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Mechanism of Methanol Decomposition over Single-site Pti/CeQO>

Catalyst: a DRIFTS study

Zhiyuan Qi," Luning Chen,"* Shuchen Zhang,! Ji Su™, Gabor A. Somorjai®I$

fChemical Sciences Division, IMaterials Sciences Division, ‘Molecular Foundry, Lawrence Berkeley National Laboratory,

Berkeley, CA, 94720, United States

SDepartment of Chemistry, University of California-Berkeley, Berkeley, CA, 94720, United States

ABSTRACT: Single-site catalysts have drawn broad attention in catalysis due to the maximum atomic utilization and unique cata-
lytic performance. Early work in our group has shown a 40-fold higher activity of methanol decomposition over single-site Pt;/CeO,
catalyst than CeO» supported 2.5 nm Pt nanoparticles, while a molecular-level understanding of such enhancement is lacking. Herein,
the reaction mechanism of methanol decomposition over Pt;/CeO, was carefully investigated using in situ DRIFTS and a reaction
pathway was proposed. Methanol molecules were dissociatively adsorbed on nanoceria support first, followed by the diffusion of as-
formed methoxy species onto Pt single sites where the dehydrogenation occurs and results in the weakly bonded CO. The ease of
methanol dissociative adsorption on nanoceria support and the tailored electronic property of Pt; via the metal-support interaction are

believed to be strongly correlated with the high activity of Pt;/CeO..

Single-site catalysts (SSCs), with isolated metal sites atomically
dispersed on the support, have drawn growing research interests
in recent years."* Noble metals®'® and transition metals'""'"
SSCs over metal oxides', graphene!*!®, heteroatom doped car-
bon'®!” have been applied in electrocatalysis'® and heterogene-
ous catalysis.!” Thanks to the flourish of in situ and operando
techniques, the coordination environment and electronic struc-
ture of active sites in SSCs could be well characterized, leading
to a clearer understanding of their structure-property relation-
ship.?® More recently, mechanistic studies of noble metal SSCs
via in situ spectroscopy have been reported, while only a few
reactions were investigated (e.g., CO oxidation).?'* Therefore,
the explored reaction scope needs to be further expanded to bet-
ter design SSCs.

Methanol is an alternative energy source for fossil fuels and im-
portant raw material for synthetic chemicals.?* Its convenient
production from syngas and renewable biomass allows the wide
application in direct methanol fuel cells (DMFCs).>® Besides,
methanol could function as a hydrogen carrier to transport hy-
drogen in the liquid form and release hydrogen via catalytic re-
actions, taking advantage of its high hydrogen content (12.6
wt.%), easy transportation, and low cost. Our group has demon-
strated the potential use of methanol as the liquid organic hy-
drogen carrier (LOHC), assisted by CeO, supported Pt SSCs
(denoted as Pt;/CeQ,).%® Pt;/CeO, with a hydrogen production
rate of 12500 h™! from direct methanol decomposition shows a
40 times higher activity than 2.5 nm Pt/CeO,. However, a sys-
tematic study of the origin of this superior reactivity was not
presented. Fortunately, methanol’s dehydrogenation mecha-
nism on Pt single crystal’’”*® and CeO, support®* have been
investigated both experimentally and computationally, which
builds up a solid foundation for the mechanistic study of meth-
anol decomposition over Pt;/CeQ,. Herein, we systematically
investigated the intermediates of methanol decomposition over

Pti/CeO,, pure CeO,, and 2.5 nm Pt/CeO, using diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) and
proposed a support-assisted reaction mechanism.

Pt;/CeO; was synthesized following the previous report.® The
porous CeO, nanorods with 10-15 nm width and 200-300 nm
length (Figure S1) were pretreated with ascorbic acid to gener-
ate the oxygen vacancies that provide the anchoring sites for Pt
atoms. The presence of isolated Pt atoms was confirmed by
high-angle annular dark-field transmission electron microscopy
(HAADF-STEM), elemental mapping, X-ray absorption near
edge structure (XANES), and extended X-ray absorption fine
structure (EXAFS)(Figure S2-4, Table S1). DRIFTS spectrum
demonstrated only linearly adsorbed CO on Pt** sites was ob-
served at 2090 cm™, further suggesting the single-site feature of
Pt atoms (Figure S5). Detailed synthetic methods and charac-
terization data are included and discussed in the supporting in-
formation.

