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Modulating the physicochemical properties of oxides is crucial to achieve

efficient and desirable reactions in heterogeneous catalysis. However, their
catalytic role is not clearly identified because unevenly distributed interfaces
and close conjugation with metal catalysts may hinder distinguishing their
contribution in complex random structures. Here, we demonstrate a model
platform composed of well-aligned CeO, nanowire arrays on Pt catalysts to
observe their catalytic role systematically. Independently modulating the
crystallinity and oxygen vacancy concentration of oxide nanowires, while
preserving heterogeneous interfaces, enables quantitative analysis of their
individual effects on partial oxidation selectivity, resulting in hot electron

generation during methanol oxidation reactions. CeO, treated with vacuum
annealing on Pt exhibits 1.47- and 2.12-times higher selectivity to methyl for-
mate and chemicurrent yield than CeO, without annealing on Pt. Density-
functional theory calculations reveal that the promoted charge transfer from
the electron-accumulated interface driven by oxygen vacancy acts as a key
parameter in enhancing selectivity.

In multi-path chemical reactions, it is difficult to achieve high selec-
tivity for a specific product simultaneously with a high reaction rate,
because there is a trade-off between activity and selectivity'’. The
gas-phase methanol oxidation reaction (MOR), which is a repre-
sentative multi-path reaction, can produce not only methyl formate
(MF) but also CO, by partial oxidation and full oxidation,
respectively’. Given the wide usage of MF as a feedstock for produ-
cing numerous high-value carbon products in the industry, the
energy conversion of methanol to MF has gained great attention in
C1 chemistry*®. Therefore, the primary goal of MOR is to improve

the partial oxidation selectivity for MF while minimizing the forma-
tion of CO,.

Recently, it was demonstrated that in-situ measurement of cata-
lytic selectivity in MOR is feasible through the detection of the quantity
of generated energetic electrons (i.e., hot electrons), manifesting as
chemicurrent*’. As external energy accumulates on the metal catalyst
during MOR, which is an exothermic reaction, energy conversion
occurs via non-adiabatic processes (e.g., electron-hole pair excitation,
chemiluminescence, and exo-emission) and adiabatic vibration (e.g.,
phonon)*™. Among the energy dissipation processes, due to the
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significantly lower heat capacity of electrons than lattice, electronic
excitation can generate hot electrons that are not in thermal equili-
brium with metal atoms” ™. However, as hot electrons decay via
scattering of electron-phonon and electron-electron in ultrafast time
(-~ fs), detecting hot electrons has been proven challenging®'¢. Espe-
cially, Schottky nanodiodes, which have the potential barrier (i.e.,
Schottky barrier) at the interface between metal and semiconductor,
enable the prompt collection of hot electrons®”. As only hot electrons
with sufficient energy (1-3 eV) can overcome the Schottky barrier, the
electrons promptly flow from the metal to the semiconductor enabling
the selective detection of these electrons before recombination. In this
regard, Schottky nanodiodes can be utilized as a powerful and con-
venient in-situ technique to estimate catalytic selectivity.

In the pursuit of enhancing partial oxidation selectivity in MOR,
forming heterogeneous interfaces by incorporating active noble
metals on metal oxide supports has become a prevalent approach*'®'?,
This trend is driven by the strong metal-support interaction (SMSI),
which originates from charge transfer through metal-oxide interfaces,
and acts as a catalytic promoter’®?. Several studies in various fields
including MOR already revealed that the metal-oxide interface plays an
important role in improving overall catalytic performance? . Espe-
cially, the density of the metal-oxide interface is largely responsible for
determining the degree of catalytic improvement, which can be
manipulated quantitatively by utilizing well-aligned nanowire arrays
with different widths and periods, as our group previously reported*.
In addition to the metal-oxide interface, modulating inherent char-
acteristics of metal oxides such as crystallinity, which gives well-
formed and evenly distributed active sites compared to the amor-
phous state?, is also a key strategy for augmenting selectivity. Recent
studies have argued that it is necessary to optimize the physico-
chemical properties of metal oxides thoroughly to maximize the
enhancement of performance”>°. However, the underlying influence
and role of each variable on heterogeneous catalysis remain unclear,
because it is challenging to differentiate their own contribution toward
overall catalytic performance from other prominent factors.

In conventional heterogeneous systems with random structures,
the structural complexity and uneven distribution of metal-oxide
interfaces may hinder quantitative analysis. Furthermore, in such
random structures, reaction sites—particularly interfaces—are often
not fully utilized due to the agglomeration or coarsening of active
materials, which can lead to an underestimation of the overall catalytic
performance®®’.. The close correlation between metal catalysts and
metal oxides also poses a significant bottleneck for quantitative
analysis®. When the physicochemical properties of metal oxide are
modulated, the properties of metal catalysts also change simulta-
neously, making it difficult to modify a specific parameter individually.
Although a few studies successfully elucidated the innate effects of the
size and type of materials on catalytic performance specifically
through systematically controlled environments, these are limited to
modifying only the morphological factors of metal catalysts®. There-
fore, these challenges propose the necessity of developing an ideal
platform that provides both highly ordered structures and indepen-
dent tunability of metal oxide properties.

