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ABSTRACT: Engineering the interfacial structure between noble
metals and oxides, particularly on the surface of non-reducible
oxides, is a challenging yet promising approach to enhancing the
performance of heterogeneous catalysts. The interface site can alter
the electronic and d-band structure of the metal sites, facilitating
the transition of energy levels between the reacting molecules and
promoting the reaction to proceed in a favorable direction. Herein,
we created an active Pd−Si interface with tunable electronic
metal−support interaction (EMSI) by growing a thin permeable
silica layer on a non-reducible oxide ZSM-5 surface (termed Pd@
SiO2/ZSM-5). Our experimental results, combined with density
functional theory calculations, revealed that the Pd−Si active
interface enhanced the charge transfer from deposited Si to Pd,
generating an electron-enriched Pd surface, which significantly lowered the activation barriers for O2 and H2O. The resulting reactive
oxygen species, including O2−, O22−, and −OH, synergistically facilitated formaldehyde oxidation. Additionally, moderate electronic
metal−support interaction can promote the catalytic cycle of Pd0 ⇆ Pd2+, which is favorable for the adsorption and activation of
reactants. This study provides a promising strategy for the design of high-performance noble metal catalysts for practical applications.
KEYWORDS: heterogeneous catalysts, Pd−Si active interface, electronic metal−support interaction, formaldehyde oxidation

■ INTRODUCTION
Platinum group metals (PGMs) such as Pt, Pd, and Ir are
highly efficient heterogeneous catalysts that find widespread
application in environmental and energy catalysis.1−3 The
catalytic activity of PGMs is strongly dependent on the nature
of the support material, which can be either reducible (TiO2,
CeO2, FeOx, MnO2, MoO3, etc.) or non-reducible (SiO2,
zeolite, etc.). The significant differences in local electronic
structures, unsaturated coordinative metal sites, and structural
stability of these two types of supports influence the catalytic
performance of PGMs.4 Therefore, it is critical to rationally
design and modulate the geometric and electronic structures
on metal oxide surfaces to optimize heterogeneous catalysis.
Various strategies have been developed to create defect sites,5,6

metal−oxide interfaces,7,8 grain boundaries,9 and hierarchical
pore structures.10,11 Among them, metal−oxide interfaces are
of particular importance since they can induce electronic
metal−support interaction (EMSI) by causing charge redis-
tribution at the interface. This can modulate the unoccupied d
states of noble metal sites and significantly improve reactant
adsorption and activation, thereby enhancing catalytic
performance.12−14

Currently, numerous studies have been conducted to
investigate the development of active metal−oxide interfaces

for various reactions to achieve exceptional catalytic perform-
ance, such as the Au−TiO2 interface for CO oxidation,15 Pd−
PdO interface for deep oxidation of light alkanes,16 Cu−ZnOx
interface for steam reforming of methanol,17 Cu−CeO2
interface for water−gas shift reaction,18 and Ni−TiO2 interface
for Fischer−Tropsch synthesis.19 The active metal−oxide
interfaces are expected to provide new catalytic sites that can
facilitate the activation/dissociation of O2 and H2O, leading to
the generation of reactive oxygen species (e.g., O2−, O22−, O−,
and surface hydroxyl groups) and accelerating the efficiency of
catalytic reactions. It is well known that the activation of O2
and H2O is a critical step in heterogeneous catalytic oxidation.
For example, the activation of O2 is closely associated with CO
oxidation, while the activation of H2O is closely associated
with the water−gas shift reaction.20−22 For the catalytic
oxidation of formaldehyde (HCHO, a typical oxygenated VOC
and one of the main indoor gaseous pollutants attracting
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increasing attention), the catalytic ability highly depends on
the activation of both O2 and H2O.

23−25 Therefore, the
construction of active interfaces is vital in enhancing electron
delocalization and adjusting the d-band center of metal sites to
form the EMSI effect, which is important for the design and
development of efficient HCHO degradation catalysts.
Generally, EMSI can be induced by strong metal−support

interaction (SMSI) via charge transfer across the interface.
SMSI is usually achieved by thermally treating reducible metal
oxide supports at high temperatures (≥500 °C), in a specific
atmosphere, such as H2 or O2.

26,27 The resulting overlayers
formed on the surface of the metal nanoparticles (NPs) can
either significantly reduce the catalytic activity for PGM/
reducible oxide catalysts by excessively encapsulating active
sites or decrease the number of active interfacial sites.28

