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CO oxidation on phosphomolybdic acid (HsPMo01,040, PMA) supported single-metal atom (M = Pt, Au,
Co, Cu, Fe, Ir, Ni, Os, Pd, Ag, Rh, and Ru) (M-PMA) catalysts is studied by density-functional-theory (DFT)
calculations. Adsorption of CO and O, on M-PMA is investigated. Based on electronic structure analysis,
O, is activated by the single-metal-atom active center. The Langmuir—Hinshelwood mechanism is
systematically explored for CO oxidation on M-PMA, and it is found that M-PMAs have high reactivity
toward CO oxidation. The Mars—van Krevelen mechanism is also investigated and it is shown to be less
likely to be responsible. Our DFT findings will provide useful insight for designing stable, highly active
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1. Introduction

Catalytic CO oxidation has attracted increasing interest because
of its great importance in solving the growing environmental
problems caused by CO emission."™* Selective oxidation of
CO is also known as a key step in fuel cell applications for
eliminating CO from reforming gas.'® Moreover, the conversion
of CO to CO, is an important step in the water gas shift
reaction.® Although previous studies have shown that some
noble metals, such as Au and Pt, can effectively catalyze CO
oxidation,'>™*° their implementation is significantly hindered
by the high costs of noble metals. Therefore, reducing the
amount of metals used during CO oxidation catalysis remains
as a challenge.

Single-atom catalysts (SACs) supported on various substrates
have attracted special attention due to their intrinsic high
activity, efficiency, stability, and low cost.>*>® The atomic form
of the catalyst greatly increases the catalytic efficiency, which
could potentially lead to a dramatic reduction in the quantity
and cost of precious metals required. For example, Nie et al
showed that atomically dispersed Pt** on CeO, was thermally
stable and possesses high activity for CO oxidation at 150 °C.>®
In another report, Zhang’s group found that Pt atoms were able
to atomically disperse on the surfaces of iron oxide (FeO,) with
high stability and high activity for CO oxidation.?” Stability is a
key concern for SACs because they usually form nanoparticles
through agglomeration at high temperatures, resulting in a
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heteropolyacid-supported single-metal-atom catalysts.

significant loss of reaction activity.>® Therefore, the development
of new supports that strongly bind metal atoms remains a
challenge in the design of stable SACs.

Heteropolyacids, such as phosphomolybdic acid (H;PM0;,0,0,
PMA) and phosphotungstic acid (HsPW;,04, PTA), have emerged
as a superior support for single atoms to be stably anchored
because of their particular structure, which has a range of
coordination sites containing exposed O atoms.*® Zhang et al.
first developed single Pt atoms supported on PMA.>*?*' Of
particular note, they found that Pt atoms adsorb strongly at
the fourfold hollow site on PMA. The results of subsequent
catalysis tests show that these supported Pt atoms exhibit
high activity for hydrogenation reactions with high selectivity.
Additional recent density-functional-theory (DFT) work indicates
that 12 different transition metal atoms (Fe, Co, Ni, Cu, Ru, Rh, Pd,
Ag, Os, Ir, Pt, and Au) supported by PMA have very high stability,
with binding energies of transition metals higher than those on
widely used metal oxide supports, suggesting that they are
sufficiently stable to prevent agglomeration.

Recently, Zhang et al. reported that Rh atoms can be
atomically dispersed on PTA, with Rh loading up to 0.9 wt%
and high activity for CO oxidation.*® This result opens several
new directions for designing stable heterogeneous SACs for CO
oxidation. Two research areas are of particular interest for the
present study. First, given that PTA-supported Rh SACs have
high activity for CO oxidation, it is natural to ask whether metal
atoms supported on PMA have the same performance. Second,
it is desirable to know the more likely reaction mechanism for
CO oxidation on PMA-supported metal atoms: the Langmuir-
Hinshelwood (LH) mechanism or the Mars-van Krevelen (MvK)
mechanism.
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In the present work, we investigate CO oxidation catalyzed
by M-PMA (M = Fe, Ag, Ni, Co, Cu, Ir, Ni, Os, Pd, Pt, Rh, or Ru)
using DFT methods. Adsorption of CO and O, on M-PMA is
investigated. Reaction mechanisms are systematically explored
for CO oxidation on M-PMA. This publication is organized as
follows. The calculation details are described in Section 2.
The Results and discussion are presented in Section 3. The
conclusions are given in Section 4.