To address these issues, we demonstrate a novel heterogeneous
platform utilizing well-aligned nanowire arrays, aiming to facilitate
unprecedented quantitative analysis for distinguishing the contribu-
tion of each variable to catalytic performance. Based on CeO, nano-
wire arrays formed on Pt catalysts (CeO,/Pt), the inherent contribution
of modulated-CeO, properties to both partial oxidation selectivity and
chemically-induced hot electrons was estimated. As a result, the
crystallinity of CeOy plays a critical role in enhancing both the reaction
rate and MF selectivity. Interestingly, with the same crystalline state,
CeO, treated with vacuum annealing on Pt (Vac.-CeO,/Pt) achieved
significantly enhanced MF selectivity which is 1.35 times higher than
CeO, treated with O, annealing (0,-CeO,/Pt), thereby detecting many

more excited hot electrons even with the similar reaction rate.
Employing density-functional theory (DFT) analysis, we reveal that the
improvements in MF selectivity are associated with the reduction of
the activation barrier driven by a high fraction of oxygen vacancy in the
Vac.-CeO,/Pt, which leads to efficient charge transfer to reaction
intermediates.

Results

Fabrication and characterization of CeO, nanowire arrays

We have integrated the CeO, nanowire arrays with modulated physi-
cochemical properties and Pt film as a model heterogeneous system to
precisely elucidate their role on catalytic performance, especially MF
selectivity toward MOR. Two different methods are utilized to evaluate
the catalytic performance: sensing signal and electrical signal. Parti-
cularly, the Schottky barrier between TiO, and Pt was formed by fab-
ricating this model system on top of the TiO, layer to detect reaction-
induced hot electrons which enables real-time detection of catalytic
performance, as depicted in Fig. 1. First, CeO4 nanowire arrays with
modified physicochemical properties were fabricated using solvent-
assisted nanotransfer-printing (S-nTP)**, the method that our group
reported previously, with an additional high-temperature annealing
process, as shown in Fig. 2a. Through the S-nTP process, uniformly
aligned nanowire arrays with a width of 25 nm, a pitch of 25nm, and a
thickness of 20 nm were prepared on a target substrate, as presented
in the scanning electron microscopy (SEM) image in Fig. 2b. This
ultrahigh-resolution patterning of nanowires enhances the density of
the heterogeneous interfaces, which provides a remarkable improve-
ment of catalytic selectivity, as demonstrated in our previous
research®. After the transfer-printing process, the pristine CeOy
nanowire arrays were annealed at 500 °C for 2 hours under various
atmospheres: vacuum, Ar, and O,. The temperature and time for the
annealing process are sufficient to fully crystallize the CeOy
nanowires®. As shown in Fig. 2b and Supplementary Fig. 1, the overall
morphologies of the CeO, nanowire arrays such as shape and align-
ment were retained after annealing, regardless of the conditions,
maintaining the density of heterogeneous interfaces. Therefore, by
fixing the density of interfaces, the contribution of modified properties
of metal oxide during annealing toward enhanced catalytic perfor-
mance can be precisely estimated through comparison among these
samples.

During the annealing process, two main characteristics of the
CeO, nanowire arrays can be modulated: crystallinity and oxidation
states. First, to examine the crystallinity, transmission electron
microscopy (TEM) analysis (Fig. 2c) and X-ray diffraction (XRD) ana-
lysis (Fig. 2d) were conducted. As shown in Fig. 2c, the CeO, nanowire
treated with vacuum annealing was transformed to aggregates with a
number of nanoscale grains in crystalline states. The XRD spectra
suggest that the pristine CeO, nanowire arrays have an amorphous
state due to the nature of e-beam evaporation®. However, the XRD
spectra of the annealed samples exhibited sharp and narrow diffrac-
tion peaks assigned to the crystal planes of cerium oxide, indicating
the enhancement of crystallinity. Thus, the influence of amorphous
and fully crystalline states on catalytic performance can be elucidated
by analyzing the difference between pristine and annealed CeO,. The
oxidation states of the CeO, nanowire arrays were examined by X-ray
photoelectron spectroscopy (XPS). The deconvolution of the Ce 3d
peaks into Ce 3ds,, and Ce 3d;,, was carried out to analyze the ratio
between Ce (Ill) and Ce (IV) according to the annealing conditions
(Supplementary Fig. 2). As shown in Fig. 2e, the ratio of Ce (Ill) in the
CeO, nanowire arrays treated with vacuum annealing increased to
46.69%, which is 1.85 times higher than the 25.22% ratio obtained with
0, annealing. Compared to the pristine CeO, sample, which exhibited
a Ce (Ill) portion of 32.21%, reducing and oxidizing conditions give rise
to higher and lower ratios of Ce (IlI) states, respectively. The formation
of oxygen vacancies accompanies the formation of electrons, which
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Fig. 1| Schematic illustration of a model heterogeneous platform composed of
CeOy nanowire arrays with modulated physicochemical properties on Pt cat-
alysts (CeO,/Pt) for an accurate analysis of their role and influence on methyl
formate (MF) selectivity toward methanol oxidation reaction (MOR). Two dif-
ferent methods are utilized to evaluate the partial oxidation selectivity of each
catalyst: electrical signal (hot electron flux) using ammeter and sensing signal
(Turnover frequency and MF detection) using gas chromatography. Crystallinity
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gives well-formed and evenly distributed active sites that can enhance both reac-
tion rates and MF selectivity compared to the amorphous state. Moreover, the
oxygen vacancies within the ceria induce electron accumulation at the hetero-
geneous interfaces and as a result, supply more electrons to the reactant molecules
for alkoxy hemiacetal formation. Therefore, the activation barrier for alkoxy
hemiacetal formation is reduced, leading to highly improved MF selectivity,
thereby generating enhanced hot electron flux.

