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Abstract 
 

Tuning the atomic interface configuration of noble metals (NMs) and transition-metal oxides is an effective 
straightforward yet challenging strategy to modulate the activity and stability of heterogeneous catalysts. Herein, 
Pd supported on mesoporous Fe2O3 with a high specific surface area was rationally designed and chosen to 
construct the Pd/iron oxide interface. As a versatile model, the physicochemical environments of Pd nano- 
particles (NPs) could be precisely controlled by taming the reduction temperature. The experimental and 
density functional theory calculation results unveiled that the catalyst in the support− metal interface 
confinement (SMIC) state showed significantly enhanced catalytic activity and sintering resistance for CO 
oxidation. The constructed Fe sites at the interfaces between FeOx overlayers and Pd NPs not only provided 
additional coordinative unsaturated ferrous sites for the adsorption and activation of O2, thereby facilitating the 
activation efficiency of O2, but also impressively changed the reaction pathway of CO oxidation. As a result, the 
catalyst followed the Pd/Fe dual-site mechanism instead of the classical Mars−van Krevelen mechanism. For the 
catalyst in the strong metal−support interaction (SMSI) state, its catalytic activity was seriously suppressed because 
of the excessive encapsulation of the active Pd sites by FeOx overlayers. The present study therefore provides 
detailed insights into the SMIC and SMSI in ferric oxide-supported Pd catalysts, which could guide the 
preparation of highly efficient supported catalysts for practical applications. 
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Introduction 
 
Noble metals (NMs) supported on transition-metal oxides (TMOs) with high specific surface areas have received 
increasing attention on account of their outstanding perform- ances in heterogeneous catalysis.1−16 The 
interaction of NMs with TMOs, especially reducible oxides (e.g., FeOx, CeO2, and TiO2), has been generally 
defined as strong metal−support interaction (SMSI),17−22 and it plays a crucial role in improving the NM’s 
sintering resistance by encapsulation of NMs with reducible TMO overlayers. The interface induced by SMSI is 
found to significantly influence the catalytic activity for CO oxidation because of the creation of rich oxide edge 

sites,23−25 specifically coordinative unsaturated sites (CUSs). Two different states can be achieved via 
tailoring post-treatment conditions. For the catalyst in the SMSI state proposed by Tauster et al.,26 the 
catalytic activity for CO oxidation is generally inhibited because the NM surfaces are almost fully encapsulated 
by TMO overlayers, resulting in the blockage of active NM sites despite abundant CUSs.27 In sharp contrast, for 
the catalyst in the support−metal interface confinement (SMIC) state introduced by Zhang and Fu,28 oxide 
overlayers are deliberately constructed on NM surfaces to produce highly dispersed two-dimensional oxide 
nanostructures and create high density CUSs between the interfaces of NMs and TMO overlayers. The catalytic 
activity for CO oxidation is thereafter promoted. How these highly active sites facilitate the catalytic activity 
during CO oxidation, however, remains a matter of debate. 
 

In this regard, Fu and co-workers conducted extensive work and highlighted that Pt/FeOx catalyst pretreated in 
air at high temperatures (500 < t < 800 °C) can form the SMIC state.29 This structure not only significantly 
improved O2 activation but also promoted the formation of atomic oxygen species, followed by reaction with 
CO adsorbed on Pt surface sites nearby through the Langmuir−Hinshelwood (LH) mechanism. The catalytic 
performance of this Pt/FeOx catalyst therefore was enhanced. In contrast, the Pt/FeOx catalyst pretreated in 
air at 900 °C exhibited sharply suppressed CO oxidation activity because of the complete encapsulation of the 
metal active sites in the SMSI state.27 Nevertheless, Xiao et al. developed a wet chemical (wc) strategy to prepare 

Au/TiO2- wcSMSI, which demonstrated improved CO oxidation activity because of the interface effect between 
Au nanoparticles (NPs) and TiOx overlayers.22 It has been recognized that the support considerably influences 
the catalytic activities of TMO-supported NM catalysts for CO oxidation30−32 and that NMs/TMOs 
generally follow two mechanisms-LH and Mars−van Krevelen (M−vK) mechanisms.33 The former 
mechanism involves direct reaction of CO with adsorbed atomic oxygen species; on the other hand, the 
latter mechanism starts with the transfer of O atoms to CO, inducing oxygen vacancies on TMOs. To date, 

however, a general consensus on the role of overlayers on the effect of catalytic activity and reaction mechanism 
of NMs/TMOs for CO oxidation has not been reached yet. 
 