Therefore, boosting the interfacial sites through appropriate
SMSI is necessary to effectively modulate the strength of EMSI
and maintain the accessibility of partial metal surface sites to
reactant molecules. While successful cases of tuning EMSI on
reducible oxide-supported PGM catalysts have been docu-
mented,20,29 SMSI resulting from reducible metal oxide
supports has poor water durability as the oxide overlayers
tend to undergo dynamic migration during reactions in a

humid atmosphere.30 In contrast, non-reducible oxide supports
such as SiO2 and zeolites are well-known “inert” supports or
shell materials to fabricate core−shell structures, which present
excellent hydrothermal stability as well as great moisture
resistance.14 However, these non-reducible oxide supports are
too stable to obtain a thin oxide encapsulation layer via
ordinary reduction or oxidation treatment at high temper-
atures. Due to the difficulty of regulating the interface structure
on the non-reducible oxide surface, only a few reports have
been published on the construction of metal−non-reducible
oxide interfaces. Therefore, constructing a stable active
interface with tunable EMSI on non-reducible oxides remains
a highly necessary yet challenging task.
In this study, we constructed a Pd−Si active interface with

tunable EMSI by growing a permeable SiO2 layer over Pd,
which was supported on non-reducible oxide ZSM-5 (termed
Pd@SiO2/ZSM-5). Tuning the EMSI over the Pd@SiO2/
ZSM-5 catalyst resulted in enhanced charge transfer from
deposited Si to Pd, which formed an electron-enriched surface
of the Pd particles, resulting in significantly improved catalytic
activity for HCHO deep oxidation. The optimal catalytic
performance of Pd@SiO2/ZSM-5-20 was attributed to the
catalyst’s moderate EMSI. This optimizes the d-band center of

Figure 1. Schematic illustration, morphology, and structural characterization of serial catalysts. (a) Schematic illustration for the synthesis of
catalysts. (b) HRTEM images of Pd/ZSM-5 and (c−e) Pd@SiO2/ZSM-5-X (X = 10, 20, 30). (f) AC-STEM, line scan (inside figure f), and (g−j)
AC-EDS mapping of Pd@SiO2/ZSM-5-20.
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interface sites to be closer to the Fermi energy level, which
facilitates the adsorption/activation capacities of reactants and
intermediates. The experimental results and density functional
theory (DFT) calculations revealed that the Pd−Si interface
served as new active sites, which significantly improved the
activation of O2 and H2O to form reactive oxygen species
(O2−, O22−, and −OH). The O2−, O22−, and −OH species can
synergistically promote HCHO oxidation. This work provides
a deep understanding of moderate EMSI in non-reducible
oxide-supported Pd catalysts and opens up a window for the
design of highly active heterogeneous catalysts.

■ RESULTS AND DISCUSSION

Synthesis and Physicochemical Properties

A series of Pd@SiO2/ZSM-5-X (where X represents the molar
ratio of Pd and Si) were synthesized using a wet chemical
method, and a schematic illustration for the synthesis is shown
in Figure 1a. X-ray diffraction (XRD) patterns (Figure S1)
demonstrate that Pd@SiO2/ZSM-5-X displays five typical
diffraction peaks characteristic of a crystalline MFI structure.
Neither peaks characteristic of metallic Pd nor amorphous
silica phases are observed due to the low loading or high
dispersion of Pd (ca. 0.44 wt % determined by inductively
coupled plasma optical emission spectrometry analysis, Table
S1) and Si species.
Figure S2 displays that the ZSM-5 are typical hexagonal

coffin-shaped crystals. The mean size of Pd NPs in Pd/ZSM-5
is 8.4 nm (Figure S3). Following the introduction of Si species,
the mean size is notably reduced to 4.7 nm in Pd@SiO2/ZSM-
5-X (Figures S4−S6). High-angle annular dark-field scanning
transmission electron microscopy and elemental energy-
dispersive X-ray spectroscopy (EDS) mapping images in
Figures S7−S10 indicate the homogeneous distribution of Pd
species on the surface of ZSM-5 zeolite. High-resolution

transmission electron microscopy (HRTEM) and aberration-
corrected scanning transmission electron microscopy (AC-
STEM) were further performed to evaluate the morphology
and structure of Pd@SiO2/ZSM-5-X. Figure 1b exhibits the
presence of only Pd NPs on Pd/ZSM-5. The addition of
TEOS created the oxide overlayers that covered the Pd NPs in
Pd@SiO2/ZSM-5-10 (Figure 1c), Pd@SiO2/ZSM-5-20 (Fig-
ure 1d), and Pd@SiO2/ZSM-5-30 (Figure 1e), with shell
thicknesses of 0.69, 1.21, and 1.73 nm, respectively (Table S2).
The AC-STEM image (Figure 1f), line scan (inset of Figure
1f), and AC-EDS mapping (Figure 1g−j) of Pd@SiO2/ZSM-5-
20 clearly indicate that the overlayer is composed of SiO2.
These SiO2 overlayers did not alter the general pore structure
of Pd@SiO2/ZSM-5-X, which retained type I and IV isotherms
(Figure S11), while gradually blocking some pore channels and
reducing the external surface area from 199 to 179 m2 g−1

(Table S1).
The Fourier transform infrared (FT-IR) spectroscopy

spectra (Figure S12) showed characteristic peaks of the Si−
OH−Al group (3679 cm−1),31 surface physisorbed water
(3324 cm−1),32,33 Si−O bonds (between 1600 and 650
cm−1),34 Si−O−T bonds (1215 and 1075 cm−1),35 Si−OH
bond (921 cm−1), and [SiO4] units (814 cm−1).34,36

Interestingly, a red shift is observed from 1364 to 1334 cm−1

(Si−O stretching vibration) for Pd@SiO2/ZSM-5-20 and Pd@
SiO2/ZSM-5-30. This shift was attributed to the appropriate
introduction of the SiO2 overlayer, which improves the EMSI
between Pd and SiO2. Since Pd has a higher electronegativity,
the electrons would transfer from Si to Pd. This results in a
decrease in the electron cloud density on Si and a reduction in
the force constant and vibration frequency of Si−O bonds,
leading to the observed shift in the absorption peak to a lower
wavenumber. Thus, bands at 1364 and 1334 cm−1 might be
assigned to Si−O stretching vibration on ZSM-5 and Pd−SiO2
components, respectively.

