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Abstract: Highly selective oxidation of methane to methanol has long been challenging in
catalysis. Here, we reveal key steps for the promotion by water when tuning the selectivity of a
well-defined CeOx/Cu20/Cu(111) catalyst from CO and CO: to methanol under a reaction
environment with methane, oxygen and water. Ambient-pressure Xx-ray photoelectron
spectroscopy showed that water added to CH4 and O: led to surface CHsO and accelerated
methanol production. These results were consistent with density functional theory calculations
and kinetic Monte Carlo simulations which showed that water preferentially dissociates over the
active Ce ions at the CeO2-Cu20/Cu(111) interface. The adsorbed OH blocked O-O bond cleavage
that would dehydrogenate CHsO to CO and CO2, , and it directly converted this species to
methanol, whileO2 now reoxidized the reduced surface. Water adsorption also displaced the
produced methanol into the gas phase.

One Sentence Summary: New mechanistic insights on the role of water in the direct catalytic
conversion of methane to methanol.

Main Text:. Methane (CHa4), the main component of natural gas, is difficult to upgrade to value
added chemicals (aromatics, olefins, oxygenates) or even hydrogen (Hz) because of its strong C-
H bonds (104 kcal/mol). In nature, enzymes use oxygen-containing molecules such as water
(H20), oxygen (O2), and carbon dioxide (COz) to convert CHa to methanol (CHsOH) at ambient
temperature directly, unlike commercial process that require the energy-intensive formation of
syngas (Hz and CO) (1-4). Applying such biomimetic strategies to heterogeneous catalysts is often
limited by the need for high temperatures that lead to poor selectivity (5-11), but some oxide and
metal/oxide surfaces can dissociate CH4 at room temperature, which opens the possibility for a
direct CH4— CH3OH conversion (12-13). Indeed, a Ni/CeO2(111) catalyst can directly synthesize
CHsOH on exposure to a mixture of CH4, O2 and H20. The selectivity of the process is rather low
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(<40%) (14). On the other hand, an inverse catalyst of the CeO2/Cu20/Cu(111) type displays a
CHa to CH3OH selectivity close to 70% (16).

Extensive studies have investigated the reaction mechanism, including the active sites, the
nature of reaction intermediates, the operating pathway and the role of Oz and H20 in the CHs —
CH3OH conversion. Some studies have proposed Oz as the oxidizing agent for conversion of CH4
to CH30 and CH3sOH through the generation of an active metal=0 species on the catalyst surface
at high temperature (450 to 500 K) (10, 14, 17-19). H20 can help in the hydrogenation of CHzO
or block surface sites preventing its decomposition and facilitating the extraction of methanol (10,
11, 14). In the case of Cu-containing zeolites that mimic enzymes, CH3OH generation is a
sequential process that involves treatment or activation with Oz, reaction with CHa, and finally
extraction with water (6, 7, 11, 20). For the active CeO2/Cu20/Cu(111) catalyst, the origin of the
high selectivity (~ 70%) toward CH3OH remains elusive.

We combined ambient-pressure x-ray photoelectron spectroscopy (AP-XPS) with density
functional theory (DFT) calculations and kinetic Monte Carlo (KMC) simulation and obtained
direct evidence for the essential role of H20 in the selective production of CH3OH upon exposure
of CH4, Oz and H20 over the CeO2/Cu20/Cu(111) catalyst. The spectroscopic measurement and
theoretical modeling agreed that H20 acts not only as an extractor of CHsOH as previously
reported (10, 11, 14), but more importantly as a blocker and active chemical reagent. The addition
of H20 blocks the metal=0O mediated mechanism proposed previously (10, 14, 17-19) and prevents
the complete dissociation of CH4 to form CO or CO2, and opens a new *OH-mediated pathway,
which enables the activation of CH4 for direct CH3OH formation at the CeO2-Cu20/Cu(111)
interface. Direct CHs — CHsOH conversion by *OH opens new opportunities to more active and
selective catalysts for CHa utilization.

