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ABSTRACT: Hydroxyl groups (OH) and oxygen vacancies (VO)
have proven to be vital in numerous oxide catalytic systems for
catalytic conversion of C1 molecules. In the present work,
combining surface science experiments and density functional
theory calculations, we construct a submonolayer MnOHx film on
a Pt(111) substrate with different OH coverages (denoted as θOH)
and reveal its impact on reaction pathways under ultrahigh vacuum
(UHV) and a CO atmosphere. OH directly desorbs in the form of
H2O under UHV, while its evolution under a CO atmosphere can
be divided into three stages with decreasing θOH: (i) CO + 2OH
→ CO2 + H2O (85% ≤ θOH ≤ 94%); (ii) CO + 2OH → CO2 + H2
+ OL (OL, lattice O; 50% ≤ θOH ≤ 85%); and (iii) 2CO + 2OH →
2CO2 + H2 (26% ≤ θOH ≤ 50%). In nature, surface OH and CO
can form carboxyl intermediates, which promote the H2O generation and the O−H to Mn−H diffusion compared to the processes
without CO assistance. Furthermore, as θOH decreases and VO increases, H binding on MnOHx/Pt(111) is weakened while OH
binding is strengthened, which favors the generation of H2 instead of H2O. These results provide inspiration to understand the
mechanism for H- or OH-involved CO conversion reactions and to modulate a reaction selectivity via tailoring OH and VO densities.
KEYWORDS: hydroxyl, oxygen vacancy, CO conversion, reaction selectivity, interfacial catalysis

■ INTRODUCTION
Clean H2 production is important for many industrial
applications, including methanol synthesis,1−3 ammonia syn-
thesis,4,5 and proton exchange membrane fuel cells.6−8 The
water gas shift (WGS) reaction and CO preferential oxidation
(PROX) reaction are thought to be potential pathways to
produce H2 and reduce CO content in H2, respectively.9−14

Extensive efforts have been made for understanding the
mechanism of reaction between CO and surface OH, which is
important for H2 production and purification, mainly including
confirmation of active sites, formation of intermediate species,
and function of surface OH. In the WGS reaction, the
associative mechanism and redox mechanism have been
proposed to explain how the reaction proceeds.15−18 In the
associative mechanism, it is thought that CO directly reacts
with surface OH to form intermediate species such as carboxyl
and formate, which would decompose to produce H2 and CO2
afterward. In the redox mechanism, it is considered that surface
OH does not interact with CO directly. Surface OH
decomposes to produce active oxygen species (O*) and active
hydrogen species (H*), then H2 is formed by the combination
of two H*, and CO reacts with O* to produce CO2. However,
the reaction mechanism of the WGS reaction is uncertain even
in similar systems. For example, it has been reported that the

Au/CeO2 system19 and Pt/CeO2 system20 follow the
associative mechanism and the redox mechanism, respectively.
In the PROX reaction, it is proposed that surface OH can react
with CO to form intermediate species, which decomposes into
CO2 with a lower energy barrier.12,21,22 The crucial step in
these reactions is how surface OH reacts with CO, which is
related to the OH type and coverage on the catalyst surface.

It has been reported that the type of surface OH affects the
reaction activity.19,20,23,24 Ribeiro et al.23 studied the effect of
the OH type in the Pt/MnOx catalyst on WGS reactivity by in
situ diffuse reflectance infrared Fourier transform spectroscopy,
which shows that the bridging OH is the active one. In water-
catalyzed CO oxidation, Nie et al.24 reported that H2O
dissociates at the VO site to produce OH on the Ce-top site
and lattice hydroxyl (OlatticeH), and CO prefers to react with
OH on the Ce-top site according to density functional theory
(DFT) calculations. In addition, surface θOH has an effect on
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H2 production in heterogeneous catalysis.25,26 It has been
found that the ultrahigh vacuum (UHV) desorption product of
surface OH of the hydroxylated FeO film transforms from H2O
to H2 with the decrement of surface θOH and the increment of
VO density.25 Similar desorption behavior also happens on a
hydroxylated CeO2 film.26 However, the influence of θOH on
the CO conversion reaction and H2 production is rarely
studied.