Figure 2. Valence state and Pd−Si interaction of Pd@SiO2/ZSM-5-20. (a) XPS spectra of Pd 3d for Pd@SiO2/ZSM-5-X. (b,d) Fourier transform
of k2-weighted EXAFS spectra of Pd/ZSM-5 and Pd@SiO2/ZSM-5-20 at Pd K-edge shown in R space. (c,e) Wavelet transforms from experimental
data for Pd/ZSM-5 and Pd@SiO2/ZSM-5-20.
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X-ray photoelectron spectra (XPS) measurements were
performed to study the Pd electronic state and the interaction
between Pd and the support. As shown in Figure 2a, the
Pd3d5/2 peak of the Pd/ZSM-5 sample without the SiO2
overlayer can be fitted into two peaks at about 336.76 and
335.70 eV, which are attributed to Pdδ+ (0 < δ < 2) and Pd0
species, respectively.37−39 For Pd@SiO2/ZSM-5-X, the peak
Pd3d5/2 of Pdδ+ and Pd0 species shifted toward a lower binding
energy, indicating the relatively negatively charged Pd
surface.23 The difference in electronic status of Pd species
was attributed to the different metal−support interactions. The
negatively charged Pd originates from the charge transfer from
the SiO2 overlayers to Pd, which is consistent with the FT-IR
results. Notably, the thicker the SiO2 overlayer, the lower the
binding energy of Pd, which is probably due to the electronic
interaction between Pd and the SiO2 overlayer in the Pd−Si
interface. This indicates that the electronic interaction between
Pd and the SiO2 overlayer is increased with X, and the strength
of EMSI follows the order of Pd@SiO2/ZSM-5-30 > Pd@
SiO2/ZSM-5-20 > Pd@SiO2/ZSM-5-10. In addition, the ratio
of Pd0/(Pd0 + Pdδ+) on the surfaces of the four samples is
similar, ∼0.73−0.74 (Table S3). In this case, the catalytic
activity of formaldehyde oxidation is not well correlated with
the metal Pd0 reduction degree but with the EMSI effect.
To further investigate the EMSI effect (electronic accessi-

bility and properties of Pd species), CO-adsorption diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
was conducted. As shown in Figure S13, the bands at 2094
cm−1 can be assigned to the linear adsorption of CO on Pd0
NPs over the Pd/ZSM-5 sample.40,41 After the SiO2 overlayer
was constructed, a red shift from 2094 to 2087 cm−1 was
observed, unambiguously demonstrating the presence of
negatively charged Pd species due to charge transfer from
the SiO2 overlayers to Pd.

23,40 Furthermore, the adsorption

strength of CO is compared to study the status of exposed
active sites. Pd/ZSM-5 has the lowest CO adsorption strength,
indicating the lower exposure of Pd sites due to the large size
of Pd NPs (8.4 nm). After the introduction of Si species, the
CO adsorption strength on the Pd@SiO2/ZSM-5-10 surface
increased, demonstrating that Pd sites were more exposed
because of the smaller size of Pd NPs (4.7 nm). The
aforementioned results highlight the beneficial role of SiO2
overlayers in increasing the Pd dispersion, and the SiO2
overlayer is possibly permeable due to the existence of gaps
or pores on the overlayers. Additionally, the CO adsorption
strengths of Pd@SiO2/ZSM-5-20 and Pd@SiO2/ZSM-5-30
are further enhanced with the increase of the SiO2 overlayer,
possibly because the EMSI over Pd@SiO2/ZSM-5-30 is
stronger than that of Pd@SiO2/ZSM-5-20 and the SiO2
overlayer is permeable. Consequently, Pd@SiO2/ZSM-5-30
exhibited the strongest CO adsorption strength, and Pd@
SiO2/ZSM-5-20 had a moderate CO adsorption strength
corresponding to a moderate EMSI. The moderate EMSI may
be favorable to the activation of O2 and H2O for promoting
HCHO oxidation, which has been supported by recent
studies.29 The subsequent activity test of HCHO oxidation
revealed that Pd@SiO2/ZSM-5-20 exhibited the best catalytic
performance (detailed analysis will be discussed soon).
X-ray absorption near-edge structure (XANES) and

extended X-ray absorption fine structure (EXAFS) studies
were employed to obtain further insights into the elemental
coordination, electronic state, and bonding structure between
Pd and the SiO2 overlayer in Pd@SiO2/ZSM-5-20 and Pd/
ZSM-5. The EXAFS fitting data are summarized in Table S4.
As shown in Figure S14a, the Pd K-edge XANES spectra of
Pd@SiO2/ZSM-5-20 and Pd/ZSM-5 are similar to the Pd foil
reference spectra, indicating that the metal Pd species (Pd0)
are the dominant Pd species in both samples. Significantly, a