In fact, various strategies have been adopted to tailor the atomic-scale interfacial structure and chemical state 
between NMs and TMOs.22,29,34,35 However, previous works somewhat lack detailed investigations of morphological 
evolution with the change in treatment conditions. As a result, it remains unclear how the atomic-scale structure 
and chemistry of interface evolution in such catalyst systems influence the catalytic mechanism. In the present 
study, mesoporous Pd/Fe2O3 was chosen to construct the NM/iron oxide interface, which naturally provided 
both SMIC and SMSI states by taming the reduction temperature. The catalyst in the SMIC state obtained by 
treating fresh Pd/Fe2O3 at relatively lower reduction temperatures (50 or 100 °C) considerably improved its 
catalytic activity and sintering resistance. The emerging Fe sites at FeOx/Pd interfaces, which are coordinative 
unsaturated Fe (CUF) sites, provided new adsorption and activation sites for O2, facilitating the activation 

efficiency of O2. The reaction pathway of CO oxidation on Pd/Fe2O3 catalyst in the SMIC state thereafter was 
altered, in accordance with the Pd/Fe dual- site mechanism instead of the M−vK mechanism. For the catalyst in 
the SMSI state obtained by reducing the sample at higher temperatures (>200 °C), the catalytic activity was 
seriously inhibited because the active Pd sites were almost obstructed by the overlayers. This work presents 
a deep understanding of SMIC and SMSI in ferric oxide-supported Pd catalysts. 
 
  



 

 

Methods 
 
Catalyst Synthesis. 
 
Preparation of Fe2O3: The Fe2O3 support with a high specific surface area was fabricated by an aluminum 
hydroxide-mediated mechanochemical nanocasting strategy.36 Fe(NO3)3·9H2O (1.00 g) and aluminum hydroxide 
(1.00 g) were introduced into a 25 mL zirconia reactor containing four zirconia ball bearings (diameter 4 × 1.0 
cm; total mass 8.6 g). Subsequently, the reactor was ball-milled for 1 h in a high-speed vibrating ball miller 
with a vibrational frequency of 30 Hz. The final products were obtained after being calcined (400 °C, 3 h), 
washed with 1 M NaOH solution at 60 °C, and followed by being dried at 100 °C for overnight.  
 
Preparation of Pd/Fe2O3: Pd NPs were synthesized according to a typical method: under gentle nitrogen 
flow, 0.20 g of borane−morpholine complex (1.9 mmol, Sigma- Aldrich 95%) and 10 mL of oleylamine 
(OAm, Acros 80−90%) were introduced into a four-necked glass reactor and then magnetically stirred and 
heated to 75 °C. Subsequently, a palladium solution containing 0.07 g of palladium(II) acetylacetonate (Pd(acac)2, 
0.23 mmol, Sigma-Aldrich 99%)m and 4.0 mL of OAm were injected into the above solution. After being 
stirred at this temperature for 1 h, the obtained solution was heated to 220 °C and kept for another 30 min 
before it was cooled down to 70 °C. The resulting NPs were obtained by addition of isopropanol (40 mL), 
centrifugation (8500 rpm, 10 min), dispersion in hexane (15 mL), and followed by centrifugation (9000 rpm, 12 
min) after addition of ethanol (35 mL). 
 
Pd/Fe2O3 was prepared by a facile adsorption method. Typically, 0.20 g of Fe2O3 powder was well dispersed in 20 
mL of hexane solution with rigorous stirring. Next, the above as- prepared Pd NPs were dispersed in 10 mL of 
hexane and then were added dropwise into Fe2O3 solution under stirring. After continuing stirring for 12 h and 
followed by aging for another 12 h, the solution was centrifugated and washed with deionized water and ethanol 
three times and dried at 60 °C in air overnight. The final catalyst was obtained by being annealed for 3 h at 400 
°C in air and denoted as Pd/Fe2O3-air. Pd/ Fe2O3-H2-X catalysts were achieved by treating the Pd/Fe2O3- air 
sample at the desired temperature (X = 50, 100, 200, and 400 °C) in H2/N2 for 1 h. 
 
Catalyst Characterization. 
 
The microstructure of Pd/Fe2O3 catalysts was observed by high-angle annular dark-field scanning transmission 
electron microscopy (HAADF- STEM) and high-resolution HAADF-STEM. The pore structure of Pd/Fe2O3 
catalysts was analyzed by the adsorption branch of the nitrogen adsorption isotherm recorded at 77 K via a 
Gemini VII surface area analyzer. The phase composition of Pd/Fe2O3 samples was characterized by the X-ray 

diffraction (XRD) pattern in a 2θ interval of 10−80°. The chemical state of iron species over Pd/Fe2O3 samples 
was probed by X-ray photoelectron spectra (XPS) and X-ray absorption near-edge structure (XANES) spectra. 
 