2. Computational details

All spin-polarization calculations were carried out using the
Vienna Ab initio Simulation Package®* ™’ (VASP) with the gradient-
corrected PW91 exchange-correction functional.®*® For valence
electrons, a plane-wave basis set was used with the energy cutoff
set to 400 eV, and the ionic cores were described with the projector
augmented-wave (PAW) method.*>*° A cubic unit cell with a side
length of 20 A contains a PMA molecule with an added metal
atom. For structural optimizations, all the atoms were fully relaxed
and only the I point was used to sample the Brillouin zone.*' The
electron density for the ground state was converged with a 10™* eV
total energy threshold, and the geometries were optimized until
the maximum force on any ion was less than 0.05 eV A~

The adsorption energy Eaqs was defined as Egs = Efadsorbatetcatalyst) ~
E(adsorbate) - E(catalyst); where E(adsorbate+catalyst) is the total energy
of the adsorbate interacting with the catalyst and E(adsorbate) and
Ecatalyst) ar€, respectively, the energies of the free adsorbate and
the pure catalyst. The climbing image nudged elastic band*?
(CI-NEB) method was adopted to simulate CO oxidation on
heteropolyacid-supported single-metal atoms. The activation
barrier E, for the reaction was calculated by the energy difference
between the transition state (TS) and the initial state (IS), while
the reaction energy AE for each reaction step was calculated by
the energy difference between the final state (FS) and the IS.
Vibrational analyses were further performed to ensure the
stationary point characteristics of the local minima and transition
states. The DFT-D3 method of Grimme was performed to obtain
the energy barriers of CO oxidation on Pt-PMA and Ru-PMA. The
test results indicate that the differences between the values with
and without dispersion correction are smaller than 0.04 eV.
Therefore, the dispersion correction plays a minor role in our
system and thus is not included in this work.

3. Results and discussion
3.1 Adsorption of CO and O, on M-PMA

In this work, PMA was selected as a model of a heteropolyacid
support. As shown in Fig. 1, PMA has a classical Keggin
structure consisting of Mo and O atoms with a P atom located
in the center. All possible adsorption sites on PMA including a
4-fold hollow site (4-H), two 3-fold hollow sites (3H-O. and
3H-Oy,,;) and a bridge site (B-O.~Op,;) are also displayed in
Fig. 1. Our previous work indicated that transition metals (Pt,
Au, Co, Cu, Fe, Ir, Ni, Os, Pd, Ag, Rh, or Ru) prefer to locate at
the 4-H site on PMA in a distorted square-planar geometry.*>
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Fig. 1 Optimized geometries of PMA. Color scheme: P, pink; O, red; and
Mo, green.

To gain a better understanding of the interaction between
the trapped metal atoms and 4-H of PMA, the spin-polarized local
densities of states (LDOSs) projected onto the M-3d and neighboring
O-2p orbitals are computed. From the LDOSs plotted in Fig. S1
(ESIt), it is clear to see that the 3d orbitals of the M atom are
strongly coupled with the 2p orbitals of the O atoms at 4-H sites
above and below the Fermi level (Eg). The results suggest a strong
interaction between M and PMA and M is stable on PMA.