Figure 3. Reaction performance of Pd@SiO2/ZSM-5-20 and related catalysts. (a) HCHO conversion as a function of time over Pd@SiO2/ZSM-5-
20 and related catalysts. (b) HCHO conversion as a function of time over Pd@SiO2/ZSM-5-20 in different relative humidities. (c) Stability test of
Pd@SiO2/ZSM-5-20 and Pd/ZSM-5. (d,e) Arrhenius plots, rate, and TOF of Pd@SiO2/ZSM-5-20 and related catalysts with a WHSV of 2400,000
mL gcat.−1 h−1.
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smaller shift of the Pd K-edge absorption to the lower binding
energy for Pd@SiO2/ZSM-5-20 compared to Pd/ZSM-5
suggests that the Pd atoms in Pd@SiO2/ZSM-5-20 might
possess a higher electron density.42,43 This indicates that the
introduction of Si species induces charge transfer from Si to
Pd, forming an electron-enriched surface of Pd NPs in Pd@
SiO2/ZSM-5-20, which is consistent with XPS and CO-
DRIFTS results. In the Pd K-edge Fourier transformed EXAFS
spectra of Pd/ZSM-5 (Figures 2b, S14b, and Table S4), two
forms of bonding are observed: Pd−O and Pd−Pd, with
lengths of ∼1.92 and ∼2.71 Å, respectively. In the Pd@SiO2/
ZSM-5-20 sample (Figures 2d, S14b, and Table S4), a new
peak at ∼2.22 Å could be assigned to Pd−Si, indicating the
construction of the Pd−Si interface. Furthermore, as shown in
Table S4, the bond lengths of Pd−O (∼1.99 Å) and Pd−Pd
(∼2.76 Å) over Pd@SiO2/ZSM-5-20 are slightly longer than
those of Pd/ZSM-5, suggesting a higher electron density of Pd
atoms in Pd@SiO2/ZSM-5-20.

43 The signal intensities of Pd@
SiO2/ZSM-5-20 are stronger and broader than Pd/ZSM-5 at R
= ∼1.0−2.0 Å, as seen from the wavelet transform plot (Figure
2c,e), due to the coexistence of Pd−O and Pd−Si bonds. The
formation of Pd−Si bonds is most likely the result of a
mechanism proposed by Duprez et al.44 in which hydrogen
spillover from metal to oxide reduces silica to Si0, which further
migrates to the near surface of Pd NPs45,46 as follows: (i) Pd−
Ointer−Si−O−Si−O → Pd−Siinter−O−Si−O + 1/2O2 (g); (ii)
1/2O2 (g) + H2 (g) → H2O (g). Therefore, based on the
results of FT-IR, XPS, CO-DRIFTS, XANES, EXAFS, and
wavelet transform plots, it can be fully deduced that the Pd−Si
interface is successfully constructed through modulation of
moderate EMSI between Pd and the permeable SiO2 overlayer
on Pd@SiO2/ZSM-5-20. The Pd−Si interface improves the
transfer of charge from Si to Pd and forms an electron-enriched
surface of Pd NPs, providing new active sites to enhance the
catalytic efficiency.
Deep Oxidation Performance

The catalytic performance of Pd@SiO2/ZSM-5-20 and related
catalysts for HCHO oxidation was evaluated in an air flow
containing 100 ppm HCHO, where the weight hourly space
velocity (WHSV) and relative humidity (RH) were 100,000
mL gcat.−1 h−1 and 45%, respectively. As shown in Figures 3a
and S15, the HCHO oxidation activity of ZSM-5 zeolite is
below 20%, with a CO2 selectivity of only ∼8%. This result can
be attributed to the adsorption of ZSM-5 and the activation of
HCHO by surface hydroxyl species of ZSM-5, as observed by
FT-IR spectra in Figure S12a. After Pd NPs were supported on
ZSM-5 (Pd/ZSM-5), HCHO conversion reached 60% at 50
min while gradually declining to 50% after 300 min, indicating
unsatisfactory catalytic activity and stability. As the SiO2
overlayer was constructed on the Pd/ZSM-5 catalyst, it
significantly improved the HCHO oxidation activity. The
enhanced performance was likely due to the effective
dispersion of Pd species and the construction of EMSI
between Pd and SiO2, which facilitated electronic transfer from
Si to Pd. The amount of SiO2 introduced, however, did not
proportionally increase the catalytic activity. The HCHO
oxidation activity increases and then decreases with increased
SiO2 overlayer thickness, with Pd@SiO2/ZSM-5-20 demon-
strating the best activity. The optimum catalytic performance
was obtained with an appropriate thickness of the SiO2
overlayer, while excessive SiO2 leads to blocked access to
active sites due to the too strong EMSI effect. Therefore, it can

be deduced that moderate EMSI is vital to catalytic activity.
Meanwhile, the Pd−Si interface was expected to provide new
active sites to improve the activation of O2 and H2O, leading to
the formation of reactive oxygen species and the acceleration
of HCHO degradation.
Generally, water molecules can play a crucial role in the