DRIFTS spectra of methanol over CeO,. The methanol ad-
sorption over nanoceria is dissociative, and the formed methoxy
could bond with one (on-top), two (bridged), and three (triply
bridging) cerium cations.’! The ¥(CO) stretching vibration in
the range of 1000-1100 cm™! discerns between different meth-
oxy species, which helps to understand the local environment,
including oxygen vacancy. Figure la shows the temperature-
dependent DRIFTS spectra after 10 min methanol vapor dosing
min over pure CeO; (solid lines, above). At room temperature
(Figure S6-S7), the surface was mainly covered by on-top and
bridged methoxy (Scheme 1, type I, II, III). The type I methoxy
is characterized by the peak set (2912 cm'(v,s(CH)); 2833 cm
{(vy(CH)); 1440 cm™! (6.s(CH), and 1108 cm™ v(CO), red dashed
trendlines), while another peak set (2924 cm™'(v,s(CH)); 2804
cm’'(vy(CH)); 1063 cm™ (W(CO), blue dashed trendlines) repre-
sents the type II methoxy. The shoulder peak at ~1030 cm™ is
assigned to the v(CO) vibration of methoxy adsorbed on cerium



atoms with a neighboring oxygen vacancy™ (type III, purple
dashed trendline). The physisorbed methanol (shoulder peak at
~2941 cm™) and a trace of triply bridging methoxy (shoulder
peak at ~1010 cm™") were also detected. These methoxy peak
features remained unchanged from room temperature to 150 °C.
When above 200 °C, a small redshift in type I v(CO) (~1100
cm™) was observed along with slightly decreased intensity,
while bridged v(CO) (Il and III) has higher overall intensity as
temperature increases. Besides methoxy, formate (Scheme 1,
IV, V) started to form at 100 °C and reached a stable intensity
at 200 °C, confirmed by the peak set (2933 cm™; 2844 cm
{(W(CH)); 1377 cm’ (6(CH)), 1580 cm™ v,((OCO) and 1355 cm’
'14(0CO), species IV). Oxygen vacancy also leads to the red-
shift of V(OCO), resulting in two more vibrational modes with
lower intensities (1555 cm™ v,((OCO) and 1330 cm™ vy(OCO),
species V). Our findings of surface intermediates over

nanoceria are consistent with previous reports.*!-*?
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Scheme 1. Structures of the surface methoxy and formate on CeO,
discussed in this work.

Dynamic change of surface methoxy and formate. Similarly,
DRIFTS spectra of methanol adsorption over Pt,/CeO, were
shown in Figure 1b. The spectra of Pt;/CeO,and CeO, measured
at 25 °C were almost identical, while distinctive peak features
were observed at elevated temperatures. The type [ v(CO) has a
decreasing intensity along with a graduate redshift above 50 °C,
indicating a higher degree of coordinative unsaturation of CeO,
support with the increasing temperature. Meanwhile, bridged
v(CO) changed from the coexistence of Il and III at lower tem-
peratures to only type Il above 200 °C, with an overall increas-
ing intensity. A similar trend was observed in the C-H stretch-
ing region (3100-2700 cm™): the weak on-top v,(CH) at 2912
cm’! slowly decays as temperature increases, while the bridged
vas(CH) at 2926 cm! becomes clearer, demonstrating the transi-
tion from on-top to bridged methoxy at elevated temperature.
Therefore, on-top methoxy species are believed to be more re-
active, while type III species are more stable at higher temper-
atures, indicating the neighboring oxygen vacancies could offer
the extra stability. Besides, formate was readily formed at 50 °C
with no further increase of intensity at higher temperatures, sug-
gesting Pt single sites could facilitate the conversion of meth-
oxy to formate.
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Figure 1. Temperature-dependent DRIFTS spectra of (a) CeO, and
(b) Pt;/CeO». At each temperature, methanol vapor was first purged
for 10 min with N, as the carrier gas (solid line, above). Pure N,
was then purged for another 10 min (faded line, below). The dashed
lines in red, blue, purple, and grey were marked for specie I, 11, I1I,
IV(V), respectively.

After methanol adsorption, pure N, was purged for 10 min, and
the corresponding DRIFTS spectra were shown as faded lines
in Figure 1. The methoxy peaks of Pt;/CeO; starts to decline at
50 °C and disappears above 150 °C. In contrast, the methoxy
over CeO, remained their intensity after N, purge until 200 °C,
above which a slow decay occurs with an order of I, II, and III.
Even at 300 °C, there are still ~ 23% of III and 3.3% of I left on
CeO;. Therefore, we could conclude the disappearance of meth-
oxy over Pt;/CeO, (especially at lower temperatures) is mostly
via the reaction instead of desorption. At the same time, formate
species on CeO, maintained the peak intensity at all tempera-
tures while a slight peak intensity change over Pt,/CeO, could
only be observed above 250 °C, indicating the stronger adsorp-
tion and much lower activity of formate than methoxy.

Figure 2 represents the time evolution of methoxy intermediates
during N, purge over different catalysts at 250 °C, starting from
the adsorption steady-state (0 min). Type I and III over Pt,/CeO,
quickly vanished in 3 min, while 25% of 11l remained at 10 min
on CeO;, confirming the single-site Pt is the active site. Besides,
in both Pt;/CeO, and CeO,, type I v(CO) fades more rapidly than
type III v(CO) (Figure 2a, 2b insets), showing the higher