Before exploring CO oxidation, the adsorption of CO and
0O, on M-PMA was systematically investigated. The optimized
adsorption structures for these two species are displayed in
Fig. 2 and 3, and the adsorption energies and structural para-
meters are listed in Table 1. CO absorption on M-PMA occurs
with the C end facing the metal site at a titled angle. As stated in
Table 1, CO binds most weakly on Cu-PMA, with an E,4s of only
—0.14 eV and a distance of 2.42 A between the C and Cu atoms.
The strongest interaction is found on Ir-PMA, with an adsorption
energy of —2.25 eV. The calculated C-O distances of CO
adsorption on M-PMA are in the range 1.14 to 1.18 A, equal
or close to that (1.14 A) of an isolated CO molecule. It can be
seen that CO binds too strongly on Pt-PMA, Ir-PMA, and
Ru-PMA, which might lead to the poisoning of catalysts. A
deeper understanding of the actual CO-poisoning on these
catalysts can be obtained by further experiments. Furthermore,
we notice that some of the calculated binding energies of CO on
PMA supported metal atoms are significantly different from
those for CO adsorption on free standing small clusters (e.g. M,
or My, M = Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt and Au).43 For example,
the adsorption energy of CO on Ni-PMA is —0.58 eV, while the
values (—1.43 and —2.15 eV) are much larger on Ni, and Niy,
respectively;*® on Rh-PMA, the binding energy of CO (—0.45 €V)
is much smaller than —1.58 eV on Rh, and —1.61 eV on Rh,.*
Such a difference might be attributed to the fact that the PMA
support modifies the electronic structures of metals.
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Fig. 2 Most stable structures of CO adsorbed on M-PMA.
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Fig. 3 Most stable structures of O, adsorbed on M-PMA.

For O, adsorption on M-PMA, different configurations are
observed for different metal atoms. The adsorption of O, is
very weak on Au-PMA, Co-PMA, Cu-PMA, and Ni-PMA, with
calculated binding energies of (respectively) —0.03, 0.09, 0.29,
and 0.18 eV and distances of more than 2.50 A between the
metal atom and the O, adsorbate. For Pt-PMA, Fe-PMA, Ir-PMA,
Os-PMA, Pd-PMA, Rh-PMA, and Ru-PMA, the calculated binding
energies are —1.54, —0.48, —0.99, —0.82, —0.46, —0.44,

This journal is © the Owner Societies 2018
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and —1.37 eV, respectively. We find that O, prefers to lie parallel
over the Fe, Ir, Os, and Ru metal sites with both two O atoms
connecting to the metal atom, while for Pt, Pd, and Rh only one
O atom in O, connects with the metal atom. It can be seen from
Table 1 that the bond lengths of the adsorbed O, are elongated
from 1.23 A to lengths in the range 1.26-1.62 A, indicating
that the adsorbed O, molecule is activated by the single-
metal center.
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Table1l Calculated adsorption energies of CO and O,, distances between
CO/O, and M-PMA, and bond lengths of adsorbed CO and O, on M-PMA

PtPMA Au-PMA Co-PMA Cu-PMA Fe-PMA Ir-PMA
co

Eaa _  —154 —080 —0.86 —0.14  —0.54  —2.25

deo(A) 115 1.14 1.15 1.14 1.16 1.18

dyc(A) 1.89 1.95 1.71 2.42 1.73 1.77
0,

Eaa _ —0.44  —0.03 0.09 0.29  —0.48  —0.99

doo (&)  1.26 1.23 1.30 1.24 1.33 1.40

dvuoA)  2.07 3.29 2.11 2.59 1.87 1.96

Ni-PMA Os-PMA Pd-PMA Ag-PMA Rh-PMA Ru-PMA

co
Eoq —0.58 —032 —-0.83 —032 —045 —1.92
deo(A) 114 1.14 1.14 1.14 1.16 1.16
dyc(A)  1.87 1.84 1.95 2.18 1.84 1.90
O,
Eoq 0.18 —0.82 —0.46 —0.01 —044  —1.37
doo(A)  1.24 1.62 1.26 1.24 1.29 1.36
dyo (@A) 271 1.89 2.04 3.29 2.04 2.00

One may ask whether M-PMA can remain stable upon adsorption
of CO or O,. The calculated structural parameters including do
and / O-M-O are listed in Table S2 (ESIt). Obviously, these M-PMA
structures are slightly changed upon adsorption of CO or CO.