oxidation of HCHO by providing surface hydroxyl groups
(−OH) through activation by active sites. These hydroxyl
groups can aid in the degradation of intermediates such as
DOM and formate. To investigate the impact of RH on
HCHO oxidation, the activity of Pd@SiO2/ZSM-5-20 was
tested under varying RH conditions. As shown in Figure 3b,
Pd@SiO2/ZSM-5-20 shows the highest activity of HCHO
oxidation at a RH of 45%, compared to 30 and 70%. This
result verified that moderate humidity levels are more favorable
for HCHO degradation. It might be that low humidity cannot
provide sufficient surface hydroxyl groups for HCHO
oxidation, leading to the accumulation of intermediates and
thus declining the catalytic activity. Similarly, high levels of
water can also occupy active sites and reduce catalyst
performance due to competitive adsorption between water
and HCHO. Furthermore, the durability of Pd@SiO2/ZSM-5-
20 and Pd/ZSM-5 was tested for 114 h (RH = 45%). As
shown in Figure 3c, the HCHO conversion over Pd@SiO2/
ZSM-5-20 is still maintained at ∼98%, while Pd/ZSM-5 shows
a continuous decrease in conversion over time. This finding
suggests that Pd@SiO2/ZSM-5-20 has superior durability
compared to Pd/ZSM-5, which may be attributed to the
moderate EMSI for better adsorption and degradation of
intermediates. We further compared the HCHO oxidation
activities of Pd@SiO2/ZSM-5-20 with the literature (Table
S5), which shows that Pd@SiO2/ZSM-5-20 has satisfactory
catalytic activity and stability for HCHO oxidation.
Additionally, kinetic testing was conducted to further

investigate the catalytic performance of Pd@SiO2/ZSM-5-20
and other related catalysts at high WHSV (2400, 000 mL gcat.−1
h−1) and low conversion of less than 15%. Intrinsic kinetic
testing was conducted to exclude internal and external
diffusion effects, and the Weisz−Prater criterion (CWP) and
Mears’ criterion (CM) were used as criteria. CWP < 1 and CM <
0.15 indicate negligible internal and external diffusion
effects.16,47−49 The calculation results presented in Tables S6
and S7 indicated that mass transfer limitations were negligible.
As shown in Figure 3d,e and Table S8, Pd@SiO2/ZSM-5-20
exhibits the lowest apparent activation energies (Ea = 23.3 kJ
mol−1) compared with the other three samples, and its reaction
rate (r) and turnover frequency (TOF) for HCHO oxidation
are the highest at 90 °C and are approximately 15 times higher
than Pd/ZSM-5. These findings suggest that Pd@SiO2/ZSM-
5-20 is the most effective catalyst based on its catalytic activity,
stability, and kinetic tests for HCHO oxidation compared to
other samples.
Further investigations were conducted to assess the

adaptability of Pd@SiO2/ZSM-5-20 in other reaction systems.
Methane (1500 ppm) and toluene (1000 ppm) were chosen as
model compounds to evaluate the catalytic activity of Pd@
SiO2/ZSM-5-20 and Pd/ZSM-5 toward light alkanes and
aromatic hydrocarbons, respectively. The flow velocity and
WHSV were kept constant at 30 mL min−1 and 36,000 mL
gcat.−1 h−1, respectively, and detailed testing processes are
presented in the Supporting Information. As shown in Figure
S16, the catalytic activity of Pd@SiO2/ZSM-5-20 toward
methane oxidation is significantly higher than that of Pd/ZSM-
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5. The T50 and T90 (the reaction temperatures at which 50 and
90% of CH4 are converted, respectively) are only 264 and 303
°C over Pd@SiO2/ZSM-5-20, showing the exceptional
catalytic activity toward methane oxidation. Likewise, the
toluene oxidation activity (Figure S17) of Pd@SiO2/ZSM-5-
20 is also higher than that of Pd/ZSM-5. These results
confirmed that the active interface construction strategy is
widely applicable in other reaction systems and has a broad
range of applicability.
Identifying the Origin of the High Activity

To identify the primary reasons for the optimal catalytic
performance of Pd@SiO2/ZSM-5-20, the valence state change
of Pd species, reducibility, metal dispersion, electron
distribution, and oxygen and water activation ability were
studied. XPS was performed for samples after the HCHO
oxidation test (noted as Pd@SiO2/ZSM-5-20-used and Pd/
ZSM-5-used) to investigate the valence changes of Pd species
over Pd@SiO2/ZSM-5-20 and Pd/ZSM-5 during oxidation of
HCHO. As shown in Figure S18, the valence of Pd species
(Pd0 and Pdδ+) remains unchanged over Pd@SiO2/ZSM-5-20-
used, while a new peak is detected around 337.62 eV in the
Pd3d5/2 spectra of the used Pd/ZSM-5 sample, indicating the
presence of Pd2+ species.16 Furthermore, the ratio of Pd0/(Pd0
+ Pdδ+ + Pd2+) slightly decreased from 0.74 to 0.68 over Pd@
SiO2/ZSM-5-20-used, while the ratio sharply declined from
0.73 to 0.45 over Pd/ZSM-5-used (Table S9). This implied
that the Pd@SiO2/ZSM-5-20 has excellent oxidation resistance
at low temperatures owing to the interface confinement effect
of the Pd−Si interface and satisfactory redox ability, which is
beneficial to the transition of Pd0 ⇆ Pd2+. Thus, Pd@SiO2/

