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ABSTRACT: Co;0, as the support of single-atom catalysts, is effective in My @ Co30 4(111)
electron-structure modulation to get distinct methanol adsorption behaviors and

adjustable reaction pathways for the methanol oxidation reaction. Herein, we Q4+ CH30H =———= Hy+H,0+CO,
considered the facets that constitute a Co vacancy of the Co;0,(111) facet and a \ /

foreign metal atom M (M = Fe, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, Au, Mn) leading
to single-atom catalysts. The Mn,@Co;0,(111) facet is the facet considered the
most favorable among all of the possible terminations. Oxygen adsorption,
decomposition, and its co-adsorption with methanol are the vital steps of methanol
oxidation at the exposed Mn,@Co;0,(111) facet, giving rise to the stable
configuration: two O* and one CH;OH* adsorbates. Then, the Mn;@Co;0,(111)
facet activates the O—H and C—H bonds within CH;OH?*, advances CH;0* —
H,CO* — HCOO* — COO%*, and releases the products H,, H,0, and CO,

20%+CH;0H*

consecutively.

1. INTRODUCTION

Direct methanol fuel cells (DMFCs) have been regarded as
one of the most prospective energy storage and conversion
devices." Efficient catalysts of the methanol oxidation reaction
(MOR) are critical in the development of DMFCs.” In general,
MOR catalytic systems are the oxides, nonoxides, and carbon-
based catalysts.” > Single-atom catalysts that offer the means of
reducing the costs associated with preparation and utilization
of noble metal catalysts have become promising alternatives for
methanol oxidation reaction to address the bottleneck in low
efficiency in the past decade.””® Various single-atom catalysts
for MOR were designed and synthesized.”™'' Pt/a-MoC
presented by Ma exhibited a particular efficiency for methanol
aqueous-phase reforming, as well as the latter Ni/a-MoC.">"?
Pd,/Fe;0,, designed and synthesized by Rousseau,'* preferred
the excellent catalytic performance for partial oxidation of
methanol. Rutile Au;@TiO,, especially its (110) facet, has
been shown to be not only advantageous to direct methanol
dehydrogenation but also available to partial oxidation of
methanol.'>"°

Co;0,, as the support of single-atom catalysts, is also
superior in electron-structure modulation to induce the
adjustments for methanol adsorption behaviors and reaction
pathways.'”'® The good performance of Co;O,-supported
single-atom catalysts for MOR is probably derived from the
reconstructed facets via the strategies of metal doping, diverse
morphology, and defect engineering.w’20 For instance, Pt;—
Co;0, designed and synthesized by He®' has preferred
methanol oxidation to CO,. It is found that the substitutional
Pt sites with a large proportion of occupied high electronic
states at the Co;0,(111) facet increase the metal—support
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interactions and promote the co-adsorption of methanol and
0, molecules.”’ However, it remains to be disclosed whether
the reconstructed facets derived from metal doping and diverse
morphologies contain the original defects of Co;0,. Moreover,
how can the synergistic effect of metal doping, morphology
adjustment, and surface defects have a distinct impact on
methanol adsorption behaviors and oxidation reaction path-
ways? What kind of impact will oxygen stoichiometry
environment have on the stability of single-atom catalysts?
These are significant for understanding real active species in
methanol oxidation reaction and developing highly efficient
MOR catalysts.

Herein, we considered the facets that consist of one Co
vacancy of the Co;0,(111) facet and one foreign metal atom
M (M = Mn, Fe, Ni, Cu, Ry, Rh, Pd, Ag, Os, Ir, Pt, Au) leading
to single-atom catalysts. We find that the Mn;@Co;04(111)
facet is the one considered the most favorable among all of the
possible terminations. Then, charge density difference and
electronic local functions were performed to reveal the stability
mechanism of the Mn,@Co;0,4(111) facet and its modulation
behaviors for the methanol oxidation reaction. Notably, oxygen
adsorption and decomposition occur at the Mn;@Co;0,(111)
facet earlier than methanol adsorption. Two competitive
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reaction pathways for oxygen decomposition are considered
explicitly, namely, via bi-O,* and O,*. Then, methanol co-
adsorption with two O* adsorbates and its non-CO reaction
pathways at the Mn;@Co;0,(111) facet were investigated.