Since the activation of O, is known as one of the most
important steps in CO oxidation, the electronic structures of
the adsorbed O, molecules on M-PMA were analyzed to better
understand the interaction between O, and M-PMA. As evidenced
by the local density of states (LDOS) in Fig. 4, there is strong
coupling between the 2p orbitals of O, and the 3d orbitals of the
metal. This coupling leads to electron transfer from the M-PMA
catalyst to occupy the 2n* orbitals of O,*, resulting in the
elongation of the O-O bond of O,.

View Article Online
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3.2 Mechanism of CO oxidation on M-PMA

Weak interactions between O, and Au, Co, Cu, Ag, or Ni suggest
that these metals cannot activate the O, molecule. The remaining
metals (Pt, Fe, Ir, Os, Pd, Rh, and Ru) were able to activate O, and
might catalyze CO oxidation. In this work, only five M-PMAs
(M = Pt, Fe, Ir, Rh, or Ru) were selected for further study as model
CO oxidation catalysts due to the significant computational
expense of the CI-NEB calculations required to locate transition
states. The entire catalytic cycle of CO oxidation on M-PMA is
composed of two reaction steps, namely the oxidation [reaction
(R1)] between the first CO and O, that leads to CO, and a residual
O, and the subsequent oxidation [reaction (R2)] between the
second CO and the residual O which generates a second CO,:

CO + 0, - CO, + O (R1)

CO +0 — CO, (R2)

In previous studies, two mechanisms for CO oxidation were
proposed: the LH mechanism and the Eley-Rideal (ER)
mechanism.** For the LH mechanism, O, and CO co-adsorb
on M-PMA before the reaction, while for the ER mechanism the
pre-adsorbed O, molecule is activated by M-PMA first and a free
CO molecule approaches to react with O,. Because the adsorption
energies of CO on M-PMA are larger than those for O,, it is more
likely that CO will be found adsorbed rather than as a free gas
molecule. This makes the ER mechanism less probable than the
LH pathway, and in the following section the ER mechanism is
not investigated.

The calculated energy barriers and reaction energies are
given in Table 2. Here, Pt-PMA is taken as an example to trace
the entire reaction path of CO oxidation (the structural parameters
for the other M-PMAs are given in Table S1 of the ESIt). Diagrams
for CO oxidation following the LH reaction mechanism on Pt-PPM
are shown in Fig. 5. For (R1), the co-adsorption of CO and O, on
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Fig. 4 Corresponding spin-polarized LDOSs of O, adsorption on M-PMA (M = Pt, Fe, Ir, Os, Pd, and Rh). Red and blue curves denote d orbitals of metals

and p orbitals of O,, respectively. The Fermi level is set to O eV.
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Table 2 Reaction barriers E, and AE for CO oxidation following the LH
mechanism on M-PMA (M = Pt, Fe, Ir, Rh, and Ru)

M Reaction E, AE
Pt CO+0, > CO, +O 0.59 —1.01
CO+ 0 — CO, 0.22 —2.13
Fe CO+0, > CO,+0 0.56 —3.36
CO+0 — CO, 0.41 —2.67
Ir CO+0, - CO,+0 0.86 —-1.79
CO + 0 — CO, 0.87 —0.37
Rh CO+0, > CO, +O 0.87 ~1.67
CO + 0 — CO, 0.61 —1.50
Ru CO+0, > CO,+0 0.75 —3.13
CO+ 0 — CO, 0.07 —0.22