Catalytic CO Oxidation. 
The catalytic activities of as-prepared metal oxides for CO oxidation were evaluated in a continuous-flow reactor 
equipped with a straight quartz glass tube at atmospheric pressure. The feeding gas of 1% CO flow balanced with 
dry air was passed through the catalyst bed at a gas hourly space velocity (GHSV) of 30,000 mL·gcat

−1·h−1. 
The gas was monitored by Horiba S4932/MT, and the reaction temperature was adjusted from room 
temperature to the temperature of complete CO conversion. The CO concentration was determined using an 
on-line gas chromato- graph (Buck Scientific 910). The CO conversion was calculated based on the content 

change of CO in feed gas and an effluent stream. 
 

Results and Discussion 
 
Synthesis and Structural Characterization of Pd/Fe3O3 Catalysts. 
Mesoporous Fe2O3 was fabricated by an aluminum hydroxide-mediated mechanochemical nanocasting strategy 
(Figure 1). Initially, ferric nitrate and aluminum hydroxide may undergo solid transfer to form a uniform 
distribution of iron salts on a porous aluminum matrix. After calcination and removal of Al species, a 
mesoporous Fe2O3 network was released. On the basis of mesoporous Fe2O3 support, Pd NPs were loaded by 



 

 

the adsorption method, and the actual Pd loading amount determined by inductively coupled plasma atomic 
emission spectroscopy was 1.2 wt %. Finally, by simply regulating the reduction temperature, the states (SMIC 
and SMSI) of Pd/Fe2O3 could be precisely controlled. Their morphologies and catalytic activities there- fore 
could be modulated. 
 

The morphology of the mesoporous Fe2O3 sample was first observed by HAADF-STEM. The Fe2O3 support 
showed a sponge like nanoarchitecture that was composed of interstitial porosity with pore sizes ranging from 3 
to 6 nm (Figure 2a). The pore property of Fe2O3 support was further characterized by N2 adsorption 

measurement at 77 K. Fe2O3 displayed a typical type-IV curve and pore size distribution centered at ∼4.1 nm, 
demonstrating its mesoporous structure (Figure 2b). Subsequently, HAADF-STEM was employed to 
analyze Fe2O3-loaded Pd NPs, and it was noted that the particle size distribution of as-prepared Pd NPs ranged 
from 2 to 4 nm (Figure S2). Moreover, the loading of Pd NPs did not severely influence the porous structure of 
the Fe2O3 support (Figure 2c), which was consistent with the results of N2 adsorption isotherm and pore size 
distribution of Pd/Fe2O3 (Figure 2b). The high-resolution HAADF-STEM (Figure 2d) image of the Pd/Fe2O3-

air catalyst evidenced a ∼3 nm metallic Pd NP supported on Fe2O3 with a visible d-spacing of the Fe2O3(006) 
plane of 0.229 nm. 
 
Insights into the Morphological Evolution of Pd/Fe2O3 Catalysts. 

HAADF-STEM images and elemental mapping figures were further collected to explore the effect of H2 
treatment on Pd/Fe2O3 samples. Figure 3a shows the Pd/Fe2O3-H2-100 sample, which was obtained after the 
post- treatment of Pd/Fe2O3 in H2 at 100 °C. Figure 3a2 confirmed that the lattice spacing of 0.225 nm was well 
in accordance with the (111) crystal plane of Pd NPs. Elemental mapping analyses revealed that only very few Pd 
NPs stood on the surface of Fe2O3 support. As the reduction temperature was increased from 200 °C (Figure 
3b1−b5) to 400 °C (Figure 3c1−c5), no evident variation in the particle size distribution of Pd NPs was noted 
(Figure S3), while the Pd NP surfaces of Pd/Fe2O3 were gradually covered by FeOx species. This coverage was 
strongly associated with strong metal (Pd)− support (Fe2O3) interaction, and the temperature-directed 
morphological evolution can be narrated in Figure 1. From another perspective, when the surfaces of Pd NPs 
were completely covered by FeOx species, the active sites were then blocked, which may be unfavorable for the 
catalytic reaction.  
 
Figure S4 depicts the XRD patterns of Fe2O3, Pd/Fe2O3, and Pd/Fe2O3 catalysts treated in H2 flow from 50 to 

400 °C. The oxide support was comprised of a pure Fe2O3 phase (Figure S4a), and the distinct diffraction peaks 

of Pd/Fe2O3 (Figure S4b) matched well with that of pristine Fe2O3. The absence of diffraction peaks for Pd 
species suggested the high dispersion of Pd species. The peaks of Pd/Fe2O3 at 24.1, 33.2, 35.6, 39.3, 40.9, 49.5, 
54.1, 57.4, 64.0, and 66.0° corresponded to the (012), (104), (110), (006), (200), (113), (024), (116), (122), 
(300), and (125) crystal planes of hexa-Fe2O3 (PDF#33-0664), respectively.37 Even though the Pd/Fe2O3 sample 
was treated in H2 at relatively low temperatures (≤200 °C), no other crystalline phase reflections were 
detected. Nevertheless, when the reduction temperature was elevated to 400 °C, characteristic peaks 
corresponding to the Fe3O4 crystalline phase (PDF#19-0629) were detected at 30.1, 35.4, and 43.1°, which 
could be assigned to the (220), (311), and (400) crystal planes, respectively.38,39 Thus, it indicated that a 
portion of the Fe3+ species was reduced to Fe2+ species. 
 