activity of on-top methoxy. Figure 2c shows a three-fold inten-
sity of bridged methoxy (type II) over 2.5 nm Pt/CeO,, indicat-
ing methoxy is also largely adsorbed on the surfaces of Pt NPs.
Interestingly, the peak height of I and II on 2.5 nm Pt/CeO; has
no significant change after 2 min, revealing the stronger meth-
oxy adsorption on Pt surface than CeO, support and the lower
activity of Pt NPs compared to single-site Pt atoms. Previous
report showed the methanol decomposition preferentially oc-
curred at the interface between Pt and CeO, NPs.* Different
from 2.5 nm Pt/CeO, where only a small number of Pt atoms
interface with CeO, support, every Pt atom in Pt,/CeO, has the
direct interaction with CeO,, which not only maximize the Pt
utilization efficiency but also enhance the specific activity of
each active site. Therefore, the superior activity of Pt,/CeO, is
suggested to be a result of the strong interaction between single-
site Pt and CeO, support. In all three cases, the formate species
were stable on the surface, with a relatively identical intensity
over time (Figure S8).

The effect of CeO, support in single-site catalysis. To further
explore the metal-support interaction, we prepared Pt SSCs
with two other supports, namely Pt,/ALO; and Pt,/TiO,. CO
DRIFTS confirmed the single-site feature in both catalysts (Fig-
ure S9). However, these two Pt SSCs only showed trace meth-
anol conversion (<0.1%) at 300 °C (Figure S10), demonstrating

the critical role played by CeO,. Methanol DRIFTS (Figure
S11) showed that methoxy could desorb at room temperature
on both Pt,/AL,Os and Pt,/TiO,, probably because the dissocia-
tive adsorption is not highly preferred on these two supports >
The easy desorption of surface species makes it difficult for re-
actants to access the Pt single sites, thus leading to lower activ-
ity. Commercial CeO; supported Pt SSC was also prepared and
compared (denoted as Pt;/commercial CeO,). Due to the low
surface area of this bulk support, the adsorbed surface methoxy
amount is much lower (Figure S12). However, Pt;/commercial
CeO, obtained a similar TOF at 300 °C compared to Pt;/CeO,
(Table S2), further confirming the activity is from the interac-
tion between single-site Pt and CeO,. We thus believed the dis-
sociative adsorption of methanol on nanoceria is the critical step
for methanol decomposition over supported Pt SSCs. Besides,
the presence of oxygen vacancy could also enhance the metha-
nol adsorption (Figure S13) and stabilize the formed methoxy
species (the dominant type III in Figure 1). It has been proposed
that one isolated Pt atom (replacing one Ce atom) would create
two oxygen vacancies.*® Therefore, the preferential adsorption
of methoxy near oxygen vacancy helps to get a higher chance
to access single-site Pt. A detailed study of engineering oxygen
vacancy is currently on the way.
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Figure 2. DRIFTS spectra of (a) Pt;/CeO»; (b) CeOy; (c) 2.5 nm Pt NPs/CeO; during the N, purge at 250 °C. The insets are the peak height
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) \

active si?e 5 (?H 0
regeneration dissociative adsorption
c Ho on CeO: support
\\‘o /f CH3 9H3
o' lo\
£—7 Ce0; '
single-site Pt |
(iv) (ii)
CO desorption ICH3 %urface diffusion
[0 o CH3 to Pt site
iy B
|

(iii)

dehydrogenation

Figure 3. Schematic presentation of the proposed reaction mechanism over Pt;/CeO,. The green plate and orange dot represent the CeO,

support and single-site Pt, respectively.

Based on the above observations, we proposed a reaction
pathway of methanol decomposition over Pt;/CeO, (Figure 3).
Due to the low surface density of Pt atoms, methanol mole-
cules first react with the lattice oxygen and/or surface hy-
droxyl of CeO, support to form both on-top and bridged meth-
oxy species. Since CeO, support showed almost no activity
for methanol decomposition, the methoxy species have to dif-
fuse onto Pt atoms for further reactions, with on-top methoxy
more active than bridged methoxy. The methoxy species were
then dehydrogenated to carbon monoxide on top of single-site
Ptabove 150 °C, confirmed by both gas chromatography anal-
ysis(Table S2) and DRIFTS spectra ( Figure S14). The hydro-
gen atoms then migrated back to the CeO, surface and gener-
ated the molecular H,, evidenced by the color change of cata-
lyst after DRIFTS (Figure S15). Finally, the desorption of CO
releases the Pt active site, which could be used for the contin-
uous reaction.

In summary, we investigated the reaction intermediates dur-
ing the methanol decomposition over Pt;/CeO, under various
temperatures. DRIFTS spectra reveal easy and strong adsorp-
tion of methanol on nanoceria, which is believed to be a pre-
requisite for methanol decomposition over single-site cata-
lysts. Furthermore, the strong interaction between single-site
Pt and CeO,, along with the easy desorption of carbon mon-
oxide are both contributing to the higher activity of Pt;/CeO,
compared to CeO, supported Pt NPs. This work exemplifies a
DRIFTS study of reaction mechanism over SSCs, and high-
lights the important role of the catalyst supports, especially on
reactant adsorptions. We hope this could provide more guid-
ance in the design of SSCs to tune the reaction pathway and
optimize the catalytic performance.
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