Because of the difficulty in quantifying surface θOH of
powder catalysts, a model monolayer MnOHx film (θOH =
94%) is constructed to investigate the influence of θOH of a
metal oxide surface on H2 production. Through surface science
technologies, including X-ray photoelectron spectroscopy
(XPS) and scanning tunneling microscopy (STM), and DFT
calculations, it is found that the desorption product of OH is
mainly H2O when annealing the MnOHx film under UHV.
While annealing the MnOHx film in CO, the reaction process
is divided into three stages as θOH decreases and VO density
increases. First, CO reacts with interfacial OH to produce CO2
and H2O with a lower energy barrier than annealing under
UHV in terms of H2O generation. Second, reaction products
turn to CO2, lattice oxygen (OL), and H2 because of the
weakened H binding and enhanced OH binding on Mn sites.
Third, CO reacts with OL to produce CO2 apart from the
reaction occurring in the second stage. It is also noteworthy
that the MnOHx film reacts with CO more easily than the
Mn3O4 film.

■ RESULTS AND DISCUSSION
Hydroxylation of Mn3O4/Pt(111). Figure 1a shows the

STM image of MnOx prepared by evaporating Mn in 1 × 10−7

mbar O2 at 423 K, in which the nominal coverage is controlled
at 0.85 monolayer (ML). The darker contrast region is a bare
Pt(111) substrate, and the brighter contrast region represents
the MnOx film, which displays a grid-like structure. To
ascertain this grid-like MnOx, submonolayer MnO/Pt(111)
was prepared as a reference and characterized by STM and

XPS. Figure S1a shows the STM image of the MnO overlayer
with a uniaxial row structure, which has been reported by
Hagendorf et al.27 The XPS O 1s (Figure S1b) peak located at
529.9 eV is assigned to OL of MnO. Figure S1c shows that Mn
2p3/2 and 2p1/2 peaks are located at 640.9 and 652.3 eV,
respectively. The satellite peaks of Mn 2p3/2 and 2p1/2 are
located at 647.7 and 658.8 eV, respectively, and the distance
between Mn 2p1/2 and its satellite peak is 6.5 eV. All are
characteristic of MnO.28,29 The XPS O/Mn ratio of MnO is
normalized to 1.00. XPS measurement (Figure S2a) shows that
the O 1s peak of MnOx with a grid structure is located at 529.7
eV, which is assigned to OL.30 Figure S2b shows that Mn 2p3/2
and 2p1/2 peaks are located at 641.1 and 652.5 eV, respectively.
Compared with MnO, the satellite peak of Mn 2p3/2 of MnOx
with a grid-like structure is invisible because of the overlapping
with the Mn 2p1/2 peak, which is the feature of Mn3O4
species.31 Using the XPS O/Mn ratio of MnO as a reference,
that of MnOx with a grid-like structure is determined to be
1.31. Therefore, it can be concluded that MnOx with the grid
structure is Mn3O4 species. Figure 1d suggests that the
apparent height of the Mn3O4 film is determined to be ∼1.87
Å. The XPS O 1s spectrum (Figure 1g(i)) suggests that oxygen
species of the Mn3O4 film is OL before exposure to D2. The
utilization of D2 is for excluding the disturbance of background
H2 and H2O.

Figure 1b shows the STM image of the same area with
Figure 1a after exposure to 90 L D2 at room temperature.
Compared with Figure 1a, it can be seen that some bright spots
emerge along the grid line in Figure 1b, which are marked by
white dashed circles. Figure 1e shows that the apparent height
of the Mn3O4 grid line increases by ∼0.1 Å after exposure to 90
L D2 at room temperature, indicating hydroxylation of the
Mn3O4 film. In addition, the majority of bright spots are
distributed on the Mn3O4 film adjacent to the bare Pt(111)
substrate, which suggests the splitting of D2 at the bare Pt
substrate and the spillover of atomic deuterium from the bare
Pt substrate to Mn3O4 film at room temperature. The XPS O