ZSM-5-20 maintained high conversion of HCHO oxidation
and exhibited excellent durability.
H2-TPR tests were carried out to investigate the redox

properties of Pd@SiO2/ZSM-5-20 and related samples. As is
well known, Pd NPs were obtained by reducing PdOx in the
presence of H2, and H2 could be absorbed on the Pd NPs’
surfaces to form PdHx species. PdHx species will be
decomposed into hydrogen atoms and Pd NPs as the
temperature increases. Therefore, the positive reduction
peaks at 28−150 °C are assigned to the reduction of Pd2+ to
Pd0 (Figure S19), while the negative reduction peaks at 40−
100 °C could be attributed to the decomposition of PdHx.36,50
The peaks at 200−350 and 350−500 °C corresponded to the
reduction of small and large PdOx particles, respectively.

36 In
particular, Pd@SiO2/ZSM-5-20 exhibited the lowest reduction
peak (Pd2+ to Pd0) and decomposition peak (PdHx),
indicating optimal reducibility of Pd@SiO2/ZSM-5-20 com-
pared to the other three samples. The CO pulse chemisorption
test was further performed to study the metal Pd dispersion
and CO uptake. As the SiO2 shell increased (Figure S20 and
Table S10), the CO uptake and metal dispersion initially
increased and then decreased, and Pd@SiO2/ZSM-5-20 has
the largest CO uptake and highest dispersion.
O2-temperature-programed oxidation, electron paramagnetic

resonance (EPR) spectroscopy, O2-DRIFTS, and H2O-
DRIFTS were used to study Pd-PdOx transformation and
activation capacity of gaseous O2 and H2O. As shown in Figure
S21, the negative peaks at 50−250 °C are attributed to the
desorption of adsorbed oxygen species.51,52 The desorption
temperature of Pd@SiO2/ZSM-5-20 (144 °C) is the lowest,
suggesting the optimum activation capacity of gaseous oxygen.

Figure 4. DFT calculations. (a) Charge density distributions among Pd and Si atoms over the Pd−Si interface. (b) Total density of states of
Pd(111) and Pthe d−Si interface. (c) Adsorption energy of HCHO, O2, H2O, and CO2 over Pd(111) and the Pd−Si interface. (d,e) Calculated
reaction energy profiles of O2 and H2O over Pd(111) and the Pd−Si interface.
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The oxygen consumption peak at 303 °C could be attributed
to the reoxidation of metal Pd species to PdOx species, and the
peak at 807 °C could be assigned to the decomposition of
PdOx species.

51,52 As shown in Figure S22, the g value of 2.018
could be attributed to the superoxide (O2−) species.

53 To gain
a deeper insight into the changes of reactive oxygen species on
catalyst surfaces, O2-DRIFTS adsorption spectra were
measured, as shown in Figure S23. It can be observed that
the bands at 1050, 1054, and 996 cm−1 belong to O2−
species,54 which is consistent with the EPR results.
Furthermore, peroxide (O22−) species could be observed at
870 and 875 cm−1.54 The relative intensity of the peaks of O2−
and O22− over Pd@SiO2/ZSM-5-20 is stronger than Pd/ZSM-
5 (Figure S24), indicating the better activation capacity of
gaseous oxygen over Pd@SiO2/ZSM-5-20. In H2O-DRIFTS
(Figure S25), the bands at 3800−3400 and 3400−3000 cm−1

could be assigned to the vibrational peaks of the surface
hydroxyl group (−OH) and adsorbed H2O, respec-
tively.32,33,55,56 The relative intensity of −OH is gradually
increased, and the peak intensity of −OH over Pd@SiO2/
ZSM-5-20 is also stronger than Pd/ZSM-5, as presented in
Figure S26. These results suggested that Pd@SiO2/ZSM-5-20
has a better activation capacity for gaseous O2 and H2O. It
might be because electron delocalization at the Pd−Si active
interface accelerates O2 and H2O activation to form active
species (O2−, O22−, and −OH), which then promote HCHO
oxidation. The oxidation activity of HCHO over Pd@SiO2/
ZSM-5-20 and Pd/ZSM-5 is both poor in the test under O2-
alone (without H2O) and H2O-alone (without O2), as shown
in Figures S27, S28. Therefore, O2−, O22−, and −OH active

species formed by the simultaneous activation of O2 and H2O
synergistically promote HCHO oxidation.
The DFT calculation was performed to further elucidate the