leads to a reduction in the oxidation state. Thus, the controlled oxi-
dation states in each CeO, sample, achieved through the formation
and filling of oxygen vacancies”**, aimed at identifying the effects of
the oxygen vacancy concentration on catalytic performance quanti-
tatively. Moreover, we conducted an additional analysis to verify and
support our XPS results using Raman spectroscopy. The relative oxy-
gen vacancy concentration can be compared by calculating the
intensity ratio between the CeO, band at 460 cm™ and the oxygen
vacancy band at 546 cm™ in the Raman spectra®. As shown in the
Raman spectra (Supplementary Fig. 3a), the intensity of the CeO, band
(460 cm™) and the oxygen vacancy (O,) band (546 cm™!) vary sig-
nificantly depending on the annealing conditions. The intensity ratio of
the O, band to the CeO, band under different annealing conditions is
plotted in Supplementary Fig. 3b. Notably, the trend of the 0,/CeO,
intensity ratio achieved from Raman spectra aligns with the Ce (III)
ratio obtained from the XPS analysis (Fig. 2e).

Finally, the multiple types of CeO, nanowire arrays were individu-
ally transferred on a Pt film (CeO,/Pt) to form heterogeneous catalysts
for evaluating MOR performance (Supplementary Fig. 4). The interfaces
with Pt film form later, regardless of the annealing conditions, so the
possibility of strain effects'®, which can influence the catalytic perfor-
mance, can be ruled out. This model platform, designed with sophisti-
catedly controlled environments, is intended for the effective and
accurate verification of how the modified properties of CeO, nanowires
influence MOR performance and to distinguish their innate contribu-
tions from various parameters. A more detailed analysis to evaluate the
MOR performance, especially partial oxidation selectivity and reaction-
induced hot electron flux, is discussed in the next section.

Detection of hot electrons generated on CeO,/Pt catalysts
through Schottky nanodiodes

For a real-time detection of hot electrons generated from MOR, cata-
lytic nanodiodes were designed, as illustrated in Fig. 3a. The nanodiode
consists of Au/Ti electrodes for Ohmic contact to form an electrical
circuit, CeO,/Pt as a catalyst of MOR, and TiO, support for a formation
of Schottky barrier at the interface between Pt film and TiO,. As pre-
sented in the inset of Fig. 3a, the device has the dense and uniform
CeOy-Ptinterfaces, where the catalytic reaction occurs mainly, through
well-aligned structures. Figure 3b visualizes the energy band diagram
of the catalytic nanodiode and the designed working principles of hot
electron generation under MOR conditions. The exothermic reaction
energy of MOR generates hot electrons through nonadiabatic electron
excitation at metal-oxide interfaces. Consequently, only electrons with
sufficient energy to overcome the Schottky barrier can be injected into
the conduction band of n-type TiO,, facilitating current flow.

To confirm electrical characteristics and rectifying behavior,
current-voltage (V) characteristics of the catalytic nanodiodes were
obtained. As illustrated in Fig. 3c, the Schottky barrier heights for the
nanodiodes with various CeO,/Pt catalysts were determined by fitting
the current-voltage (I-V) characteristics to the Richardson-Dushman
equation. (Supplementary Note 1, Supplementary Table 1). As depicted
in the inset figure, the /-V curve for the nanodiode comprising a Pt film
on TiO, without CeO, nanowire arrays demonstrates the rectifying
behavior characteristic of Schottky nanodiodes, suggesting the perfectly
effective formation of the nanodiode”. Both the ideality factor and
Schottky barrier height in Pt-TiO, were obtained as 1.35 and 0.835eV,
respectively. It is already known that the Schottky barrier height
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Fig. 2 | Fabrication and characterization of CeO, nanowire arrays with modified
physicochemical properties. a Schematic illustration of the fabrication process of
physicochemical properties modulated CeO nanowire arrays through solvent-
assisted nanotransfer printing method combined with high-temperature annealing in
various conditions: vacuum, Ar, and O, atmosphere. b SEM images of the pristine
CeO, nanowire array without annealing and CeO, nanowire arrays annealed with
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various conditions (as indicated) for 2 hours at 500 °C (scale bar, 500 nm). ¢ TEM
image of the CeO, nanowire treated with vacuum annealing (scale bar, 5nm). d XRD
spectra of the pristine CeO, nanowire arrays which have an amorphous state and CeOy
nanowire arrays treated with various annealing conditions which have a polycrystal-
line state. e Characterization of the oxidation states of pristine CeO, nanowire arrays
and CeO, nanowire arrays treated with various annealing conditions by using XPS.

between Pt and TiO, is 0.76-0.87 eV’*, indicating that the Schottky
junction at Pt-TiO, was well established. As shown in Fig. 3¢ and Sup-
plementary Fig. 5, all the CeO,/Pt/TiO, Schottky nanodiodes exhibited a
negligible difference in Schottky barrier height compared to nanodiode
without CeOy nanowire arrays, indicating that the deposition of CeOy
nanowires on Pt/TiO, nanodiode does not affect the interface at Pt/TiO,
because the CeO, was physically deposited on the surface of Pt film.
Consequently, the results confirmed that, due to the intact interfacial
junction at Pt/TiO,, the negligible difference in Schottky barrier height
does not influence the flux of hot electrons in this study. Furthermore,
through XPS analysis, it was confirmed that the chemical states of Pt,
which can affect the catalytic performance, are almost invariant across
all CeO,/Pt nanodiodes (Supplementary Fig. 6).

