC(111) is 2.14 and
2.47 A, respectively.

MoC(200). However, the current results in this work do not
prove which plane the single atom is more loaded on, and
more evidence is needed to clarify this issue in the future.
Performance tests were then carried out on the above
synthesized M,/a-MoC catalysts. As shown in Figure 4a, the
activities of M;/a-MoC catalysts were consistently higher than
the bare a-MoC at all reaction temperatures and approached
the thermodynamic limit before 175 °C for the low-
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Figure 4. CO conversion as a function of reaction temperature (a) and Arrhenius plots (b) for M;/a-MoC (M, = Rh;, Pd;, Pt;, Ir; and Au,) and a-

MoC catalysts for WGS reaction. The data of Ir;/a@-MoC is from ref 24.
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temperature WGS reaction. In detail, Pd,/a-MoC, Ir;/a-MoC,
and Pt;/a-MoC catalysts exhibit almost the same CO
conversion profiles while Rh;/a-MoC presents less active
performance. It should be noted that Au;/a-MoC exhibits
lower CO conversions because a lower loading amount of Au is
used to keep it in a single-atom catalyst form as Au is apt to
sinter with a low Tammann temperature.**** Then the specific
rates were evaluated in the kinetic regime by keeping the CO
conversion below 15% to make an intrinsic comparison. The
reaction rates are reported in the form of Arrhenius plots in
Figure 4b with the apparent activation energy values labeled in
the diagram. The overall reaction rates were measured based
on the amount of catalyst to focus on the substrate
contribution. It can be seen that M;/a-MoC (M, = Rh,,
Pd,, Ir,, Pt;, and Au,) catalysts exhibit similar reaction rates
that are much higher than that of a-MoC. Table S3 also shows
the similar promotion effects of different a-MoC supported
catalysts with mass specific rate at the same order of
magnitude, while this performance is much higher than those
of other support-based catalysts previously reported. The
calculated values for the apparent activation energy (E,) of the
M,;/a-MoC are all lower than that on a-MoC (~60 kJ/mol).
We can find that the difference of these E, values among M,/a-
MoC is relatively smaller than that for the calculated energy
barriers of rate-determining step (Figure 2c), which might be
attributed to the catalyst containing (111) and (100) facets in
the experiment while only the (100) model is used in DFT
calculations, and the coverage effect which was not taken into
account in DFT calculations. Nevertheless, these results
support the conclusion that the M, dopant can modify the
a-MoC surface by reducing the energy barrier and thus
increase the catalytic activity of the WGS reaction. The AC-
HAADE-STEM and EDS experiments were also performed on
the used catalysts, which show that the metal species are still in
the single-metal form without sintering after reaction (Figure
S11).

To answer the possibility whether M, can act as an active
site, we then theoretically examine the WGS reaction
proceeding via an M, site mechanism on M;/a-MoC(100),
in which the CO molecule adsorbed on the M, site can directly
react with the OH* species located on an adjacent Mo sites. As
shown in Figure Sa, under this circumstance, the adsorption
energies of OH* range from —3.32 to —3.81 eV, comparable to
that (—3.51 eV) on the pristine a-MoC(100), while the
adsorption energies of CO* on M, (M, = Rhy, Pd;, and Pt,)
are larger than that (—1.21 eV) on the Mo sites of bare a-
MoC(100). Surprisingly, the binding energy of CO* on Au,
supported by a-MoC(100) is only —0.36 eV, suggesting that
CO* + OH* — COOH* might take place via the M, site
mechanism based on the Brensted—Evans—Polanyi (BEP)
relationship.*® Interestingly, the calculated energy barrier of
this reaction on M;/a-MoC(100) following the M, site
mechanism exhibits a good linear relationship with the sum of
adsorption energies of CO* and OH* (Figure Sb). The
comparison of reaction barriers of CO* + OH* — COOH*
via the M, site mechanism and Mo site mechanism displayed
in Figures 2¢ and Sb precludes the intercalated Rh,, Pd;, Pt;,
and Ir, species as active sites on a-MoC(100) because of the
extremely high energy barriers.