Both Cu-containing enzymes (3, 4) and zeolites (6, 10, 11) convert CHs into CH3OH. The
oxidation state of the copper in these systems is usually assumed to be +2 before reaction with
CHas and +1 after CHa activation (6). In AP-XPS experiments, we found a very low reactivity of
plain Cu20/Cu(111) systems toward CHa at room temperature. But this system and ceria are very
active for water dissociation (15, 21). The deposition of cerium on Cu20/Cu(111) under an
atmosphere of Oz (5 x 1077 torr) leads to formation of two types of islands, as shown by images of
scanning tunneling microscopy (STM) (22). Large islands of ceria (30 to 50 nm in size and
triangular shape) were embedded in the substrate step edges and had a morphology different from
that seen for the two most stable surfaces of bulk ceria: CeO2(111) and CeO2(110) (22). These
islands had a high of ~ 0.3 nm, which was consistent with a single layer of cerium sandwiched in
between two layers of oxygen. In addition to the large ceria islands, a small concentration of small
ceria islands formed that were 0.5 to 5 nm in size (16,22).

As shown in Fig. 1A, exposing a CeOx/Cu20/Cu(111) surface (6ceo2= 0.5) to 20 mTorr of
CH4 at 300 K resulted in two peaks at ~287.0 eV and 285.3 eV in the C 1s region, which we
attributed to the CHa gas phase and surface -CHx species, respectively (14). The formation of -CHx
resulted from the dissociative adsorption of CH4 at room temperature at a coverage of ~ 0.15
monolayer (ML). The hydrocarbon fragment had a relatively strong surface bond as it is still
adsorbed on surface at 450 K At this temperature, an additional feature grew in 289.4 eV that
corresponded to COx groups formed by the reaction between surface O sites and C atoms produced
by the full decomposition of CHs (14). Thus, in contrast to plain Cu20/Cu(111), the
Ce02/Cu20/Cu(111) surface exhibited substantial reactivity toward CHa.
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The C 1s XPS acquired while exposing CuO2/Cu(111) and several CeO2/CuO2/Cu(111)
surfaces to 20 mTorr of CHsat 300 K are compared in Fig. 1B. After normalization by the intensity
of the peak for gaseous CHa, the most active CeO2/Cu20/Cu(111) system was that with a ceria
coverage near 0.5 ML (Fig. 1C). A 1.5 ML ceria system was not very active, probably because the
ceria-copper oxide interface was substantially reduced and ceria deactivated when two-
dimensional (2D) islands grew into three-dimensional (3D) ones (22). When these AP-XPS results
are compared with data of catalytic activity for the conversion of CHs on CeO2/Cu20/Cu(111)
(16), one finds excellent agreement between the ability of the surface to activate CHs at room
temperature and its activity for the conversion of the hydrocarbon to CH3zOH or a CO/CO2 mixture.
A CeO2/Cu20/Cu(111) system with 0.5 ML of ceria exhibited the best performance for CH4
activation and conversion.

Over Cu-containing zeolites, CH3sOH is produced by the sequential steps of activation in
02, reaction with CH4 and extraction with H20 (6, 7, 11, 20). After sequentially adding 10 mTorr
of Oz into the chamber at 450 K (CH4/O2 reaction feed), no changes were seen in the C 1s XPS
region for Cu20/Cu(111) and CeO2/Cu20/Cu(111) surfaces. In particular, no CHsO peak around
286.5 eV was detected. This result is consistent with the lack of CHsOH formation over these
surfaces where only CO and CO: are detected as reaction products in the absence of H20 (16).
Although O:2 dissociates readily on CeOx/Cu20/Cu(111) (23), a metal-O or metal=0 group is not
an efficient agent for the formation of CH3sOH on these surfaces. A CHsO intermediate could be
formed, but it probably would decompose very rapidly on some active sites of the surface (see
DFT calculations below) producing mainly CO/COzand not give a signal in AP-XPS (16).