To measure the flux of hot electrons, the difference in current
density under MOR conditions (4 Torr of methanol vapor mixed with

756 Torr of O,, at temperatures ranging from 323 to 353 K) and under
non-reaction conditions (pure O, at 760 Torr, within the same tem-
perature range) was determined using an ammeter as the current
detector in an open circuit system. Under the non-reaction condition, a
negligible thermoelectric current was measured, due to the electrical
potential difference between the two electrodes, known as the See-
beck effect*? (Supplementary Fig. 7). The current density under the
MOR condition exhibits an apparent enhancement compared to the
non-reaction condition. This implied that the enhanced current signals
can be attributed to the hot electron flux based on the catalytic
reaction.

As shown in Fig. 3d, the chemicurrent density of each sample,
depending on annealing conditions and temperature, was
obtained. When the reaction temperature is elevated, the chemi-
current density of all CeO,/Pt catalytic nanodiodes is enhanced,
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Fig. 3 | Detection of hot electrons generated on CeO,/Pt nanodiodes. a Scheme
of CeO,/Pt film/TiO, Schottky nanodiodes that can detect the hot electron flux
from methanol oxidation reaction (MOR). MOR strongly occurs at the CeO,-Pt
interface producing the methyl formate and CO, gas. b Energy band diagram of the
Schottky nanodiode. Hot electrons from exothermic MOR at CeO,-Pt interface can
be detected as steady-state current signals when the hot electrons with excess
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energy overcome the Schottky barrier height. ¢ Schottky barrier height of fabri-
cated nanodiodes with independently modulated CeOy nanowire arrays. The inset
figure shows current-voltage curves of Pt-TiO,. The red line means the curve that
was calculated by the thermionic emission equation. d Current density difference
between under MOR (a mixture of methanol 4 Torr and oxygen 756 Torr) and under
non-reactive condition (oxygen 760 Torr) according to temperature.

implying that the current signals are affected by the heightened
catalytic activity as a function of the reaction temperature. Fur-
thermore, the CeO,/Pt nanodiodes show a significantly enhanced
current density by a factor of 6-10 compared to the reference Pt
film nanodiode, which confirms that the Pt-CeO, interfaces have an
impact on the hot electron flux under exothermic methanol oxi-
dation. It is noteworthy that the Vac.-CeO,/Pt exhibited -2.5 times
and 1.6 times higher chemicurrent density at 353 K compared to
the CeO, without annealing on Pt (Pristine-CeO,/Pt) and 0,-CeO,/
Pt, respectively.

Given that the chemical states of Pt are similar, the variations in
the crystallinity and oxygen vacancy concentrations of CeO, nano-
wire arrays may impact the amount of excited hot electrons under
MOR. The detection of hot electrons using a model heterogeneous
system can precisely distinguish the intrinsic contribution of the

modified physicochemical properties on MOR. Specifically, the
crystalline state and low oxidation states in CeO, nanowires led to a
boost in hot electron generation. All catalytic nanodiodes exhibited
stable steady-state current signals, owing to their excellent thermal
and electrical stability under the MOR environment (Supplemen-
tary Fig. 8).

Analyzing the MOR selectivity of CeO,/Pt catalysts

To investigate the effects of CeO, with modulated properties on cat-
alytic performance, the MOR was conducted in a batch reactor, while
reaction-induced hot electrons were measured using the Schottky
nanodiodes. Recently, it has been observed that the different oxida-
tion states of metal oxides could lead to enhanced partial oxidation
selectivity in MOR****, However, it remains a challenge to separate
their own impact from other parameters in typical random catalyst
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formate formation during methanol oxidation depending on temperature.

d Chemicurrent yield calculated from the total TOF and chemicurrent density. The
yield indicates the hot electron generation efficiency measured from the CeO,/Pt
nanodiodes under methanol oxidation environment.

systems. Figure 4a illustrates the reaction pathway of the MOR as a
function of the oxygen vacancy concentration of CeO, nanowire arrays
on Pt film. Turnover frequencies (TOF) for reaction products were
calculated by fitting the slope of turnover number (TON) depending
on reaction time (Supplementary Fig. 9). Every TOF was obtained
under the methanol conversion of 20%.

Figure 4b shows total TOFs, which indicate the sum of the TOFs of
MF and CO, during MOR. The total TOFs for various CeO,/Pt catalysts
were, on average, improved by a factor of 2.52 compared to the total
TOFs of bare Pt film. Moreover, the comparison between the Pristine-
CeO,/Pt and annealed samples presents an average improvement of
1.33 times due to annealing. These results clearly suggest that the total
reactivity of MOR is associated with the metal-oxide interfaces and the
crystallinity of CeO4 nanowire arrays. However, all the CeO,/Pt cata-
lysts exhibited similar total TOFs, implying that the different oxygen

stoichiometry in CeO, nanowire arrays did not affect the total reaction
activity of MOR.