Figure 1. Controlling the hydroxylation degree of 0.85 ML Mn3O4/Pt(111). Same-area STM images of the Mn3O4/Pt(111) surface (a) before and
(b) after exposure to 90 L D2 at room temperature. Scanning parameters: (a) It = 0.1 nA, Vs = 2.0 V; (b) It = 0.2 nA, Vs = 2.0 V. (c) STM image of
the Mn3O4/Pt(111) surface after exposure to 450 L D2 at room temperature. Scanning parameters: It = 0.09 nA, Vs = 1.4 V. Inset: atomic-
resolution STM image of the Mn3O4/Pt(111) surface after exposure to 450 L D2 at room temperature. Scanning parameters: It = 0.09 nA, Vs = 0.2
V. (d) Line profile along the cyan line in panel (a). (e) Line profiles along the blue and green lines in panels (a) and (b), respectively. (f) Line
profile along the purple line in panel (c). (g) XPS O 1s spectra of the Mn3O4/Pt(111) surface after exposure to different amounts of D2 at room
temperature, (i) 0 L, (ii) 90 L, and (iii) 300 L.
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1s spectrum can be deconvoluted by two peaks, which are
located at 529.7 and 531.6 eV, respectively (Figure 1g(ii)).
The O 1s peak located at 531.6 eV is assigned to the OD
group,32 and the content of OD is 19%. After exposure to 450
L D2 at room temperature, the STM image (Figure 1c) shows
that the grid structure of the Mn3O4 film disappears and a
triangular pattern emerges, indicating the structural trans-
formation during the hydroxylation process. The inset of
Figure 1c shows that the hydroxylated film exhibits a hexagonal
structure. Figure 1f shows that the apparent height of the
triangular pattern is determined to be ∼0.23 Å. The triangular
pattern is similar to the VO dislocation loop on the
hydroxylated FeO(111) film, which is formed by exposure to
atomic hydrogen at room temperature and then flashing to 450
K in UHV.33,34 The formation of the VO dislocation loop is

probably due to the lattice mismatch during the structural
transformation process. Figure 1g(iii) shows that OD and OL
contents are 94 and 6%, respectively. Thus, an MnODx film
(θOD = 94%) can be obtained from the Mn3O4 film by dosing
D2 at room temperature.

Annealing Mn3O4/Pt(111) in the CO Atmosphere and
UHV. For comparison with the MnODx film, the initial Mn3O4
film under UHV and CO atmosphere was first investigated.
Figure 2a,b shows XPS O 1s spectra of Mn3O4/Pt(111)
annealed in 5 × 10−7 mbar CO and UHV to different
temperatures, respectively. O 1s peaks located at 531.4 and
532.3 eV are assigned to CO adsorbed on bridging and on-top
sites of the bare Pt(111) substrate, respectively.35 Figure 2c
displays OL content of the Mn3O4 film after annealing in CO
and UHV to different temperatures. OL content of the Mn3O4

Figure 2. Transformation of 0.85 ML Mn3O4/Pt(111) under UHV and CO atmosphere. XPS O 1s spectra of the Mn3O4/Pt(111) surface
annealing in (a) 5 × 10−7 mbar CO and (b) UHV from room temperature to 543 K. (c) XPS OL contents of the Mn3O4/Pt(111) surface annealing
in 5 × 10−7 mbar CO and UHV from room temperature to 543 K. (d) STM image of the Mn3O4/Pt(111) surface after annealing to 543 K in 5 ×
10−7 mbar CO. Scanning parameters: It = 0.1 nA and Vs = 1.5 V.

Figure 3. Desorption of surface OD of MnODx/Pt(111) under UHV. XPS (a) O 1s spectra (b) OD and OL peak area and total oxygen contents of
MnODx/Pt(111) annealing under UHV from room temperature to 543 K.
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film remains almost unchanged after annealing to 423 K in
both CO and UHV. After annealing to 453 K in CO, OL
content of the Mn3O4 film decreases by 14%, and that
decreases by 8% after annealing in UHV to 453 K. OL content
of the Mn3O4 film decreases to 60 and 83% after annealing to
543 K in CO and UHV, respectively. As expected, more OL of
Mn3O4 is consumed by annealing in CO than that in UHV
when annealing from room temperature to 543 K. The
reaction can be inferred to be:

+CO O COL 2 (1)

Figure 2d displays the STM image of the Mn3O4 film after
annealing to 543 K in CO. It can be observed that the MnOx
film is still flat after CO annealing. However, the change of the
surface structure is obvious compared with the pristine Mn3O4
film shown in Figure 1a. In region A (marked by a blue dashed
line), the uniaxial row structure indicates a characteristic MnO
phase.27 The grid structure is incomplete in region B (marked
by a green dashed line), which can be seen as a transition
structure from Mn3O4 to MnO. In the other regions, the grid
structure can still be distinguished clearly. XPS Mn 2p and O
1s spectra are shown in Figure S3, and the O/Mn ratio is
determined to be 1.07. Therefore, it can be concluded that CO
reacts with OL of the Mn3O4 film, and the Mn3O4 film with a
grid structure is gradually reduced to MnO with a row
structure during the annealing process.