The addition of H20 to the CH4/O2 reaction mixture induced drastic changes in the
chemical process. On CeO2/Cu20/Cu(111), water dissociated to form OH on the surface at 300
and 450 K as seen in AP-XPS (Fig. S1). Signals for OH species bound to Cu20 (~531.1 eV) (15)
and ceria (~532.1 eV) (21) were observed in the O 1s region (Fig. S1). Fig. 2A shows C 1s XPS
spectra collected while exposing a CeO2/Cu20/Cu(111) surface (Ocec2= 0.5) to a set of
CHa/02/H20 reactants at temperatures between 300 and 450 K. In the presence of water, one can
see a clear change in the C 1s features with signals not seen in the case of a dry experiment, where
only moderate amounts of CHx and COx are detected (for an example, see Fig. 1A). The spectra in
Fig. 2A were curve fitted (Fig. S2) well with peaks for COx ads, CH4,gas, CH3Oads, CHx,ads and Cads
(24). In test experiments for the adsorption of CH3sOH and its derivatives, the features around 286.2
eV corresponded to adsorbed CH3sO, in good agreement with previous XPS studies (25, 26). As
mentioned above, this species was not seen after exposing the surfaces to a simple CH4/Oz2 reaction
mixture. Furthermore, in Fig. 2A, the adsorbed CH3O was seen at temperatures of 400 and 450 K,
which were the onset for a catalytic CHs—CH3OH transformation over CeO2/Cu20/Cu(111)
surfaces exposed to a mixture of CH4/O2/H20 (16).

Figure 2B compares C 1s spectra collected after exposing a CeO2/Cu20/Cu(111) surface
(Bceo2=0.5) to CH4, CH4 + O2, CH4 + H20, and CH4 + H20 + O2 at 450 K, a threshold for CH3OH
production (16). The amounts of CHx and CHsO present on the catalyst surface under pure CHa
and a CH4/O2 mixture were negligible. Thus, a reaction feed of CH4/O2 produced mainly (~ 95%)
CO and COz as products (16). CHsO and CHx appeared when H20 is added to the reaction feed,
but the amount of CH3O was larger when a mixture of CH4/O2/H20 is used (Fig. S3), and the
CH30 signal in AP-XPS was correlated with the CH3OH selectivity measured in catalytic tests
(Fig. 2C). At high temperatures, CH4 alone could induce a partial reduction of the ceria overlayer
(Fig. S4), but under a mixture of CH4/O2/H20, the ceria remained fully oxidized (Fig. S5). And
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there was not reduction of the Cu2O film in between ceria and Cu(111). Although the
Ce02/Cu20/Cu(111) system has special properties for the dissociation of CHa (Fig. 1), some of its
sites were probably too reactive to allow any CHsO formed to avoid decomposition. The OH
groups coming from water dissociation (22) were necessary to block these sites and, as we will see
below, they also could participate in an additional reaction path for the activation and conversion
of CH4 .

Our AP-XPS measurements were fully consistent with the theoretical calculations using
DFT and the KMC simulation under the experimental conditions (pressure ratio: CHs: O2 = 2:1
or CHs: O2: H20 = 2: 1 :8; T= 450K, see Sl for details). In the DFT calculations, the
Ce02/Cu20/Cu(111) catalyst was modeled by depositing a CesOs cluster on the 44 structure of
Cu20/Cu(111) (Fig. S6A, see Sl for detail and (16). [note referee comment about the cluster used]
According to the DFT results, the CeO2/Cu20/Cu(111) system should produce mainly CO2 from
a CH4/O2 mixture following a reaction path that is highly exothermic (Fig. S7 and S8). Initially,
upon exposure to CH4 and Oz, an active Ce site (Ce-2 in Fig.S6B) at the CeO2-Cu20/Cu(111)
interface stabilized Oz (binding energy or Eags = -14.53 kcal/mol) [given the expts are in kcal/mol,
it would be better to report the energies the same way here] and enabled the facile O-O bond
cleavage with the synergy of Cu from the Cu20 film (reaction energy or AE = -24.44 kcal/mol;
activation barrier or Ea = 5.54 kcal/mol, Fig. 3A). However, in this case, none of the terminal
metal=0 oxo ligands, which were previously proposed as the active sites for CHs to CH3OH
conversion for the zeolite-based systems (10, 17-19), survived. Instead, the doubly bridging oxo
ligand formed (*O) over the interfacial Cu-Ce bridge sites (Fig. 3A and S7).