Atomic Structure Analysis of Pd/Fe2O3 Catalysts by XPS and XANES. 

XPS and X-ray XANES spectrum analyses were further conducted to probe the effect of H2 treatment on the 
chemical state of interface Pd/iron species. Figure 4A illustrates the Pd 3d XPS of Pd/Fe2O3 samples. Both the 
bands at 335.5 and 340.8 eV were assigned to metallic Pd,40,41 and these peaks gradually shifted to the higher 
binding energy with elevating reduction temperatures, thereby revealing the presence of strong electron transfer 
from metallic Pd to the FeOx overlayers. This blue shift should be in turn favorable to weaken the CO adsorption 
and make CO more active toward the p electrons of dissociated oxygen, thereafter facilitating the catalytic 
performances of Pd/Fe2O3 samples for CO oxidation.35,42,43 Figure 4B depicts that Fe 2p XPS of Pd/ Fe2O3 
samples gradually moved to the lower binding energy with increasing reduction temperatures. To strikingly 
observe the variation of surface Fe species on Pd/Fe2O3 samples with the elevated reduction temperatures, we 
fitted the corresponding Fe 2p XPS peaks at 709.3 and 711 eV, which were ascribed to the Fe2+ and Fe3+ species 
(Figure S5).28 The surface relative concentration ratios of Fe3+ calculated from the peak fitting of Fe 2p XPS are 



 

 

summarized in Table S1. With the increasing of reduction temperatures, the surface relative concentration ratio of 
Fe3+ markedly declined, especially for the Pd/Fe2O3-H2-400 sample. This result suggested the reduction of iron 
species over Pd/Fe2O3 samples at high reduction temperatures, in agree- ment with the observation in XRD. 
Figure 4C,D exhibits the Pd L-edge and Fe K-edge XANES spectra of Pd/Fe2O3 samples, respectively. The 
intensities of the adsorption peaks (Figure 4C) notably increased with elevating reduction temperature, while 
almost no changes occurred in the peak position. It has been identified that the intensity of the white line at the 
L-edge represents the extent of reducibility for the absorbing atoms, and the position can reflect the variation in 
NM size.44−46 A more intense white line of Pd species indicates a higher oxidation state,46 collaborating the 
presence of electron-deficient Pd from XPS result. Almost no distinct position change after post-treatment implies 
no variation of the size of Pd NPs. This result was in full accordance with the high-resolution HAADF-STEM 
observations (Figure S3). Likewise, Fe K-edge XANES spectra demonstrated the red shift of Fe species, which 
may be due to the sintering of FeOx resulting from high-temperature treatment. Therefore, based on the above 

results, it is plausible to exclude the effect of Pd NP size on the distinct variation of catalytic activity of Pd/ 
Fe2O3 catalysts for CO oxidation. 
 
Catalytic Performances for  CO Oxidation. 
Figure 5A shows the catalytic performances of various catalysts for CO oxidation, which decreased in the 
following sequence: Pd/ Fe2O3-H2-100 > Pd/Fe2O3-H2-50 > Pd/Fe2O3-H2-200 > Pd/ Fe2O3-air > Pd/Fe2O3-H2-
400 > Fe2O3. As expected, Pd/ Fe2O3-H2-100 exhibited the highest catalytic activity with 100% CO conversion 
at 90 °C because of its optimal FeOx overlayers on the Pd surfaces, which was more active than the Pd/Fe2O3-
air catalyst with complete CO conversion at 140 °C. Notably, the catalytic activities of the Pd/Fe2O3 catalysts 
dramatically reduced with the treatment of high reduction temperatures, especially for Pd/Fe2O3-H2-400 catalyst. 
The active Pd sites were completely coated and thereafter seriously obstructed by the outside FeOx overlayers, 
thereby leading to an obvious decline in catalytic activity. 
 