Annealing MnODx/Pt(111) under UHV. Figure 3a,b
presents XPS O 1s spectra and oxygen species content of
MnODx/Pt(111) upon annealing under UHV to different
temperatures. After annealing to 423 K under UHV, O 1s peak
areas of OD and OL remain almost unchanged. With the
increment of annealing temperatures in UHV, the O 1s peak
area of OD keeps on decreasing, whereas that of OL keeps on
increasing. After annealing to 543 K under UHV, OD content
decreases by 58% and OL content increases by 25%. The extent
of OD content decrement is approximately two times
compared with that of OL content increment. This is
consistent with the desorption process of surface OD in the
form of D2O, where the decrement of OD is two times than
the increment of OL:

+2OD D O O2 L (2)

Therefore, it can be concluded that the main desorption
product of OH is H2O when annealing the MnOHx film under
UHV.

Annealing MnODx/Pt(111) in CO. STM was first applied
to investigate the structural change when annealing MnODx in
the CO atmosphere. STM images of MnODx/Pt(111) before
and after annealing to 438 and 498 K directly in CO are
displayed in Figure S4. It is shown that the area of a brighter
contrast region which represents surface OD of the Mn3O4 film
decreases as the annealing temperature increases, indicating
the consumption of OD by CO. In addition, there is a more
darker contrast region around the bare Pt(111) substrate,
which implies that the reaction starts from the interface
between the MnODx film and bare Pt(111) substrate. Figure
4a,b presents OD and OL contents of MnODx/Pt(111)
annealing in 5 × 10−7 mbar CO and UHV from room
temperature to 543 K, respectively. Corresponding XPS O 1s
spectra of MnODx/Pt(111) annealing in 5 × 10−7 mbar CO
are shown in Figure S5. Compared with the Mn3O4 film, it is
evident that the initial reaction temperature is lower on the
MnODx film (363 K) than that on the Mn3O4 film (423 K)
when annealing in CO. The consumption of total oxygen
species of the MnODx film (52%) is more than that of the
Mn3O4 film (40%) after annealing to 543 K in CO. The result
indicates that the hydroxylated surface is more reactive with
CO than the OL surface.

More specifically, the reaction process can be divided into
three stages when annealing the MnODx film in CO from
room temperature to 543 K. After annealing to 343 K in CO,
O 1s peak areas of OD and OL remain unchanged, suggesting
that neither CO reacts with surface oxygen species nor OD
desorbs at this temperature. After annealing to 363 K in CO,
OD content decreases from 94 to 89% and OL content remains
unchanged, indicating that CO starts to react with OD of
MnODx. OD content decreases to 85% and OL content
remains stable after annealing to 403 K in CO. Based on these
results, the main reaction between CO and OD from 363 to
403 K should be:

+ +CO 2OD CO D O (85% OD 94%)2 2 (3)

After annealing to 423 K in CO, OD content decreases from
85 to 75%, and OL content increases from 6 to 8%. As the
annealing temperature increases, more OL species is produced.
After annealing to 483 K in CO, OD content decreases by
34%, and OL content increases by 17%. The degree of OD
content decrement is approximately two times that of OL
content increment, which is similar to reaction 2. Nevertheless,
the possibility that the decrement of OD is not associated with

Figure 4. Three stages of reaction between surface OD of MnODx/Pt(111) and CO. XPS-derived (a) OD and (b) OL contents of MnODx/
Pt(111) annealing in 5 × 10−7 mbar CO and UHV from room temperature to 543 K. The main reaction upon annealing MnODx/Pt(111) in CO is
proposed to be: (I) CO + 2OD → CO2 + D2O (363∼403 K); (II) CO + 2OD → CO2 + D2 + OL (403∼483 K); (III) CO + 2OD → CO2 + D2 +
OL and CO + OL → CO2 (483∼543 K).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c03337
ACS Catal. 2022, 12, 11918−11926

11921

https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03337/suppl_file/cs2c03337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03337/suppl_file/cs2c03337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03337/suppl_file/cs2c03337_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03337?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03337?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03337?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03337?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