2. COMPUTATIONAL METHOD

All the geometric and electronic calculations were performed
by using the periodic density functional theory code Vienna Ab
initio Simulation Package (VASP).**** The Perdew—Becke—
Ernzerh functional and the generalized gradient approximation
were applied to assess the exchange-correlation energies.”*
Ionic core deficiency was de7picted by the projector-augmented
wave pseudopotentials.”>~>” The cutoff energy has been given
as 400 eV.”® The convergence of energy and force calculations
was 107 and 0.02 eV/A, respectively. The U value of the Co-
localized 3d electronic correlation was set to 3.0 eV.”7*" K-
points were set as 3 X 3 X 1 and 10 X 10 X 1 to carry out
geometry optimization and electronic analysis calculations,
respectively. The van der Waals interactions have been taken
into considered by the Grimme (DFT+D3) method.’”* The
transition states were identified by the CI-NEB method and
verified via vibrational analysis calculations.****

Single-atom catalysts have been modeled by a six-atom layer
in 2 X 2 periodic slabs of the Co;0,(111) facet (168 atoms). A
surface Co atom at the Co;0,(111) facet was replaced by a
dopant atom M (M = Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os,
Ir, Pt, Au), and different doping positions and diverse oxygen
environments were considered. The top four layers of the slab
have been fully relaxed, along with the lower two layers fixed in
their bulk positions. The vacuum gap was set as 15 A to avoid
interactions between the neighboring slabs. The SAC
formation energy H{C = Egyc — Egur — (E5Sk — Ebm) reflects
the process that a dopant atom institutes the Co site at the
exposed Co;0,(111) facet.*® Egac, Eoup ESS, and EMy, are the
energies of the M;@Co;0,(111) facet, the Co;0,(111) facet,
the bulk Co, and the bulk foreign metal M, respectively. The
adsorption energy (E,) of O, CH;OH, and possible
methanol oxidation intermediates at the M;@Co;0,(111)
facet were carried out using the formula E,4; = E(,dsorbate/stab) —
Egap) — E(adsorbate)37 Respectively, the reaction energy (AE)
and the energy barrier (E,) were defined by the formula AE =
Epy — Er) and E;= E(g5) — E(R)és The chemical potential
Usac) was described as pgac) = [E(SACQ — noMo) —
n(cosonH(coson] — [E(cozont #(Mn)]fw’ ’ The electron
localization function (ELF)*' was derived from ELF = (1 +
72)"". More computational details are supplied in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Energetics of the M,;@C0;0,(111) Facets. The
substitutional M;@Co0;0,(111) facets (M = Os, Ru, Fe, Mn)
with a negative formation enthalpy difference are energetically
favorable,” as shown by the SAC formation energy difference
results listed in Figures 1 and SI-1. The formation enthalpy
difference AH; for the Mn,@Co03;04(111) facet is —2.28 eV,
and those for the M;@Co030,4(111) facets (M = Os, Ru, Fe)
are —0.48, —0.86, and —0.94 eV. Conversely, the substitution
of a surface Co atom by a foreign atom with the positive
formation enthalpy difference is energetically unfavorable,
such as the facets: Au;@Co0;04(111), Ag;@Co;0,(111),
Cu,@Co0;0,(111), Pd,@Co;0,(111), Pt,@Co50,(111),
Ni;@Co;0,(111), Rh;@Co0;0,(111), and Ir;@Co;0,(111).

41 =3 Au
e 4d
—a&— 5d

AH,(eV)

Figure 1. Enthalpy formation difference (AH) in eV for possible
terminations of the M;@Co,0,(111) facets: M = Mn, Fe, Co, Ni, Cu,
Ru, Rh, Pd, Ag, Os, Ir, Pt, Au. The black, red, and blue lines with
squares, circles, and triangles represent the M;@Co;0,(111) facets
doped with the 3d, 4d, and Sd valence orbital metal, respectively.