The selectivity of partial oxidation described in Fig. 4c was
obtained by the reaction ratio of MF per total reaction products. As the
reaction temperature was elevated, the selectivity for MF formation
was reduced, indicating that CO, formation exhibited a higher acti-
vation energy barrier than MF formation®. There is a clear enhance-
ment on partial oxidation selectivity in Vac.-CeO,/Pt compared to
Pristine-CeO,/Pt and bare Pt film catalysts (e.g., 60.82%, 41.19%, and
31.71% at 323 K, respectively). Interestingly, the Vac.-CeO,/Pt exhibited
1.35 times higher MF selectivity compared to O,-CeO,/Pt. Annealing
CeOy nanowire arrays under vacuum conditions led to a reduction in
the oxidation state of Ce, thereby increasing the presence of oxygen
vacancies within CeO,. The findings suggest that while the increase in
oxygen vacancies within CeOy nanowire arrays does not alter the
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overall reactivity for MOR, it significantly enhances the selectivity
towards partial oxidation.

Efficiency of hot electron generation on CeO,/Pt nanodevices
To further elucidate the critical role of modified physicochemical
characteristics, we extracted the generation efficiency of hot electrons
by using the total TOF and chemicurrent results. Because the current
signals from hot electron flux under reaction conditions are propor-
tional to reaction activity*®, the chemicurrent density on CeO,/Pt cat-
alytic nanodiodes can be expressed as Eq. (1)

I = agANy, TOF @)

where a, g, A, Np,, and TOF indicate a chemicurrent yield, elementary
charge, active area on the Pt film, the number of Pt sites per square
centimeter, and a turnover frequency of methanol oxidation,
respectively*’. The Np, values were calculated by an assumption that
the surface density of Pt film is equivalent to the density of Pt (111)
sites. Thus, the chemicurrent yield, which means the number of
captured hot electrons per one molecule of a product under
methanol oxidation, can be obtained from the above equation. Fig-
ure 4d shows the efficiency of hot electron generation, known as
chemicurrent yield, depending on the annealing conditions and
reaction temperature. Pt film nanodiode, which has no interfaces,
exhibited the lowest yield of hot electrons due to the lowest total
TOF and selectivity to partial oxidation. In contrast, the yields of hot
electrons in CeO,/Pt catalysts clearly improved because the chemi-
current yield, corresponding to previous studies, was closely asso-
ciated with enhanced TOF*® and selectivity of MF formation®. At a
reaction temperature of 323 K, the chemicurrent yield of Vac.-CeO,/
Pt is almost 2 and 5 times higher compared to Pristine-CeO,/Pt and
bare Pt film, respectively. This demonstrated that the formation of
Pt-CeO, interfaces, along with enhanced crystallinity, governed hot
electron generation by increasing both the total reactivity and the
selectivity for partial oxidation.

Furthermore, the highest chemicurrent yield was achieved with
the value of 4.17 x10~° in Vac.-CeO,/Pt, which is a 1.82-fold improve-
ment on average compared to 0,-CeO,/Pt. This implies that the
enhancement in MF production affects the generation of hot elec-
trons, which is well-matched with previous research’. Notably, the ratio
of Ce (Il in Vac.-CeO, /Pt was 1.85 times higher than that of 0,-CeO,/
Pt, confirming that the efficient generation of hot electrons is asso-
ciated with the density of oxygen vacancies in CeO, nanowire arrays.
This is supported by the results of chemicurrent yield and deconvo-
lution of XPS in CeO,/Pt catalysts (Supplementary Fig. 2). Thus, these
results conclusively demonstrate that the modified CeO, in a crystal-
line state and low oxidation states can govern the production of partial
oxidation under methanol oxidation and thereby generate hot elec-
trons more efficiently.

Origin of the enhanced selectivity of methyl formate on Vac.-
CeO,/Pt system

Additionally, to gain further insight into the enhanced selectivity of MF
on Vac.-CeO,/Pt interface compared to CeO,/Pt, DFT calculations were
performed. As depicted in Fig. 5a, three systems are modeled, which
include Pt(111), CeO,/Pt(111), and Vac.-CeO,/Pt(111). CeO, and CeOy
parts are modeled in tetrahedral cluster form rather than nanowire
form in the simulations to avoid the issues of undesirable lattice strains
between ceria and Pt. The cluster of CeO, consists of 10 cerium atoms
and 20 oxygen atoms (Ce;00,0), which is stable, moderate-sized, and
well aligned on Pt(111) slab of ~100 Pt atoms*’. The cluster of CeO, was
made by generating two oxygen vacancies at the interface of Pt and
ceria, and the stoichiometry (Ce and O) was determined based on the
experimental measurements.

The reaction profiles of methanol oxidations to form MF are well
documented in literature*”*°*, which suggests four sequential reaction
steps as governing steps including (1) *CH3OH +*O - *CH30 +*OH, (2)
*CH;0 +*OH > *CHO +*H,0, (3) *CH50 +*CH,0 - *CH3;0COH, (aka
alkoxy hemiacetal formation), and last, (4) *CH;OCOH,+
*OH > CH30COH g +H,0g). For three modeling systems of Pt(111), CeO,/
Pt(111), and Vac.-CeO,/Pt(111), the energetics for these four reaction steps
were computed, and the results are shown in Fig. 5b and Supple-
mentary Table 2. The energetics for reactions (1) and (2) were
observed overall similarly regardless of the presence of either ceria
cluster itself or vacancies within the cluster, which indicates that
these two reaction steps are the least influential in explaining the
experimental observations. In contrast, noticeably large differences
in the reaction barrier were found between three modeling systems
for the alkoxy hemiacetal formation where O-C coupling is mainly
involved. In particular, the barrier for Vac.-CeO,/Pt(111) was only
0.032 eV, which is substantially smaller than 0.398 eV for CeO,/
Pt(111) and 0.634 eV for Pt(111) system. This trend of the reaction
barrier for the alkoxy hemiacetal formation agrees with experimental
observations of the much-enhanced selectivity of Vac.-CeO,/Pt sys-
tem. In the last dehydration step of reaction (4), the presence of ceria
cluster itself significantly lowers the barrier, while the vacancy gen-
erations within the cluster barely affect the barrier.