To further explore the morphology evolution of Pd/Fe2O3 catalysts for CO oxidation, we calculated the 
apparent activation energies (ΔEa) under the exclusion of interparticle mass-transfer limitation (Figure S6). The 
structural state of Pd tremendously influences the ΔEa of Pd/Fe2O3 catalysts (Figure 5B). The Pd/Fe2O3 catalyst 
in the SMSI state (Pd/Fe2O3-H2-400) presents a pronouncedly higher ΔEa value than those catalysts in the 
SMIC state (Pd/Fe2O3-H2-X, 50 ≤ X ≤ 200). The ΔEa value declines in the following sequence: Pd/Fe2O3-H2-
400 (83.7 kJ/mol) > Pd/Fe2O3-air (61.5 kJ/mol) > Pd/ Fe2O3-H2-200 (51.6 kJ/mol) > Pd/Fe2O3-H2-50 (44.2  
kJ/mol) > Pd/Fe2O3-H2-100 (33.6 kJ/mol), and Pd/Fe2O3-H2- 100 exhibits the lowest activation energy possibly 
because of its optimal FeOx overlayers on the Pd surfaces. 
 

The sintering resistance of supported TMO catalysts actually is far from ideal.47 Hence, the SMIC effect on the 
Pd/Fe2O3 stability for CO oxidation was further probed in the presence of H2O and propene at 150 °C. Figure 
5C illustrates that Pd/ Fe2O3-air gave an initial CO conversion at 90.9%, which was almost similar to that of 
Pd/Fe2O3-H2-100 (93.2%) at the beginning of the reaction. In contrast, the CO activity of Pd/Fe2O3-air 
decreased dramatically with the reaction time, achieving 70.7% after 24 h. In sharp contrast, Pd/Fe2O3-H2- 100 
underwent slow deactivation and still showed 87.2% CO conversion after the same reaction time. The chemical 
states of spent Pd/Fe2O3-air and Pd/Fe2O3-H2-100 catalysts after reaction at 150 °C for 24 h were further 
detected by XPS spectra, thermogravimetric analysis (TGA), and HAADF- STEM (Figure S7). The observations 
showed that the deactivation of the Pd/Fe2O3-air catalyst should be reasonable because of the loss of active sites 
resulting from the sintering of Pd NPs (Figure S7C) rather than the oxidation of Pd (Figure S7A) and the buildup 
of carbonates (Figure S7B).12,48 It also demonstrated that the significantly improved stability of Pd/ Fe2O3-H2-
100 could be attributed to the protection of outside FeOx overlayers, which greatly inhibited the sintering of Pd 
NPs. 
 
DFT+ U Analyses. 
To unveil the origin of enhanced catalytic activity for the Pd/Fe2O3 catalyst treated under low reduction 
temperatures (≤100 °C), we further carried out density functional theory (DFT) + U calculations. For CO 
oxidation by co-adsorbed O2 on the Pd(111) surface: the Pd- only mechanism, the transition states (TSs), 
structures of intermediates, and relative energy diagram for CO oxidation over the Pd(111) surface are displayed 
in Figure S8. The adsorption and activation of O2 on Pd surfaces were first considered, and the calculation 



 

 

results are as follows. O2 binds to the bridge site of Pd−Pd atoms with adsorption energy at −0.73 eV (IM1). 
The cleavage of O−O bond (O2) results in the O−O bond length elongation from 1.33 Å (O2 adsorption state) 
to 1.70 Å in the TS (TS1) with an oxygen dissociation barrier at 0.77 eV. O atoms are adsorbed on the hollow 
site between the three Pd atoms. There are two kinds of hollow sites on the Pd(111) surface, which are fcc (face-
centered cubic) and hcp (hexagonal close-packed) sites, respectively. It has exothermic reaction energy at 1.42 eV 
when two O atoms are both adsorbed on the hcp hollow site. Based on the adsorption structure with two O 
atoms on the surface, we compared the pathway of CO oxidation following two possible configurations of CO 
adsorption on Pd sites. The adsorption of CO is easier to proceed via stabilization of C with three Pd atoms on 
the hollow site (IM3) compared with the bridge-site adsorption with two Pd atoms. The adsorbed CO thereafter 
combines with an adsorbed O atom on Pd to generate CO2 (IM4) with exothermic reaction energy and 
activation barrier at 0.47 and 1.19 eV (TS2), respectively. Subsequently, CO2 desorbs from the IM4 state with 
exothermic reaction energy of 0.35 eV. Finally, another CO adsorbs on the Pd(111) surface (IM6) followed by 
reacting with one O atom at the surface with an activation barrier at 1.18 eV (TS3) to form CO2 with an 
exothermic reaction energy of 0.13 eV (IM7), and the desorption of CO2 is also exothermic by 0.31 eV (FS). In 
addition to the adsorption of O on the hcp hollow site, two dissociated O atoms adsorbed on the fcc hollow site 
and two O atoms adsorbed on hcp and fcc hollow sites, respectively, were also studied. The results indicated that 
three reaction behaviors displayed similar energy and structure regardless of the types of O adsorption (Figures 
S9−S11).  
 