The Mn;@Co;0,(111) facet is the one considered the most
favorable among all the possible terminations. As shown in
Figure 2ab, the substitutional Mn coordinates with three
lattice oxygen atoms and three cobalt atoms. Mn;O;Co;
represents its local environment. The lengths of the three
Mn—O and three Mn—Co bonds are 1.777 1.777, 1.773, 2.387,
2.392, and 2.386 A, respectively. An electron would transfer
from the substitutional Mn to the lattice oxygen and cobalt
atoms to form the stable Mn—O and Mn—Co bonds at the
Mn,@Co;0,(111) facet, as presented in Figure 2c. The ELF
values of Mn—QO and Mn—Co are about 0.61 and 0.33,
respectively. These results suggest that the substitutional Mn
chemisorbed bonds to the surrounding oxygen and cobalt
atoms on the exposed Mn;@Co30,(111) facet.

Chemical potential results in Figures 2d and SI-2 indicate
that surface oxygen vacancy occurs difficultly at the stable
substitutional Mn;@Co0;0,(111) facet, while oxygen adsorp-
tion onto its facet is energetically favorable. Under the typical
catalyst calcination conditions (Ap(O) = —0.78 eV, 700 K),
the Mn;@Co0;0,,,,(111) and Mn;@Co0;0,,,(111) termina-
tions, the Mn,@Co0;0,(111) facet with additional adsorbed
oxygen atoms, are 15.76 and 10.34 eV more stable than the
Mn,@Co;0,(111) one, respectively; the Mn,@Co;0,,(111)
and Mn,@Co0;0,_,,(111) terminations, the Mn;@
Co0;0,(111) facet with oxygen vacancies, are 10.37 and 5.19
€V less stable than the Mn;@Co;0,(111) one, respectively. In
addition, chemical potential results in Figures 2d and SI-2 also
indicate that the supported Mn,/Co0;0,(111) termination is
energetically unfavorable, with an energy of 18.45 eV less
stable than that of the substitutional Mn;@Co;0,(111) one
under the typical catalyst calcination condition (Au(O) =
—0.78 €V, 700 K). More chemical potential results of M;@
Co;0,(111) facets (M = Fe, Ru, Os) were presented in
Figures SI-3—S5.

3.2. Oxygen Adsorption, Decomposition, and Co-
adsorption with Methanol at the Mn;@Co3;0,(111)
Facet. Oxygen adsorption, decomposition, and its co-
adsorption with methanol are the vital steps of methanol
oxidation at the exposed Mn;@Co;0,(111) facet. Oxygen
adsorption and decomposition occur earlier than methanol
adsorption. There are two stable adsorbate configurations
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Figure 2. Stable substitutional Mn;@Co;0,(111) facet: (a) geometric structure (top view); (b) bond lengths of Mn—O and Mn—Co bonds; (c)
charge difference density (side view); (d) chemical potential profiles of the Co;0,(111) facet-based single-atom Mn catalysts.
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Figure 3. Oxygen adsorption, decomposition, and its co-adsorption with methanol at the exposed Mn,@Co;0,(111) facet: (a) charge density
difference of the stable configurations; (b) the energy profile for oxygen decomposition.

when an oxygen molecule adsorbs onto the Mn;@Co;04(111)
facet, bi-O,* and O,*, as presented in Figure 3 and Table SI-1.
Two competitive reaction pathways for oxygen decomposition
are considered explicitly, namely, via bi-O,* and O,*.

The surface bi-O,* adsorbate is energetically more favorable,
with a lower system energy of —0.78 eV than that of O,*. The
adsorption energy (E,4) between the adsorbate bi-O,* and the
Mn,@Co;0,(111) facet is —2.72 eV. An electron would
transfer from the substitutional Mn to one oxygen atom of bi-
O,* to form the stable Mn—0,;.0,+) bond, just as from the
lattice Co atom to the other oxygen atom of bi-O,* to form
the stable Co—Oy,.0+) bond, as presented in Figure 3a.
Respectively, Mn—0,;.05+), Co—Oy.00+) and the lengths of
the O—O are 1.741 1.791, and 1.443 A. The adsorbate bi-O,*
decomposes on the Mn;@Co30,(111) facet, leading to two
O* adsorbates. This exothermic process requires a 0.32 eV

27295

barrier and 0.59 eV reaction energy (in Figure 3b), giving rise
to the Mn;@Co0;0,,,,(111) termination. For the adsorbate
O,*, the adsorption energy E, 4 is —1.64 eV, with one oxygen
atom bonding to the lattice Mn atom. The Mn—0O g, length
is 1.730 A. The adsorbate of O,* can also decompose on the
Mn,;@Co0;0,(111) facet, lead to two O* adsorbates, and give
rise to the Mn; @C0;0,,,,(111) termination. Respectively, this
exothermic process requires reaction energy and a barrier of
1.37 and 0.27 eV.