It is important to note that CH,O, an intermediate in the
oxidation of methanol, can follow two competitive pathways:
alkoxy hemiacetal formation leading to partial oxidation into
methyl formate and additional dehydrogenation resulting in full
oxidation to CO,. The latter pathway, which can be described by
the reaction *CH,O +*OH - *CHO + H,O(g is detailed in Supple-
mentary Table 3. Our studies have shown that in the Vac.-CeO,/
Pt(111) system, the alkoxy hemiacetal formation is energetically
more favorable than the competing pathway. Conversely, in the
CeO,/Pt(111) and pure Pt(111) systems, the opposite trend is
observed. These findings support the critical role of the vacancy
formation within ceria in selectively promoting the formation of
methyl formate rather than CO,.

The introduction of ceria clusters on Pt slab (thereby, producing
heterogeneous system) indeed lowers the barriers for the alkoxy
hemiacetal formation compared to pure Pt system. This finding was
similarly reported in our previous study* of Pt nanorod on TiO,, and
results from the different adsorption configurations of CH,O (for-
maldehyde). For pure Pt, both C and O of CH,0 are bonded to the
surface, whereas for ceria/Pt hybrid systems, only O of CH,0 is bonded
to the surface, which thereby does not require the breaking of metal-C
bonding and facilitates the corresponding reaction.

The vacancy formation within the ceria cluster (CeO,/Pt(111) >
Vac.-CeO,/Pt(111)) substantially lowers the barriers for the alkoxy
hemiacetal formation, and this finding can be understood based on the
charge redistribution behaviors between two systems (Fig. 5c). It was
observed that the oxygen vacancies result in more electron accumu-
lations at the heterogeneous interface of Vac.-CeO,/Pt(111), and as a
result supply more abundant electrons (additional 0.12 e” compared to
the system without O vacancies) to the reactant molecules of *CH,0
and *CH;30. For the alkoxy hemiacetal formation reaction to take place,
the C atom in *CH,O must bond with the O atom in *CH3O (Supple-
mentary Figs. 11, 12). The gain of these additional electrons appears to
play an important role in promoting the alkoxy hemiacetal formation
since they help stabilize O-C bond formation. To quantitatively con-
firm the effect of additional electrons, we performed slow-growth ab-
initio molecular dynamics (AIMD) as described in Supplementary
Fig. 13, where the quantity of additional electrons was forcefully con-
trolled within reactant molecules without the catalyst materials being
present. Indeed, in the AIMD result, the addition of more electrons to
reactants tends to reduce the barriers by facilitating the O-C bond
formation.
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Fig. 5 | DFT calculation results of methanol oxidation reactions for Pt(111),

Ce0,/Pt, and Vac.-Ce0,/Pt. a Structural descriptions (top and side views) of three
modeling systems. Tetrahedral Ce;00,0 and Ce;oOsg clusters are attached onto the
Pt(111) to simulate the experimental systems of CeO,/Pt and Vac.-CeO,/Pt. Two

oxygen vacancies are located at the interfacial area. b The free energy profiles of
methyl formate production from methanol oxidation on three modeling systems.
Numbers in parentheses represent the reaction barrier (in eV). ¢ The comparisons
of charge redistributions between CeO,/Pt and Vac.-CeO,/Pt. The left part figure of
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charge redistributions was produced based on the equation of Ap = potal — [Pceria
cluster T Pt fitm])- The highlighted area is the heterogeneous interface where the
primary charge redistribution occurs. The right part figure schematically shows the
electron transfers from catalyst to reactant molecules of alkoxy hemiacetal for-
mation reaction. The introduction of oxygen vacancies supplies more abundant
electrons at the heterogeneous interface, which finally facilitates the formation of
0O-C bonds during the alkoxy hemiacetal formation. The green, red, gray, brown,
and pink balls indicate Ce, O, Pt, C, and H, respectively.

Discussion

In summary, we successfully elucidated and established the intrinsic
contribution of physicochemical properties of metal oxides on cata-
lytic performance by investigating the partial oxidation selectivity and
the reaction-induced hot electrons toward MOR. Using a model

heterogeneous system composed of CeO, nanowire arrays and Pt film,
we identified that both the crystallinity and oxidation states of CeOy
have a significant influence on the overall MOR performance. The
properties of CeO, were modified separately by annealing with dif-
ferent atmospheres before forming metal-oxide interfaces with Pt film.
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Then, fabricated CeO,/Pt catalysts were deposited on TiO, to form
Schottky nanodiodes. First, we confirmed that the formation of the
metal-oxide interfaces in CeO,/Pt enhanced partial oxidation selec-
tivity, thereby exciting many more hot electrons compared to a bare Pt
catalyst. The selectivity to MF was remarkably improved in Vac.-CeO,/
Pt than in Pristine-CeO,/Pt and even O,-CeO,/Pt. Moreover, because
hot electron generation efficiency was determined by total TOF and
the partial oxidation selectivity, Vac.-CeO,/Pt exhibited a significantly
higher chemicurrent yield, owing to its improved TOF and selectivity
compared to the others. This strongly confirmed that the enhanced
crystallinity and low oxidation states of Vac.-CeO,/Pt play a crucial role
in enhancing selectivity and reaction-induced hot electron generation.
According to our DFT-based reaction barrier calculations, the selec-
tivity of MF was enhanced by the introduction of the heterogeneous
interfaces and oxygen vacancies. We also found that the increase in the
amount of the electron transfer by the oxygen vacancies is the origin of
the low barrier of alkoxy hemiacetal formation. These two findings can
rationalize the enhanced hot electron generation on Vac.-CeO,/Pt.