The CHa also preferred the same Ce site; yet the KMC simulations show that it could not
compete with Oz because of weakened binding (Eads = -2.54 kcal/mol) and the elevated barrier for
dissociation (Ea = 11.76 kcal/mol) (16). Thus, all active Ce sites at the CeO2/Cu20/Cu(111) were
occupied by *O from O: dissociation. The formed doubly bridging oxo Ce-O-Cu species were
active to adsorb (Eadss = -1.15 kcal/mol) and activate CHa4 through the preferential C-O bond
association. Either methoxy (*CH3sO) species (AE = -37.82 kcal/mol, Ea = 18.45 kcal/mol, Fig. S7
and S8) formed, or *CH3sOH formed directly at the interface (Ea = 16.37 kcal/mol). The KMC
simulations, however, demonstrated that the produced *CHsOH was not stable and preferentially
dissociated to *CH3O with no barrier (AE = -14.53 kcal/mol).

The sequential dehydrogenation of *CH30 to *CH20, *CHO and eventually production of
CO2 was highly favorable in terms of both thermodynamics and kinetics according to the DFT
calculations (Fig. S7), and hence none of the intermediates was likely to be stable. Indeed, under
steady states the CeO2/Cu20/Cu(111) surface remained clean on exposure to CH4 and O2, as
demonstrated by the KMC snapshot (Fig. S9). No *CH3O or other adsorbed surface species could
be observed, which agreed well with the AP-XPS measurements in Fig. 2B and 2C for the
experiment with a CH4/O2 reaction feed. Regarding the products in the catalytic tests (16), the
KMC results were consistent with the experimental results (Fig. 2C), showing that
Ce02/Cu20/Cu(111) was highly selective to CO2/CO on exposure to CHa4 and O2 rather than
CHsOH (Fig. 4A). Finally, during the dehydrogenation process, oxygen vacancies (Ov, Fig. S7 and
Fig. S8) were generated on the supported CeOz2 cluster, that could be quickly filled in presence of
O2 as reported previously (16).

The addition of H20 in the mixture of CH4 and Oz changed the reaction network on the
catalyst surface. First, H20 blocked the adsorptions and dissociation of Oz at the active interfacial
Ce site (Fig. 3A), as seen under exposure of CH4 and O2. According to the DFT calculations, H20
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also preferred (Eads= -15.91 kcal/mol), as did Oz, to adopt a tilted conformation [please check my
edit, but the original was not clear, and picking out one structure in fig S9 and S10 is not obvious]
because of the formation of hydrogen bond with nearby bridging oxygen (Fig. 3A, S10 and S11).
The tilted adsorption was followed by a spontaneous O-H bond cleavage (Fig. 3A), which was
much more facile than the O-O (Ea = 5.54 kcal/mol) and C-H bond breakage (Ea = 11.76 kcal/mol)
(16). Also, the pressure of H20 was eight times higher than that of Oz under reaction conditions
considered in both experiment and KMC simulations. Thus [the next sentence on adsorption
doesn’t follow in an obvious way—did the KMC sims also use this pressure ratio?], the KMC
simulations showed that the adsorption rate of Oz decreased by a factor of ~30 by the addition of
H20. In this case, 90% of active Ce sites were occupied by hydroxyl (*OH) from H2O dissociation
and only 10% formed the Ce-O-Cu oxo species, as was the case without H20. Thus, the adsorbed
*OH groups blocked reactive Ce sites from interaction with Oz and in the presence of H20, new
reaction paths are enabled to facilitate CHsOH production ( Fig. 3A, S10 and S11).