Besides the adsorption on Pd surfaces, O2 could also adsorb on Fe atoms at FeOx/Pd interfaces, which could 
serve as alternative active binding sites. In this case, CO oxidation by O2 adsorbed on the FeOx/Pd(111) surface 
via the Pd/Fe dual-site mechanism, and this catalysis process follows the LH mechanism. As shown in Figure 6, 
the CUF site shows the strong ability for O2 binding with an adsorption energy of 
−1.07 eV (IM1), and one O2 could be easily split into two O atoms by elongation of the O−O bond length 
from 1.43 Å (IM1) in the O2 adsorption state to 1.77 Å (TS1) with a dissociation barrier of 0.35 eV. These 
findings coincide with the previous works that reported a similar activation barrier of 0.40 eV on 
FeOx/Pt(111).28,49 After O2 dissociation, the exposed Fe site is then saturated by an adsorbed O atom with an 
exothermic reaction energy of 1.20 eV (IM2). For CO adsorption, CO preferentially adsorbs on a hollow site 
between three Pd atoms via a C atom with an exothermic energy of 2.50 eV (IM3). The CO molecule adsorbed on 

the fcc and hcp hollow sites were separately investigated, and no noticeable difference was found in their 
adsorption energies (Figures S9− S11). Subsequently, the adsorbed CO species combine with one   O   atom   to   
form   adsorbed   CO2 (IM4)   with   an endothermic reaction energy and activation barrier of 0.04 and 1.26 
eV (TS2), respectively. Thereafter, the as-formed CO2 desorbs from the FeOx/Pd(111) surface with an 
exothermic reaction energy of 0.59 eV. Meanwhile, another adsorbed CO on Pd atoms of the FeOx/Pd(111) 
surface (IM5) reacts with one O immobilized by Fe at the interface site with an activation barrier of 1.22 eV 
(TS3). The formation and desorption of CO2 for this step are exothermic and endothermic by 0.53 and 0.10 eV, 
respectively.  
 
In addition to the above-mentioned two possible reaction mechanisms, CO oxidation could also proceed via the 
M−vK mechanism by lattice oxygen on the FeOx/Pd(111) surface (Figure S12). The catalytic process starts 
with CO adsorbed on Fe or Pd sites reacting with one lattice O atom at the interface of FeOx, and there are two 
pathways for this transformation. The first pathway is CO adsorbing at the interface of the CUF site (IM1) with 
an exothermic reaction energy of 0.44 eV followed by reacting with one adjacent lattice O atom of FeOx to 
produce CO2 (IM2) with an endothermic reaction energy and activation barrier (TS1) of 0.17 and 1.22 eV, 
respectively. Subsequently, CO2 desorption from the IM2 state induces the formation of an O vacancy on FeOx 
with an exothermic reaction energy of 0.17 eV. One gaseous O2 adsorbs on this O vacancy with an 
adsorption energy of −2.90 eV (IM4), accompanied by the scission of the O−O bond and subsequent 
redistribution of the O atom (IM5). The dissociated O stabilized on the CUF site (IM5) requires an 
exothermic reaction energy and activation barrier (TS2) of 1.98 and 0.78 eV, respectively. Thereafter, CO 
adsorption occurs on the hollow site with an adsorption energy of 0.77 eV (IM6), followed by reacting with one O 
atom adsorbed on the CUF site to generate CO2 with an exothermic reaction energy and activation barrier of 
0.53 eV (IM7) and 1.22 eV (TS3), respectively. Finally, CO2 desorb from the IM7 state with a low desorption 
energy of 0.10 eV (FS). Another pathway is CO adsorbed on the hollow site between three Pd atoms of the 
FeOx/Pd(111) surface (IM1*) with an exothermic reaction energy of 1.92 eV. The adsorbed CO reacts with one 



 

 

neighboring lattice O atom of FeOx to produce CO2 (IM2*) with an activation barrier of 1.60 eV (TS1*) and an 
endothermic reaction energy of 1.03 eV. Subsequently, CO2 desorption from the IM2* state gives rise to an O 
vacancy on FeOx overlayers with a desorption energy of 0.45 eV (IM3), and the next steps are similar to those in 
the first pathway. 
 