CO is low because CO starts to react with OD at 363 K. The
consumption of OD content is larger in CO from 403 to 483 K
(34%) compared with that under UHV (30%), which also
suggests that CO does participate in the reaction in this
temperature range. Hence, it is proposed that the main
reaction between CO and OD from 403 to 483 K is:

+ + +CO 2OD CO D O (50% OD 85%)2 2 L
(4)

After annealing to higher temperature in CO, OD content
keeps on decreasing, whereas OL content remains almost
unchanged. When annealing to 543 K in CO, OD content
decreases to 26%, and OL content remains stable. This result is
similar to reaction 3, while the surface is highly reduced after
annealing to 543 K in CO in contrast to the surface where

reaction 3 occurs. It is more reasonable that reaction 4 still
proceeds and CO begins to react with OL in this temperature
range. Therefore, the main reaction between surface OD and
OL from 483 to 543 K should be:

+ + + +CO 2OD CO D O and CO O CO2 2 L L 2

as well as

+ +2CO 2OD 2CO D (26% OD 50%)2 2 (5)

Figure S6 presents D2 and CO2 mass spectra of MnODx and
Mn3O4 films during annealing in CO from room temperature
to 748 K, respectively. There are two sharp D2 signal peaks
located at 56 and 77 s corresponding to around 466 and 529 K
when annealing MnODx in CO, which indicates the
occurrence of reactions (4) and (5). In Figure S6b, there are

Figure 5. DFT insights into H2O and H2 generations over MnOHx/Pt(111) under UHV and a CO atmosphere. (a−c) Configurations of MnOHx/
Pt(111) interface structures within the experimental preparation condition (5 × 10−7 mbar H2 and 298 K) and the reaction condition (UHV vs 5 ×
10−7 mbar CO): (a) 89% H-covered Mn9O9H8/Pt, (b) OH-saturated (at Mn edge) Mn9O10H9/Pt, and (c) CO-saturated Mn9O10H9/Pt ribbons.
H: white; C: black; O: red; Mn: light violet; Pt: dark blue. (d and e) Ab initio thermodynamic phase diagrams for the hydroxylation degree and CO
saturation on MnOHx/Pt: (d) H coverage on the Mn9O9/Pt ribbon, (e) OH saturation on Mn9O9H8/Pt, and (f) CO saturation at the perimeter of
(b). (g) Free energy diagram for H2O generation from two OH* at the perimeters (Mn edge and O edge) of (b) at 453 K. (h) Free energy
diagrams for the CO + 2OH → CO2 + H2O process at 363 K (the first stage, starting from (c)) and the CO + 2OH → CO2 + H2 + OL process at
403 K (the second stage) via the COOH* intermediate. Inserted numbers denote the barriers of elementary steps.
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two CO2 mass signal peaks located at 50 and 75 s that are very
close to the D2 peak position in Figure S6a when annealing
MnODx in CO. Compared with the MnODx film, no D2 mass
signal peak emerges during the CO annealing process. A sharp
CO2 peak located at 75 s emerges when annealing the Mn3O4
film in CO, indicating the occurrence of reaction 1.

Evolution Mechanism of Surface OH under UHV and
a CO Atmosphere. DFT calculations are carried out to gain
insights into the mechanism of OH evolution on MnOHx/
Pt(111). Two questions will be addressed: (1) how does CO
promote H2O generation compared to UHV annealing? and
(2) what is the reason for product transformation from H2O to
H2 as OH coverage decreases? According to STM results, we
adopt an MnO-(3 × 3)/Pt(111)-(√13 × √13) moire ́
structure36 and then generate the hydroxylated structures to
simulate the hexagonal MnOHx on Pt(111) (Figures S7 and
S5). Through the ab initio thermodynamic phase diagram, we
find that saturation of H coverage is 78% on the Mn9O9/
Pt(111) film (Figure S7a) and 89% for Mn9O9/Pt(111) ribbon
(Figure 5a) under 5 × 10−7 mbar H2 at room temperature.
Figure 5b,e shows that the Mn edge of Mn9O9H8/Pt(111)
ribbon can be saturated by extra one bridging OH* to form an
Mn9O10H9/Pt(111) ribbon, whereas OH* at both Mn and O
edges cannot be removed at room temperature. We thus infer
that the initial hydroxylated MnODx/Pt(111) sample with 94%
OD content features an abundant D-covered surface and a
slight OD-saturated perimeter (at Mn edge) as Mn9O10H9/
Pt(111) ribbon described. Figure 5f shows that the two edges
of Mn9O10H9/Pt(111) ribbon can be saturated by CO
adsorption under 5 × 10−7 mbar CO until ∼500 K, and thus
the ribbon with CO saturation can represent the initial
hydroxylation structure under a CO atmosphere (e.g., the
model in Figure 5c).