the single Pt site is considered the initial state (state i). The O-O
bond length of O, is elongated to 1.27 A from its gaseous state. The
distances between the Pt atom and the two O atoms of O, species
are approximately 2.10 and 2.88 A, respectively, and the Pt-C bond
length is 1.91 A. In the transition state (TS1), we can see that the
distance between C and the O atom of O, is 1.69 A and the 0-O
bond length is elongated to 1.37 A. The energy barrier is calculated
to be 0.59 eV and the reaction is exothermic (—1.01 eV). Next, a
CO, (state iii) molecule is produced with a small binding energy of
0.12 eV near the residual O atom. For R2, CO and O are co-
adsorbed in the initial state (state iv) with the distance between the
C atom and the O atom equal to 1.14 A. In the transition state
(TS2), it can be seen that a bent CO, molecule is nearly formed

viTS2
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with a C-Pt distance of 2.29 A. This reaction should overcome an
energy barrier of 0.22 eV with an exothermicity of —2.13 eV.
Finally, a second CO, molecule is produced and the catalyst is
recovered. The barrier (0.59 eV) of the rate-determining step
is almost equal to that (<0.60 eV) on Pt;@CeO,(111) and
Pt;@Ce0,(100),” and much lower than those (0.87 and 0.79 eV,
respectively) on Pt;@Ce0,(110) and Pt;/Ce0,(110).*>*® In addition,
Pt-PMA seems more active for CO oxidation than Pt;/FeO, on
which a larger energy barrier (0.79 €V) is found.”® Therefore,
Pt-PMA has high activity for CO oxidation at low temperatures.
The calculated barriers of R1 on M-PMA (M = Fe, Ir, Rh, and Ru)
are 0.56, 0.97, 0.87, and 0.75 €V, respectively, with respective
exothermicities of —3.36, —1.79, —1.67, and —3.13 eV. For R2,
the energy barriers are found to be 0.41, 0.59, 0.61, and 0.07 eV on
Fe, Ir, Rh, and Ru supported on PMA, respectively. The calculated
reaction energies (as shown in Table 2) also indicate that R2 on
these M-PMAs is thermally favored. It would be interesting to
compare the CO oxidation activity of M-PMA with the single metal
atoms on other widely used supports such as Al,O3;, CeO, and
FeO,. For Fe-PMA, the activity of CO oxidation is much higher than
that for Fe,/Al,0; on which a large energy barrier of 1.49 eV should
be overcome.”” In particular, the low energy barrier (0.56 €V) also
suggests that Fe-PMA might be a potential non-noble-metal
catalyst. For the single Ir atom, we found that the energy barrier
for the rate-determining step of CO oxidation on Ir,/FeO, is as high
as 1.41 eV,' significantly larger than that (0.97 eV) on Ir-PMA.

vii

Metal atom

P atom

Mo atom

O atom

© 6 ©6 0 ©

C atom

iii TS1

Fig. 5 Diagrams for CO oxidation following the LH reaction mechanism on M-PMA (M = Pt). (i) M-PMA catalyst, (ii) co-adsorption of CO and O, on the
metal site, (iii) the transition state (TS1) for CO + O, — CO, + O, (iv) the first produced CO, molecule, (v) co-adsorption of CO and O on the metal site,
(vi) the transition state (TS2) for CO + O — CO,, and (vii) the second produced CO,.
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Fig. 6 Diagrams for CO oxidation following the MvK reaction mechanism on PTA supported Rh. (i) Rh-PTA catalyst, (i) adsorption of CO on the metal
site, (iii) the transition state for CO + Oiice = COp, (iv) the first produced CO, molecule with a generated O vacancy (Oac). (v) co-adsorption of CO and
O, on Rh and O, sites, (vi) the transition state (TS2) for CO + O, —» CO; + Oy, (Vii) the second produced CO, with the catalyst recovered.