Then the methanol molecule adsorbs onto the surface Mn at
the Mn,@Co0304,,,(111) facet and leads to the adsorbate
CH;OH*. The charge density difference in Figure 3a shows
that an electron would shift from the substitutional Mn to two
oxygen atoms within the O* and CH;OH* to form the stable
Mn—O bonds. Meanwhile, the electron would transfer from
the lattice Co to the oxygen atom within another O* to form

https://doi.org/10.1021/acsomega.3c02667
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Figure 4. Methanol oxidation at the exposed Mn;@Co;0,(111) facet: possible reaction pathways and energy profile of the intermediates.

the stable Co—O bond. The lengths of Mn—0Og+), Mn—
O(crsony and Co—O(gw are 1.741, 1.791, and 1.743 A,
respectively. The ELF values of Mn—Og+), Mn—Ocuson)
and Co—O g+ are about 0.58, 0.62, and 0.51, respectively.
Thus, the stable configuration of two O* adsorbates and their
co-adsorption of methanol CH;OH* occurs at the exposed
Mn, @Co;0,(111) facet.

3.3. Methanol Oxidation at the Exposed Mn;@
Co;0,4(111) Facet: Non-Co Pathway. We further studied
the catalytic performance of the Mn;@Co;0,(111) facet for
the methanol oxidation reaction. Notably, the Mn,@
Co;0,(111) facet activates the O—H and C—H bonds within
CH,;OH%*, advances the key adsorbates CH;0* — H,CO* —
HCOO* — COO¥, and releases the products H,, H,O, and
CO, separately.

As presented in Figure 4 and Table SI-2, for the initial O—H
activation of CH;OH™* and H transfer to one surficial Op,)*
on the Mn;@Co30,(111) facet, a 0.23 eV barrier is required to
form CH;O(yn* and HO(y,)* adsorbates within the
intermediate IM2. Electron would transfer from the substitu-
tional Mn to two oxygen atoms of HO ) * and CH;0 ()™
adsorbates to construct two stable Mn—O bonds on the Mn; @
Co;04(111) facet, as presented in Figure Sa. The lengths of
Mn—O 0+ and Mn—O(cp;30+) bonds are 1.790 and 1.763 A,
respectively. In the meantime, the other surficial bi-O(co)* is
bonded to two lattice Co atoms at the exposed Mn,@
Co304(111) facet.
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O coy* Ogniny* +H2C 0 umy*

(IM2) (IM4)

HOoy* tHHCO Ogany* H;0cop*+C 00 gmy*

(IMS5) (IM6)

Figure 5. Charge density difference of the key adsorbates at the
Mn,@Co0;0,(111) facet in MOR: (a) bi-Ocy)*, HOy*, and
CH;0(pny* within the intermediate IM2; (b) O(co)*, Om)*, and
H,CO@ym* within the intermediate IM4. (c) HO(c,)* and
HCOO(yy,* within the intermediate IMS; (d) H,0(c,)* and
COO(upn)™ within intermediate IM6. The blue, red, purple, gray,
and brown balls refer to Co, O, Mn, H, and C atoms, respectively.
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Then, C—H activation occurs on the CH;0 y,)* adsorbate
of intermediate IM2, which further releases H, and H,O from
the facet consecutively. For the first C—H activation, a 0.45 eV
energy barrier is required to give rise to H,CO(y,)* adsorbate;
meanwhile, H transfers to the other surficial bi-Oc,y* at the
exposed Mn,;@Co30,(111) facet to form the HO(c,)*
adsorbate. The H, release step occurs upon the surficial
HO(c,)* and HO,* adsorbates, which is favorable with a
0.78 €V barrier and leads to the intermediate IM4 with the
adsorbates H,CO ) *, O* (), and O*(c). As presented in
Figure Sb, electrons would transfer from the substitutional Mn
to two oxygen atoms of the Oy, * and H,CO )™ adsorbates
to form two stable Mn—O bonds, as well as that from the
lattice Co to the oxygen atom of the O c,)* adsorbate to form
the stable Co—O bond.