For OH evolution under UHV, on the surface of the
Mn9O9H7/Pt(111) film (Figure S7) the barrier (termed Ga)

for H2 generation is 2.62 eV limited by the O−H* to Mn−H*
diffusion, and that for H2O generation should exceed 1.64 eV
estimated by the reaction energy from OH* to H2O*. Such
high barriers imply that the film surface is not reactive at 453
K. At the perimeter of the Mn9O10H9/Pt(111) ribbon, the
reaction energies from OH* to H2* are 1.93 eV at the Mn
edge and 2.87 eV at the O edge, respectively, indicating an
impossibility of H2 generation (Figure S8). In contrast, H2O
generation is feasible to occur at the Mn edge with a low
barrier (Ga = 0.91 eV) rather than at the O edge with an
insurmountable barrier (Ga = 2.07 eV) (Figures 5g, S9a and
S9b). This well explains the experimental observation in Figure
3 that the OH reaction leads to the generation of H2O at the
Mn edge of the submonolayer MnOHx/Pt(111).

As for OH evolution in the CO atmosphere, three possible
mechanisms are proposed including CO modification, VO
promotion, and COOH* mediation. (i) As shown in Figures
S10, 5h, and S11a, if the perimeter is modified by CO
adsorption, the direct H2O generation from OH* would
possess a 1.06 eV barrier, which is slightly higher than that
without CO adsorption (Ga = 0.91 eV) (Figure S10a,b). This
implies no promotion effect on H2O generation through CO
modification. (ii) If OL at the perimeter was preferentially
removed by CO (Ga = 0.75 eV), the subsequent H2O
generation would overcome a 1.05 eV barrier (Figures S10c,d),
indicating that VO does not boost H2O generation neither. (iii)
If OH at the perimeter reacted with CO to form the COOH*
intermediate (Figures 5h and S11a) which is found to be
barrierless through CO inserting the Mn−OH bond, Ga for
next H2O generation from COOH* would be lowered to 0.42
eV, indicating a promotion effect via COOH* mediation.
Then, CO can consume the remaining OL to form CO2 by
surmounting a 0.78 eV barrier. We also note that COOH* can
stem from CO* on Pt reacting with interfacial OH* as
reported,37 which is excluded because of the strong CO−Pt

Figure 6. Nature of difference of OH evolution into H2O vs H2. (a) Configurations of MnOHx/Pt(111) interface structures with various VO
contents (0VO denotes no O vacancy and 2VO denotes two O vacancies). H: white and cyan; C: black; O: red and pink; Mn: light violet; Pt: dark
blue. O vacancies: dashed pink circle. (b and c) Free energy diagrams of OH* evolution into H2O vs H2 processes as OH content decreases (i.e.,
VO increases). (d) Tendency of H vs OH binding on MnOHx/Pt(111) as OH content decreases. (e) Projected density of states of the Mn (3d)
sites (denoted by black stars in a) in the three models. The orange arrow shows the trend of the unoccupied states of Mn 3d orbitals downshifting
toward the Fermi level.
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bonding leading to a high barrier (Ga = 0.99 eV). Therefore,
we suggest that OH* reacting with CO to form COOH*
intermediate promotes H2O generation under a CO
atmosphere, which accounts for that the reaction of CO +
2OH → CO2 + H2O occurs via a COOH*-mediated
mechanism when annealing the MnOHx/Pt sample from 363
to 403 K.