In contrast, it should be noted that the calculated kinetic
barrier for CO* + OH* — COOH¥* via the M, site
mechanism is significantly reduced to 0.18 eV on Au,/a-
MoC(100), much less than that (0.61 eV) on the a-

MoC(100) surface but very close to that (0.25 eV) via the
Mo site mechanism (Figure Sb,c). This is because the weak
interaction between the adsorbed CO* species and the
supported Au; suppresses the poison of Au,; site by CO
molecule. Moreover, regardless of the Mo site mechanism or
M, site mechanism, the COOH* intermediate can facilely
react with an adjacent OH* to produce CO,* and H,O* by
overcoming a minor barrier. The above DFT results regarding
the mechanism studies reveal that the a-MoC(100) supported
single Au; atom not only acts as a single-atom promoter but
also serves as a single-atom player in the catalysis of the WGS
reaction.

To obtain a deeper understanding of the host—guest role
between MoC substrate and Au; single atom in the WGS
reaction, we measured the reaction orders of CO and H,0O on
Au;/a-MoC with Ir;/a-MoC catalyst as a comparison, which
present the lowest and highest value of energy barrier through
the M, site mechanism (Figure Sb). As shown in Figure S12a,
the reaction order of CO approaches zero over Ir;/a-MoC.
This suggests the independence of WGS reaction rates on CO
pressure over Ir;/a-MoC, probably because of the facile CO
adsorption and the almost complete coverage on active
sites,”””” which can originate from the high adsorption
strength of CO* on the Ir; site (—2.12 eV, Figure 5a) and
also the moderate strength (—0.86 eV, Figure 2a) on the Mo
site modified by Ir;. In contrast, the CO order is much higher
with ~0.38 over Au,/a-MoC, indicating more dependence of
reaction rates on the adsorption of CO¥, which can be
attributed by the much weaker adsorption strength whether on
the Au, site (—0.36 eV, Figure 5a) or on the promoted Mo site
(—0.73 eV, Figure 2a). Meanwhile, the reaction orders of H,0
over Ir;/a-MoC and Au,/a-MoC catalysts are almost zero
(Figure S12b), on account of the facile activation and complete
saturation of H,O on the substrate of a-MoC.” These
observations correlate well with the DFT results on Au,/a-
MoC where the M, site mechanism and the Mo site
mechanism are both feasible, whereas on the a-MoC
supported PGM single-atom catalysts the reaction proceeds
dominantly through the Mo site mechanism.

In summary, we studied the adsorption behavior of CO*
and OH¥, two key intermediates in the WGS reaction, and the
key step (CO* + OH* — COOH*) on a-MoC(100)
supported Rh;, Pd;, Pt;, and Au, catalysts using DFT
calculations. The results show that the single metal atom
makes the adsorption energies of CO* and OH* become
weaker on the surface Mo atoms than on Mo site of bare a-
MoC(100). The reason can be well explained by the electronic
structure analysis; that is, extra electron filling into the d
orbitals of Mo active sites led to the shift of the d-band center
to the lower energy region after intercalating an M, atom on a-
MoC(100). Kinetically, the barriers of CO* + OH* —
COOH* taking place on the Mo sites of M;/a-MoC(100)
range from 0.25 to 0.45 eV, lower than that (0.61 eV) on
pristine @-MoC(100). In this mechanism, M, serves as a
single-atom promoter to enhance the WGS activity of Mo sites
on a-MoC(100). On the other hand, CO* + OH* —
COOH¥* directly occurring on the Rh;, Pt;, and Pd; sites
requires high barriers ranging from 0.96 to 1.14 eV owing to
the relatively strong adsorption of CO* on the M, site. In
comparison, this reaction step can proceed on the Au, site with
a much lower barrier of 0.18 eV due to weak interaction
between CO* and Auy, which suggests that the Au, species can
not only act as a single-atom promoter but also serve as a
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single-atom player in the catalysis. The experimental studies
further substantiate the theoretical calculations that the
intercalation of M, dopants greatly enhances the WGS activity
of a-MoC while the a-MoC supported Au, species has dual
role in the catalysis. These explorations will help to better
understand the relationship between the electronic structure
and catalytic behavior on a microscopic scale, thereby
benefitting the rational design of catalysts for high-efficiency
WGS reaction.
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