For the Pd-only mechanism, CO oxidation proceeds with CO and O2 adsorbed on the Pd(111) surface. 
However, this inevitably results in the competitive adsorption behavior because of the fact that CO exhibits 
nearly two-fold adsorption capacity than O2. Considering the energy of CO−metal surface interactions is distinctly 
higher than that of experimental values by Perdew−Burke−Ernzerhof (PBE) density functional, some- times by as 
much as 0.40 eV.50−53 The activation energy barrier will be reduced to about 1 eV because the adsorption 
energy is overestimated. It is beneficial for the proceeding of reaction. However, the adsorption energy of CO on 
Pd is still higher than that of O2 because of the high adsorption energy (>1 eV) of CO. This characteristic is 

unfavorable for the adsorption and activation of O2, which can seriously affect the catalytic conversion efficiency 
of CO. A similar situation was also found in other NMs/TMO catalysts.33,54 For CO oxidation on the 
FeOx/Pd(111) surface, O2 could adsorb on an alternative CUF site with higher adsorption energy than CO 
adsorbed on the CUF site. This scenario provides two adsorption sites including CUF and Pd(111) for realizing 
the co-adsorption of O2 and CO. Thus, the first pathway following the M−vK mechanism does not occur easily. 
For the Pd/Fe dual-site mechanism, the reaction of adsorbed CO on Pd(111) and O on Fe requires an activation 
energy of 1.26 eV, which is much lower than the calculated activation energy (1.60 eV) from the reaction of CO 
and lattice O. The above results demonstrate that CO oxidation on FeOx/Pd is more likely to follow the Pd/Fe 
dual-site mechanism rather than the classical M−vK mechanism. Considering that the adsorption energy of CO is 
overestimated by PBE density functional,50 the energy of the TS in the Pd/Fe dual-site mechanism will be 
reduced, which further promotes the occurrence of the reaction. More importantly, the FeOx overlayers provide 
new CUF sites for the adsorption and activation of O2, and the adsorption strength of O2 on the CUF site is 
much higher than that of CO. In other words, O2 and CO have their independent adsorption sites (CUF) on 
Pd(111). FeOx/Pd(111) therefore is more favorable for the CO oxidation reaction than Pd(111). 
 

Conclusion 
 
In summary, we designed mesoporous Fe2O3-supported Pd catalysts by a aluminum hydroxide-mediated 

mechanochemical nanocasting strategy. The effect of morphological evolution under different reduction 
temperatures on the catalytic activity and reaction mechanism over Pd/Fe2O3 was investigated by a combination 
of experiments and DFT calculations. The catalyst pretreated at low reduction temperatures resulted in Pd NP 
surfaces decorated by FeOx overlayers (SMIC state). Further elevating the treatment temperature to 400 °C 
formed the SMSI state, in which Pd NPs were almost fully covered by FeOx species. The catalyst in the SMIC 
state notably showed enhanced activity for CO oxidation compared to the pristine state because of the new CUF 
sites at the interfaces between FeOx overlayers and Pd NPs. These CUF sites not only promoted the adsorption 

and activation of O2, thereby facilitating the activation efficiency of O2, but also changed the reaction pathway 
of CO oxidation. In contrast, the catalytic activity of the catalyst in the SMSI state was dramatically 
suppressed because the active Pd sites were completely covered by the surface FeOx overlayers induced by the 

SMSI effect between metal and support. We believe that this work is favorable for the understanding of the 
SMIC and SMSI states in ferric oxide-supported Pd catalysts, which could guide the rational design of active-
supported catalysts in the near future. 
 
 
 



 

 

 
 
 

Figure 1. General Al(OH)3-templated construction of mesoporous Pd/Fe2O3 catalyst and its morphological evolution in post-treatment. 

 

 
 
Figure 2. (a) HAADF-STEM image and (b) N2 adsorption isotherm (77 K) and pore size distribution of Fe2O3 (black line) and 
Pd/Fe2O3 (red line), (c) HAADF-STEM, and (d) high-resolution HAADF-STEM images of Pd/Fe2O3-air. 
 



 

 

 
  
 
Figure 3. HAADF-STEM images and mapping elemental analyses for Pd/Fe2O3-H2-100 (a1−a5), Pd/Fe2O3-H2-200 (b1−b5), and 
Pd/Fe2O3-H2- 400 (c1−c5). 

 
  

 
Figure 4. XPS of (A) Pd 3d and (B) Fe 2p and XANES spectra of (C) Pd L-edge and (D) Fe K-edge of the catalysts: (a) Fe2O3, (b) 
Pd/Fe2O3-air, (c) Pd/Fe2O3-H2-50, (d) Pd/Fe2O3-H2-100, (e) Pd/Fe2O3-H2-200, and (f) Pd/Fe2O3-H2-400.