role of the Pd−Si interface in enhancing the intrinsic catalytic
activity. The EXAFS results have proven the existence of the
Pd−Si interface, and thus, in this work we are constructing the
interface model based on the Pd−Si bonds. Detailed
calculation processes and optimal structure models (Figure
S29) are presented in the Supporting Information. As shown in
Figure 4a, the interaction between Pd and Si atoms is revealed
by the calculated electron density. The charges accumulated
around the Pd atom in comparison with the Si atom at the
Pd−Si interface, and the electron transfer number is 8.335 e,
suggesting significant charge delocalization (Si → Pd).
Moreover, the electronic interplay of Pd(111) and the Pd−Si
interface was further investigated using the total density of
states as shown in Figure 4b. The d-band center of the Pd−Si
interface (−1.794 eV) is closer to the Fermi energy level than
that of Pd(111) (−1.866 eV), indicating enhanced adsorption
of molecules at the Pd−Si interface. The adsorption energy
(Ead) of O2 and H2O over the Pd−Si interface is higher than
that over Pd(111) (see Figure 4c and Table S11), suggesting
that O2 and H2O are more easily activated at the Pd−Si
interface. Furthermore, the free energy profiles of O2 (Figure
4d and Table S11) and H2O (Figure 4e and Table S11)
provide insights into the activation reaction path over Pd(111)
and the Pd−Si interface. The Pd−Si interface is stronger in the
adsorption of O2 and H2O than Pd(111) in the first step,
indicating the enhanced adsorption and activation ability of O2
and H2O molecules caused by the electron enrichment of the

Figure 5. In situ DRIFTS spectra and calculated reaction mechanism of HCHO oxidation. (a,b) In situ DRIFTS spectra collected during HCHO
oxidation over Pd@SiO2/ZSM-5-20 and Pd/ZSM-5 at 25 °C. (c) Possible reaction pathways of HCHO oxidation over the Pd−Si interface. (d)
Calculated reaction energy profiles of HCHO oxidation over Pd(111) and the Pd−Si interface.
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interface structure. The dissociation energy barrier of O2 and
H2O was effectively reduced at the Pd−Si interface, and the
activation energy (Ea) of O2 and H2O on the Pd−Si interface is
lower compared with Pd(111). This is because at the Pd−Si
interface, the p-orbital electrons of Si transfer to the
unoccupied d-orbital of Pd, raising the energy level of the d-
orbital and reducing the activation energy barrier for O2 and
H2O. Therefore, the experimental results and DFT calculations
unambiguously demonstrate that the construction of moderate
EMSI is more conducive to the oxidation of HCHO due to the
optimal dispersion and redox capacity. The Pd−Si active
interface could effectively regulate the surface electronic
structure and provide new active sites to accelerate the
activation of O2 and H2O for boosting HCHO degradation.
Reaction Mechanism of HCHO Oxidation

HCHO oxidation mechanisms on Pd@SiO2/ZSM-5-20 and
Pd/ZSM-5 samples were investigated at 25 °C using in situ
DRIFTS. The detailed measurement procedures are described
in the Supporting Information, and the results are summarized
in Table S12. As shown in Figure 5a, upon exposure to N2 gas
containing 100 ppm HCHO for 30 min, a series of adsorption
peaks were observed. The bands in the range of 3782−3469
cm−1 are associated with the surface −OH groups,55,56 and
those in the range of 1759−1723 cm−1 are assigned to the
carbonyl group (C�O) of molecularly adsorbed HCHO.57,58
Moreover, a weak peak at 1610 cm−1 corresponding to the
carbonyl group (C�O) of formate (HCOO−) was also
observed.4,58 This suggests that HCHO molecules can be
oxidized to HCOO− species by surface −OH groups over the
Pd@SiO2/ZSM-5-20 surface in the absence of O2 and H2O.
After Pd@SiO2/ZSM-5-20 is exposed to the gas mixture of

O2 + H2O + N2, the peak intensity of surface −OH groups
increased gradually, demonstrating that H2O can be activated
to form surface −OH on the catalyst surface. The bands in the
range of 3197−3090 cm−1 are attributed to the generation of
H2O.

59 In addition, the peak intensities of DOM and HCOO−

both increased, and a series of new peaks of DOM (2962,
1294, 1202, and 1060 cm−1)55,56,60−62 and HCOO− (2892 and
1329 cm−1)61−63 were observed, suggesting that the
introduction of O2 and H2O can promote HCHO oxidation.
Weak peaks at 2113 and 1946 cm−1 are assigned to the CO
species63,64 adsorbed on Pd due to the disproportionation
reaction that occurred on the catalyst surface. Consequently,
HCHO oxidation on Pd@SiO2/ZSM-5-20 occurs through two
reaction pathways. The main reaction path (rapid path) is
HCHO → DOM → HCOO− → CO2 and the side reaction
path is HCHO → DOM → HCOO− → CO → CO2. As
shown in Figure 5b, the same in situ DRIFTS experiments
were measured over Pd/ZSM-5, and similar reaction pathways
were observed for HCHO oxidation. However, the band
intensities of intermediate species CO and HCOO− are
stronger on Pd/ZSM-5 than on Pd@SiO2/ZSM-5-20 (Figures
S30, S31). This finding indicates that the introduction of the
SiO2 overlayer is beneficial for the adsorption and dissociation
of intermediate species due to the moderate EMSI resulting
from the Pd−Si interface.
Based on the in situ DRIFTS results, the HCHO oxidation