In conclusion, we assessed the inherent role of the physico-
chemical properties of CeOy in catalytic performance via precisely
controlled reaction environments by fixed influential variables. Real-
time detection of heterogeneous catalysis can be possible by obser-
ving the reaction-inducted hot electron directly in our unique Schottky
nanodiode system. Furthermore, this TiO,/Pt nanodiode successfully
detects hot electrons generated through newly designed interfaces
(CeO,-Pt), demonstrating the potential to serve as a basic system for
examining catalytic performance across various heterogeneous com-
positions. Our model platform combined with Schottky nanodiode is
an effective and powerful technique to analyze the effects of materials
with modified properties on chemical reactions, which suggests new
design strategies for heterogeneous catalysts to accomplish efficient
and desirable catalytic reactions. We believe that our strategy and
findings can be applied to various heterogeneous catalysis fields where
the chemical nature of constituting materials is critical to regulating
reaction mechanisms.

Methods

Fabrication of 25 nm-wide line patterned master mold for
nanowire transfer printing
Polystyrene-block-poly(dimethylsiloxane) (PS-b-PDMS) block copoly-
mers with a molecular weight of 48 kg/mol and hydroxyl-terminated
PDMS brush polymer with a molecular weight of 5 kg/mol were pre-
pared (Polymer Source Inc.). KrF photolithography followed by a
reactive ion etching process was used to create surface-patterned Si
substrates which exhibit 1 um pattern width and 1.2 um period to guide
the self-assembly of block copolymers. To prepare the hydrophobic
surface-patterned Si substrate, the hydroxyl-terminated PDMS solu-
tion (in heptane solvent with a 2 wt%) was spin-casted onto the sub-
strate, which was then thermally annealed at 150 °C and washed with
heptane to remove residual polymer. PS-b-PDMS with a molecular
weight of 48 kg/mol was dissolved in a mixed solvent of toluene,
heptane, and PGMEA with a volume ratio of 1:1:1 with a 0.6-0.8 wt%.
This PS-b-PDMS solution was spin-casted on the PDMS-treated Si
substrates and subjected to solvent annealing with toluene vapor for 6-
10 h at room temperature to form well-ordered line/space patterns.
Following the solvent annealing, the substrates were etched to obtain
oxidized PDMS nanostructures by using two-step processes of CF4 and
0O, plasma treatment.

Fabrication of Pt film/TiO, Schottky nanodiodes

Using an electron-beam evaporator (A-tech system), the 150 nm of Ti
film was deposited onto an n-type Si (100) wafer with 500 nm SiO,
covered, which was separated by patterned shadow masks (4 x 7 mm?)
with deposition rates of 1.0 A/s. After the deposition of Ti layers,
thermal oxidation was conducted under 2h 30 m at 510 °C to form

n-type TiO,. Then, ohmic contact pads with Ti (50 nm) and Au (50 nm)
thin film were evaporated under patterned masks (5 x 5 mm?) on two
sides of the Schottky nanodevice to make an ohmic contact junction
with deposition rates of 1.0 A/s. Then, the Pt thin film (5nm) was
deposited by using top pad masks (3 x 6 mm?) to make the Schottky
junction of Pt/TiO, with a rate of 0.4 A/ s. All metal films were evapo-
rated in high-vacuum conditions of 2 x 107 Torr.

Fabrication of CeO, nanowire arrays on Pt film/TiO, Schottky
nanodiodes

The line-patterned master molds were pretreated by a hydroxyl-
terminated PDMS brush which has hydrophobic properties. Then, on
the top of the master mold, a poly (methyl methacrylate) (PMMA;
MW =100 kg/mol, Sigma Aldrich Inc.) solution which dissolved in a
mixed solvent of toluene, acetone, and heptane with a volume ratio
of 4.5:4.5:1 was spin-coated to form a polymer replica. Due to the
hydroxyl-terminated PDMS brush treatment, the polymer replica was
easily released from the master mold. A polyimide adhesive film (PI,
3 M Inc.) was then attached to the top surface of the polymer replica
to detach the polymer replica from the master mold. Cerium oxide
(Ce0,, iTASCO) was deposited through obliquely angled deposition
(tilt angle: 80°) using an e-beam evaporator to form nanowire arrays
on the detached polymer replica. After deposition, the cerium oxide
nanowire arrays were transferred onto a target substrate (Cu foil or
Si0,) by exposing a mixed solvent vapor of acetone and heptane with
a volume ratio of 1:1 at 55 °C for about 15s and contacting with a
target substrate. The PMMA polymer replica was removed by dipping
into the toluene. After the transfer process, the cerium oxide nano-
wire arrays were annealed at 500 °C for two hours in various atmo-
spheres (vacuum, Ar, and O,) to form nanocrystalline non-
stoichiometric CeO, nanowires. Finally, the Cu foil and SiO, were
wet-etched with a 0.1M ammonium persulfate solution and a buf-
fered oxide etchant (BOE, Sigma Aldrich Inc.) respectively, to trans-
fer the nanocrystalline non-stoichiometric CeO, nanowire arrays
onto Pt film/TiO, Schottky nanodiodes.