The *OH species generated by H20 dissociation at the interfacial Ce sites opened a new
highly effective pathway for a real catalytic transformation (Fig. 3B and S10). Along the new path,
the direct conversion from CHa4 to *CH3OH is substantially populated by the active *OH at the Ce
site (Fig. 3B and S10) through the concerted C-O bond association and C-H dissociation (AE = -
18.68 kcal/mol, Ea = 22.37 kcal/mol). This step represented the rate-limiting step along the path
and the negative shift in barrier by 0.1 eV can effectively increase the CH4 conversion by 93.79%
and CH3OH selectivity by 3.78%. This reaction is followed by the barrierless dissociation to
*CHsO, as was for the CHas oxidation by Oz. The difference is that the presence of H20
predominantly blocked the *CHsO decomposition and thus the formation of COz. Instead, H20
also enabled the extraction of CH3OH from *CHsO, or the removal of *CHsO as gas phase
CH3sOH, in addition to blocking Oz adsorption and activating CHa.

This process started with the formation of *CH3O---HOH through hydrogen bonding (Fig.
3C and S12). This structural motif drove the proton hopping from H20 to *CHsO (AE = 4.85
kcal/mol, Ea = 6.69 kcal/mol, Fig. 3C and S12) and produces gas phase CH3OH and the active
*OH to replace the binding site for *CH3O at interfacial Ce site, which is active for direct CHs —
CH3sOH conversion (Fig. 3B and S10). The dissociated *H from CHa resulted in the hydroxylation
of CeO2 (Fig. S10 and S11), which could easily be removed with the assistance of *Hz0 at the Ce
site, leading to the formation of oxygen vacancy (Ov) and thus the reduced CeOx (AE = -8.30
kcal/mol, Ea = 2.31 kcal/mol, Fig. S10). At this point, Oz could preferentially fill the Ov and re-
oxidize CeOx to CeO2 (Fig. S10), which is the dominant role of Oz during this process due to the
preferential Oz dissociation (Ea = 3.00 kcal/mol) over H20 dissociation (Ea = 15.45 kcal/mol) at
the O site.

According to the KMC simulations, under steady states of CH4 oxidation by Oz and Hz0O,
the CeO2/Cu20/Cu(111) surface was not clean anymore. Instead, two stable surface species, *OH
and *CHsO (Fig. 4B), which agreed very well with measurements of AP-XPS (Fig. 2B). Both
surface species bound to the supported CeO: at the interface (Fig. S13). The formation of *OH
was associated with H20 and CHa dissociation, and *CHsO is formed because of the interplay
between the barrierless O-H bond cleavage of *CH3sOH and the activated extraction of CH3sOH
from *CHsO by H20 (Fig. 3C, S7 and S10).

The amount of *OH present on the catalyst surface was larger than the amount of *CHsO
(Fig 4B), a condition which was essential to prevent the full oxidation of the formed *CH3O
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species. The stabilized *CH30O and the enabled *CH3O extraction by adding of H20 to the mixture
of CH4 and Oz tuned the selectivity of CeO2/Cu20/Cu(111) from CO2 to CH3OH as the major
product according to the KMC simulations (Fig. 4A), which was also observed by the AP-XPS
measurements and catalytic tests [Fig. 2C and (16)]. The addition of H20 also facilitated the
CH3OH production through oxidation of CH4 by Oz by hindering the *CH30 dehydrogenation and
promoting the extraction of CH3OH according to the KMC simulation results (Fig. 3C and S13).
About one half of the dissociated *O at the active Ce sites led to the CH3OH production, and the
rest remained as oxidizing agent to produce COsz. Yet, because of lower adsorption rate of Oz than
H20 at the active Ce sites, 95% of produced CH3sOH is by reaction with H20, and the dominant
roles that O2 plays is to fill the Oy sites via facile dissociation. [as meant? O2 just reoxidizes Ce]

The AP-XPS data were consistent with the results of combined DFT and KMC simulations,
showing that on the active CeO2-Cu20 interfaces, CH4 was preferentially oxidized by Oz into CO
and COz (Fig. S14A). When Hz0 is added to a CH4/O2 mixture, the selectivity was tuned toward
CHsOH (Fig. S14B). The CeO2/Cu20/Cu(111) inverse catalyst exhibited a reactivity different
from that reported for zeolite-based materials during the selective oxidation of CH4. On the zeolite-
based catalysts, Oz is considered as the oxidizing agent and H2O is just extracting [there has to be
a better word—displacing?] the formed *CH3OH.