Starting from the interface with two OH lost (termed 2VO),
Figures 5h and S11b show a possible pathway toward H2
generation, including CO adsorption, CO* reacting with OH*
to form COOH* (Ga = 1.29 eV, TS2), O−H* in COOH*
diffusing to Mn−H* (Ga = 0.43 eV, TS3), CO2* desorption,
H2* generation (Ga = 1.55 eV, TS5) through reverse H2
heterolysis, and H2* desorption with one OL left. Notably, the
direct O−H* to Mn−H* diffusion needs to overcome a barrier
of >2 eV which is hindered at 403 K. On the contrary,
formation of the COOH* intermediate promotes O−H*
diffusion to Mn−H*, which plays a crucial role in H2
generation. In addition, we investigate the reverse H spillover
from the MnOHx overlayer to Pt substrate as shown in Figure
S12. The bridged O−H* at both O and Mn edges is more
stable by at least 0.9 eV than Pt−H*, and the reverse spillover
barrier is about 1.5 eV. The triple O−H* at the Mn edge is
hard to diffuse to Pt−H* with a 2.35 eV barrier though they
are of similar stability. We thus determine that OH*
preferentially reacts with CO to form a COOH* intermediate
and then to generate H2 instead of reversely diffusing to form
Pt−H*, that is, CO + 2OH → CO2 + H2 + OL (the second
stage at 403−483 K).

We further try to understand the origin of product selectivity
(H2O vs H2) as OH content decreases. Based on the three
models in Figure 6a, that is, from the pristine (0VO), the two
OH-removing (2VO), to the three OH-removing (3VO)
interfaces, we find that H2 generation is gradually exothermic
(Figure 6b) as θOH decreases but the trend for H2O generation
is opposite (Figure 6c). Through quantifying the H and OH
bindings (Eads, see the SI for the formulae), we find that OH
binding is strengthened, but H binding is weakened (Figure
6d) as θOH decreases, which just corresponds to the easy H2
generation but hard H2O generation. Indeed, H/OH binding
strength is tightly related to the electronic characters of their
adjacent Mn sites. As shown in Figure 6e, the decrease of θOH
induces a downshift of the unoccupied states of Mn 3d toward
the Fermi level, indicative of a reduction of Mn. Therefore, we
suggest that the decrement of the θOH promotes the reduction
of Mn which in turn tunes H binding toward a weakened
strength while OH binding toward the opposite direction.

Scheme 1 illustrates the reaction of CO with the MnOHx
surface in different temperature ranges. Experiments and DFT
calculations clarify that the reaction pathway can be modulated
by θOH and VO density. When annealing the MnOHx film
between 363 and 403 K in CO, OH coverage decreases by 9%
and OL content remains almost unchanged. DFT calculations
reveal that interfacial OH reacts with CO to generate H2O via
the COOH* intermediate with a low energy barrier than
annealing under UHV. Therefore, the main reaction product
should be H2O in this temperature range. When annealing the
MnOHx film between 403 and 483 K in CO, θOH decreases by
34% and OL content increases by 17%. As θOH decreases and
VO density increases, DFT calculations suggest a weakened
trend for H binding and an enhanced trend for OH, implying
the tendency for H2 production and the suppression for H2O
formation. Thus, the main reaction product should be H2 and

OL in this temperature window. When annealing the MnOHx
film between 483 and 543 K in CO, OL content remains stable
and θOH decreases by 24.8%. It is considered that CO still
reacts with OH to produce H2 and OL, and CO also reacts with
OL to produce CO2.

■ CONCLUSIONS
The hydroxylation process of Mn3O4/Pt(111) by D2 at room
temperature is investigated by XPS and STM, and an MnOHx
film with 94% OH coverage can be obtained. Surface science
experiments and DFT calculations are combined to elaborate
the evolution of surface OH under UHV and a CO
atmosphere. It is found that OH mainly desorbs in the form
of H2O when annealing under UHV. While under a CO
atmosphere, our results indicate that the reaction type is
adjusted by surface θOH and VO density, which can be divided
into three stages. With OH coverage from 94 to 85%,
interfacial OH reacts with CO to produce H2O and CO2 (363
K ≤ T ≤ 403 K). With θOH from 85 to 50%, in addition to the
formation of CO2, it is inclined to generate H2 and OL instead
of H2O, which is due to the weakened H binding and
enhanced OH binding on interfacial Mn sites (403 K ≤ T ≤
483 K). With θOH from 50 to 26%, apart from the reaction
occurring at the last stage, CO also reacts with OL to form CO2
(483 K ≤ T ≤ 543 K). This work not only provides a detailed
understanding of the surface structure−performance relation-
ship in the CO conversion reaction over MnOHx/Pt, but also
renders guidance for the rational design of catalysts for WGS
and PROX reactions. We also expect that the established
relationship between reaction selectivity and defect contents
can be widely applied in other oxide catalytic systems.
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