Measurement of catalytic reaction and chemicurrent

A batch reactor chamber (1L) was evacuated using turbomolecular
pumps under a high-vacuum condition of 1 x 107 Torr for accurate
quantitative analysis of catalytic methanol oxidation reaction. After
the evacuation, the reaction chamber was filled with a gas mixture of
methanol 4 Torr and oxygen 756 Torr at room temperature. Using a
freeze-pump-thawing technique, the methanol was purified before
the methanol vapor injection. All gas mixtures for catalytic reaction
were recirculated with 2 L/min using the recirculation pump equip-
ped with metal bellows for gas circulation in the batch reactor. After
recirculation (1h, 298K) for equilibrium state, the methanol oxida-
tion reaction was measured using gas chromatography (DS Science,
iGC 7200 A) equipped with a flame ionization detector for detecting
MF and methanol and with a thermal conductivity detector as a
detector of CO,. The calculation of Pt sites was obtained by geo-
metrical assumptions, and reaction rates were calculated as TOF
molecules/ (Pt sites * second), because there was no catalytic effect at
323-353K in the methanol oxidation when only oxide nanowires
existed. The current signals from the Schottky nanodiode under
reactive conditions and non-reactive conditions were measured
using an /-V instrument (Keithley Instrumentation, 2400 Source
Meter) in the open circuit system that each ohmic pad (Au/Ti) on the
Schottky nanodiode was connected with gold wires from the -V
instrument.

Characterization of materials

Structural and physicochemical characterization of the CeO,/Pt were
carried out with various techniques including SEM, TEM, XRD, XPS,
and Probe station. The structural morphology of CeO, nanowires and
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CeO,/Pt was investigated by field emission SEM (Hitachi, S-4800) and
field emission TEM (FEI, Tecnai G2 F30 S-twin). The crystalline phases
of the CeO, nanowire arrays were analyzed using XRD (Rigaku, Smar-
tLab) in 6-20 scan mode using a Cu Ky; incident beam with a scan
range of 20-80°, a scan speed of 4° min, and a step size of 0.01 A. XPS
(Thermo VG Scientific, K-Alpha) measurements were performed to
investigate the chemical compositions and oxidation states of the
CeOy nanowires and the Pt film with an X-ray source of Al K-alpha
(1486.3 eV) under ultra-high vacuum conditions. All the binding ener-
gies of XPS peaks were calibrated with a Cls peak at 284.8 eV. Raman
measurements (Nanobase, XperRam S) were performed to investigate
the oxidation states of the CeO, nanowires and the Pt film using a laser
wavelength of 532 nm, with gratings of containing 1800 grooves per
1 mm. All Raman signals were collected using 50x microscope lens. -V
characteristics (Keithley Instrumentation, 2400 Source Meter) of
the CeO,/Pt Schottky nanodiodes were obtained under mixtures of
4 Torr of methanol with O, to equal 760 Torr. By fitting the obtained
I-V characteristics to the thermionic emission equation, a series
resistance, Schottky barrier height, and ideality factor could be
obtained.

DFT calculations

DFT calculations were performed using the plane-wave-basis Vienna
ab initio simulation package (VASP) code with an energy cutoff of
400 eV****, The projector-augmented wave method was applied to
treat core and valence electrons®. The generalized gradient
approximation was used to describe the exchange-correlational
interactions with the Perdew-Burke-Ernzerhof functional®. Geome-
tries were fully relaxed until the maximum Hellmann-Feynman for-
ces were less than 0.05eV/A, and the electronic structures were
relaxed with a convergence criterion of 10°eV. To model the Pt film,
we employed a (6 x 6) unit cell of Pt(111) surface with a three-atomic-
layer thickness and a vacuum width of 15 A. The bottom layer of the
Pt slab was fixed to their bulk position. The Brillouin zone was sam-
pled at the gamma point. To construct the CeO,/Pt and Vac.-CeO,/Pt
systems, we combined tetrahedral Ce;o0,0 and Ce;oO;5 clusters with
the modeled Pt film, as mentioned above. Based on the DFT-
computed oxygen defect formation energies, the two oxygen
vacancies were modeled at the perimeter interface (Supplementary
Fig. 14). We adopted the Hubbard U-/ value of 5eV to describe the
electronic properties of the ceria®*®, The Gibbs free energies were
calculated according to the formula, AG = AE.qs+ AEzpe— TAS
(T=300K), where AE,qs, AEzpg, and AS represent the changes in
adsorption energy, zero-point energy, and entropy, respectively. The
climbing image nudged elastic band method was employed to cal-
culate the activation barriers®. The Bader charge analysis was per-
formed to investigate the difference of the amount of charge transfer
between the CeO,/Pt and Vac.-CeO,/Pt systems®’.

Data availability

All the data supporting the findings of this study are available within the
article, its Supplementary Information/Source Data file. Additional details
are available from the corresponding author upon request. Source data
are provided with this paper.
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