While for Rh-PMA and Ru-PMA, the energy barriers (0.87 and
0.75 eV, respectively) for CO oxidation are about ~0.3 eV higher
than those (0.53 and 0.47 €V) on Rh,/FeO, and Ru,/Ce0,(111),>*8
indicating lower activity. It can be also seen that these barriers on
M-PMAs (M = P, Fe, Ir, Rh, and Ru) are also lower than those of
conventional noble metal-based catalysts (~ 1.0 eV),**~>* indicating
they are potential catalysts for CO oxidation. Free energy pathways
for CO oxidation are also calculated (see Fig. S2, ESIt) and the
reaction steps that generate CO, are in general thermally favored.

In a recent experimental study, Zhang et al.>® proposed that
CO oxidation might take place on PTA-supported Rh SACs
following the MvK mechanism, in which O atoms are supplied
by the catalyst rather than the gas phase. To verify this
experimental observation, CI-NEB calculations were performed
for CO oxidation on Rh-PTA (see Fig. 6). In the first step, CO
reacts with a lattice O atom of PTA to produce CO, (CO + Ojatice
— CO,), with an energy barrier of 0.10 eV and a small
exothermicity of —0.01 eV. Meanwhile, an O vacancy (Oy,c) is
produced. In the second step, an O molecule fills into the Oy,
site and connects to the Rh atom with a Rh-O bond distance of
1.93 A and an O-O bond distance of 1.26 A. The reaction
between the second CO species and the adsorbed O, to produce
CO, (CO + 0, — CO, + Oyye) has a barrier of 0.23 eV. Such small

20666 | Phys. Chem. Chem. Phys., 2018, 20, 20661-20668

barriers suggest that the MvK mechanism is a possible mechanism
for CO oxidation on Rh-PTA, which is consistent with experimental
observations.*

To determine whether the MvK mechanism is viable on M-PMA,
NEB calculations were performed for CO oxidation on M-PMA
following the MvK mechanism. In this case, only Rh-PMA and
Fe-PMA are investigated due to the significant computational
expense of the NEB calculations. For Rh-PMA, the calculated
energy barrier for CO oxidation is approximately 1.38 eV, which
is significantly higher than that (0.87 eV) following the LH
mechanism. Therefore, the MvK mechanism is less favorable
on Rh-PMA. The difference between the values for Rh-PMA and
Rh-PTA also suggest that the reaction mechanism might depend
on the type of support. For CO oxidation on Fe-PMA, the MvK
mechanism is also not preferred because of the energy barrier of
0.97 eV, which is 0.41 eV higher than that of the LH mechanism.
These results suggest that the LH mechanism might be the
dominant mechanism for CO oxidation over M-PMA.

4. Conclusions

In this work, CO oxidation on PMA-supported single-atom
(M = Pt, Au, Co, Cu, Fe, Ir, Ni, Os, Pd, Ag, Rh, or Ru) catalysts

This journal is © the Owner Societies 2018
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is systematically studied by DFT methods. From electronic
structures analysis, it is further confirmed that the metal atoms
are very stable at the fourfold oxygen hollow site on PMA. It was
found that the adsorbed O, molecule can be activated by the
single-metal-atom active center supported by PMA since the
coupling of the 2p orbitals of O, and the 3d orbitals of the metal
leads to electron transfer from the M-PMA catalyst to occupy
the 2n* orbitals of O,*. CO oxidation on M-PMA following the
LH and MvK mechanisms was explored. From the calculation
results, it can be seen that the energy barriers are lower than
those of conventional noble-metal-based catalysts, indicating
they might be potential catalysts for CO oxidation with high
activity. In particular, Fe-PMA with the lowest energy barriers
for CO oxidation might be a potential non-noble-metal catalyst.
The LH mechanism is shown to be more likely for CO oxidation
on M-PMA while the MvK mechanism is proved to be unlikely
owing to much higher barriers. Further calculations on Rh-PTA
indicate that the reaction mechanism might depend on the
type of heteropolyacid support.
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