However, on CeO2/Cu20/Cu(111), H20 played three key roles. As on a zeolite-based
material, H20 acted as a site blocker. It preferentially occupied the active Ce sites at the CeO2-
Cu20 interface, which hindered the O2 activation and thus the conversion of CHs to CO or CO2
(Fig.3A). More importantly, it was an active center, where the facial dissociation at the interfacial
Ce sites produced the active *OH, being able to open a new pathway and promote the direct CHa4
to CH3OH conversion (Fig.3B). In this case, H20 participated in the reaction directly as the actual
O-provider and enables the direct CH4 to CH3OH conversion. In this system, Oz only helped to re-
oxidize CeOx, which was partially reduced during the reaction. Finally, H20O functioned as an
extractor as proposed previously, preventing the dehydrogenation of *CHsO and thus CO:2
formation, while facilitating the hydrogenation and thus CHsOH formation (Fig.3C). The
identification of the key roles played by H20 while tuning the selectivity during CH4 conversion
points to phenomena that must be taken into consideration when dealing with new routes for
designing efficient catalyst for the selective CH4 —CH3OH oxidation.
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Fig. 1. Methane interaction with CeO2/Cu20/Cu(111). C 1s region of the AP-XPS spectra for
introducing 20 mTorr of CH4to (A) 0.5 ML CeO; covered Cu20/Cu(111) surface at different
temperatures, (B) different coverages of ceria on Cu20/Cu(111) surface at 300 K. (C) Comparison
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of the surface -CHx amount derived from the integration of the corresponding C 1s normalized
peak in (B).
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Fig. 2. Water effects on methoxy formation on CeO2/Cu20O/Cu(111). C 1s region of the AP-
XPS spectra for (A) the CeO2/Cu20/Cu(111) surface (6ceo2~ 0.5 ML) when exposed to a 20 mTorr
CHa + 80 mTorr H20 + 10 mTorr Oz of gas mixture at different temperatures, (B) comparison of
exposing CeO,/Cu,O/Cu(111) surfaces (Bceoz~ 0.5 ML) to different gas reactants at 450 K. (C) CHsOH
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selectivity versus the amount of -CHsO generated with and without addition of water. The results for the
catalytic tests were taken from. (16).
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As the referee noted, this is not very accessible — some heading in the figure, telling what is
happening (absorption, what bond breaks or forms, etc) would help. It’s not clear that all
of the intermediates here are needed, as it’s difficult to focus on key steps. The three roles

of water should be clearly indicated as well. Also give the energy in kcal/mole on an axis on
the right sides

Fig. 3. DFT-calculated potential energy diagrams for the three important steps involved in
CHys oxidation by Oz and H20 on CeO2/Cu,0O/Cu(111). (A) Oz and H20 dissociation, showing
the preferential H20 dissociative adsorption and thus the blocked active Ce sites from Oz by H20;
(B) CH4 oxidation by *OH, demonstrating the enabled one-step CH3OH synthesis from CH4 by
dissociated fragments from H20; (C) Hydrogenation of *CH3O by H20, indicating the facilitated
CH3OH formation or extraction by H20. The structures of intermediates and transition states (TS)
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were also included. Yellow: Ce; brown: Cu; red: O in CeO2/Cu20/Cu(111) (A) and *CHxO (B);
green: O in Oz; purple: O in H20; gray: C; white: H.
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Fig. 4. KMC-simulated product selectivity and reaction intermediates. (A) Selectivity of CHa
oxidation over CeO2/Cu20/Cu(111) on exposure to CHs and Oz with pressure ratio of 2:1 or CHa,
02 and H20 with pressure ratio of 2:1:8 at 450K. (B) Coverage of adsorbed surface species on
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