The second C—H activation occurring upon the adsorbate
H,COpyn)™ requires a 0.56 eV energy barrier and leads to
HCOOy,)* and HO* ) adsorbates within the intermediate
IMS. Especially, the adsorbate HCOO (,)* is derived from the
bonding between O* ,) and HCOy,)* after C—H activation
occurred on the adsorbate H,CO ) *; meanwhile, H transfers
to O* ¢,y to form HO* ). An electron would transfer from
the substitutional Mn to two oxygen atoms within the
HCOO(yy* adsorbate to form two stable Mn—Oycoox)
bonds (Figure Sc), as well as that from the lattice Co atom
to the adsorbate HO*(c,) The ELF values of two Mn—
O(ncoox) bonds and one Co—Oyp+ bond are about 0.61,
0.58, and 0.41, respectively, as well as their lengths being 1.958,
1.887, and 1.750 A, respectively.

The third C—H activation occurring upon the adsorbate
HCOO )™ requires a 0.72 eV energy barrier and leads to
COO(wy* and H,O* ¢,y adsorbates within the intermediate
IM6, the key intermediate for methanol oxidation at the
exposed Mn,@Co;0,(111) facet. An electron would transfer
from the substitutional Mn to two oxygen atoms within the
COOpy)* adsorbate to form two Mn—O(coo+) bonds
presented in Figure Sd as well as that from the lattice Co
atom to the oxygen atom of the H,O(c,)™ adsorbate to form
one Co—Oo+) bond. The adsorption energy for the
adsorbate H,Oc,)* at the exposed Mn,@Co;0,(111) facet
is —1.07 eV, and that for COOy,)* is —1.28 eV. The ELF
values of two Mn—O oo+ bonds and one Co—O ,0+) bond
are about 0.41, 0.39, and 0.21, respectively, weaker than those
in the intermediate IMS. The lengths of two Mn—O oo+
bonds and one Co—O 1,0+ bond are 1.971, 2.018, and 1.989
A, respectively. All of these are favorable for the subsequent
H,0 and CO, desorption from the facet. H,O desorption
occurs earlier. This process requires a 0.57 eV energy barrier
and gives rise to the COO(y,)* adsorbate within the
intermediate IM7. The adsorption energy for COOyy)™* is
—0.95 eV. Two Mn—O oo« lengths are 1.978 and 1.878 A,
respectively. Finally, CO, releases from the Mn,@Co;0,(111)
facet after overcoming the 0.73 eV energy barrier.

4. CONCLUSIONS

In summary, we considered the facets that consist of one Co
vacancy of the Co;0,(111) facet and one foreign atom M (M
= Mn, Fe, Ni, Cu, Ry, Rh, Pd, Ag, Os, Ir, Pt, Au) leading to
single-atom catalysts. The Mn;@Co;0,(111) facet is the one
considered the most favorable among all the possible
terminations. The substitutional Mn atom is chemisorbed
and bonded with three lattice oxygen atoms and three lattice
cobalt atoms. Mn,;0;Co; represents its local environment.

Oxygen adsorption, decomposition, and its co-adsorption with
methanol are the vital steps of methanol oxidation at the
exposed Mn,@Co;0,(111) facet. Two competitive reaction
pathways for oxygen decomposition, bi-O,* and O,*, are
considered explicitly, which further gives rise to the two O*
adsorbates at the Mn;@Co,0,4(111) facet. Then, the methanol
molecule adsorbs onto the facet and leads to the stable
adsorbates: two O* and CH;OH¥*. Furthermore, the Mn,@
Co030,(111) facet activatess O—H and C—H within CH;OH?*,
advances the key adsorbates CH;0* — H,CO* — HCOO*
— COO%*, and releases H,, H,O, and CO, consecutively.
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