on Pd@SiO2/ZSM-5-20 and Pd/ZSM-5 follows the Lang-
muir−Hinshelwood mechanisms. To gain further insights into
the reaction mechanisms of HCHO oxidation over Pd@SiO2/
ZSM-5-20 and Pd/ZSM-5, we performed DFT calculations to
determine the reaction pathways and free energy of HCHO

oxidation. The Pd−Si interface and Pd(111) serve as stable
models for calculations, and the detailed calculation processes
are presented in the Supporting Information. As shown in
Figure 5c, the results show that the first step in the reaction is
the adsorption of O2 and HCHO on the Pd−Si interface
surface, which is followed by the activation of these species
into O* and CH2O* species. The CH2O* species then react
with O* to form CH2O2* species, which are further
transformed into HCOOH* species. Finally, the COOH*
species is obtained by the reaction of HCOOH* and O*,
which further react with OH* to form CO2 and H2O. The
reaction pathways of HCHO oxidation over Pd(111) are
similar and presented in Figure S32. The rate-determining step
was found to be the degradation of COOH* species, as
demonstrated by the highest energy barrier among the four
transition states (TS4), as shown in Figure 5d. In addition, the
Ea = 1.18 eV of TS4 over the Pd−Si interface is lower than that
of Pd(111) (Ea = 1.80 eV), suggesting that the HCHO
oxidation is easier to proceed on the Pd−Si interface compared
to that on Pd(111). Therefore, the experiment results and
DFT calculations clearly show that the Pd−Si active interface
can promote HCHO oxidation, and the promotion effects can
be attributed to the enhancement of O2 and H2O adsorption
and activation by the formed Pd−Si interface.

■ CONCLUSIONS
In summary, the Pd−Si active interface with tunable EMSI has
been constructed by modulating the permeable SiO2 overlayer.
Various characterization techniques, activity tests, and DFT
calculations showed that Pd@SiO2/ZSM-5-20 has the optimal
redox ability, catalytic activity, and durability during HCHO
oxidation. Surprisingly, Pd@SiO2/ZSM-5-20 has the highest r
and TOF, ∼15 times higher than Pd/ZSM-5. The optimal
catalytic performance is assigned to the catalyst with moderate
EMSI, which facilitates the adsorption/activation of reactants
and intermediates. The Pd−Si interface provides new active
sites to enhance the charge transfer from Si to Pd and form an
electron-enriched surface, thereby significantly promoting O2
and H2O activation to generate reactive oxygen species. In situ
DRIFTS experiment and DFT calculation results demon-
strated that the reactive oxygen species O2−, O22−, and −OH
synergistically promote formaldehyde oxidation. The reactants
and intermediates are easier to be adsorbed and dissociated on
the Pd−Si active interface of Pd@SiO2/ZSM-5-20 compared
with Pd/ZSM-5. Therefore, the interfacial construction
strategy can provide a guideline for the rational design of
high-performance catalysts.

■ METHODS

Catalyst Synthesis
Pd@SiO2/ZSM-5-X (where X represents the molar ratio of Pd and
Si) were synthesized by a wet chemical method. First, ZSM-5 (nSi/nAl
= 200), Pd(NO3)·2H2O, and TEOS were added to a beaker
containing 140 mL of H2O, and the solution was then transferred
to a water bath (70 °C) for 3 h. Subsequently, Pd@SiO2/ZSM-5-X
were obtained by successively treating the solid samples with N2 and
H2/Ar mixed gases at a suitable temperature, and the detailed
preparation procedures are presented in the Supporting Information.
Characterization Methods
XRD, inductively coupled plasma optical emission spectrometry, FT-
IR spectroscopy, N2 adsorption/desorption analysis, TEM, HRTEM,
EDS elemental mapping, AC-TEM, AC-EDS elemental mapping,
XPS, electron paramagnetic resonance (EPR) spectroscopy, CO pulse
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chemisorption, XANES study, EXAFS study, H2-temperature
programed reduction (H2-TPR), O2-temperature-programed oxida-
tion, and in situ DRIFTS characterization tests were used to measure
the physical and chemical performance, as well as the plausible
reaction mechanism, of Pd@SiO2/ZSM-5-20 and related samples.
The Supporting Information describes the detailed testing processes.
Activity and Kinetic Tests
Formaldehyde (HCHO, 100 ppm) oxidation was performed in a
continuous-flow fixed-bed reactor (internal diameter 8 mm). The
WHSV and RH values were fixed at 100,000 mL gcat.−1 h−1 and 45%,
respectively. The HCHO and CO2 concentrations were measured by
a multigas analyzer (Gasera One, Gasera Ltd., Finland). The kinetic
test used 210 ppm HCHO/air with a WHSV of 2,400,000 mL gcat.−1
h−1 and 3 mg of the catalyst mixed with 47 mg of inert quartz sand
(40−60 mesh) for each testing while internal and external diffusion
were removed. The HCHO conversions were controlled within 15%.
The Supporting Information contains the results of the detailed
activity and kinetic tests.
DFT Calculations
The adsorption energy (Ead), activation energy (Ea), and reaction
mechanisms of O2, H2O, and HCHO with two different models,
including Pd(111) and the Pd−Si interface, are studied by DFT
calculations. The detailed calculation methods are provided in the
Supporting Information.
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