 

 

 
 
Figure 5. (A) CO conversion as a function of reaction temperature, the feed gas composition: 1.0 volume % CO balanced with dry air. The 
feed gas rate: 10 mL·min−1 and 20 mg of catalyst, corresponding to GHSV = 30,000 mL·(h·gcat)−1; (B) Arrhenius plots of CO conversion 
rates under CO conversions less than 10% over the catalysts: (a) Fe2O3, (b) Pd/Fe2O3-air, (c) Pd/Fe2O3-H2-50, (d) Pd/Fe2O3-H2-100, (e) 
Pd/Fe2O3-H2-200, and (f) Pd/Fe2O3-H2-400. Reaction mixtures contain 1.0 volume % CO balanced with dry air. The feed gas rate 
corresponded to GHSV = 360,000 mL· (h·gcat)−1. (C) CO conversion curves as a function of reaction time over (b) Pd/Fe2O3-air and (d) 
Pd/Fe2O3-H2-100. The feed gas composition: 1.0 volume % CO, 0.01 volume % propene, 5 volume % H2O balanced with dry air. The feed 
gas rate: 10 mL·min−1, 20 mg of catalyst, and reaction temperature at 150 °C. 
 

 

 
  
 

Figure 6. Potential energy diagram for CO oxidation on the FeOx/ Pd(111) surface: Pd/Fe dual-site mechanism. 
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Computational details

To determine reaction pathways of catalytic oxidation of CO over Pd NPs and FeOx/Pd NPs, all 

calculations were conducted using density functional theory (DFT) within the plane-wave 

pseudopotential as implemented in the VASP code with a cutoff energy of 450 eV.1−3 The 

projector-augmented wave (PAW) method was used to represent the core-valence interaction.4,5 The 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional was used in the calculations.6 To accurately treat the highly 

localized Fe3d-orbitals, we conducted spin-polarized DFT+U calculations with a value of Ueff = 3.0 

eV applied to the Fe3d state.7−11 The atomic positions were relaxed until the force on each atom was 

less than 0.05 eV/Å. Electronic energies were converged within 10−4 eV, which is accurate enough 

for the energy and geometry calculation. Transition state were searched using the Climbing Image 

Nudged Elastic Band approach.12,13 Frequency analysis was carried out to ensure that there was only 

a single imaginary frequency for transition state. Adsorption energies have been calculated using the 

formula:

Eads = Esurf−X − (Esurf + EX)

Where Esurf−X is the total energy of the combined system (the adsorbate X bound to the substrate), 

Esurf is the energy of the substrate alone, and EX is the total energy of the adsorbate in the gas phase.

To model the CO oxidation on a metal monophase, a five-layer (2  × 5) Pd (111) slab was 

used with 3 × 2 × 1 k-point sampling (Figure S1a). For FeOx/Pd interface simulations, taking into 

account the lattice mismatch between FeOx and Pd, a FeOx ribbon covered Pd (111) slab model was 

applied with 3 × 2× 1 k-point sampling. The FeOx ribbon consists of three Fe and three O columns 

with Fe atoms coordinated with the top layer of Pd substrate (Figure S1b). The bottom two layers of 

the Pd substrates were fixed, and the other atoms were all relaxed during the structural optimization. 

The vacuum gap thickness was set to 15 Å. Similar models have been successfully applied to study 

the catalytic activity of FeOx/Pd.3
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Figure S1. (a) five-layer (2  × 5) Pd (111) slab with 3 × 2 × 1 k-point sampling and (b) FeOx 
ribbon covered Pd (111) slab model with 3 × 2× 1 k-point sampling.
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Figure S2. HAADF-STEM and high-resolution HAADF-STEM images of Fe2O3-loaded Pd NPs.
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Figure S3. HAADF-STEM and high-resolution HAADF-STEM images of the catalysts: 
Pd/Fe2O3-air (a1,a2), Pd/Fe2O3-H2-100 (b1,b2), and Pd/Fe2O3-H2-400 (c1,c2).
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Figure S4. XRD patterns of the catalysts: (a) Fe2O3, (b) Pd/Fe2O3-air, (c) Pd/Fe2O3-H2-50, (d) 
Pd/Fe2O3-H2-100, (e) Pd/Fe2O3-H2-200, and (f) Pd/Fe2O3-H2-400.
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Figure S5. Fe2p XPS of the catalysts: (a) Fe2O3, (b) Pd/Fe2O3-air, (c) Pd/Fe2O3-H2-50, (d) 
Pd/Fe2O3-H2-100, (e) Pd/Fe2O3-H2-200, and (f) Pd/Fe2O3-H2-400.

Table S1 The surface relative concentration ratios of Fe obtained from the peak fitting of Fe2p XPS.

surface relative concentration ratioscatalyst
Fe2+ Fe3+ Ra

Fe2O3 0.092 0.908 90.8%
Pd/Fe2O3-air 0.086 0.914 91.4%
Pd/Fe2O3-H2-50 0.095 0.905 90.5%
Pd/Fe2O3-H2-100 0.154 0.846 84.6%
Pd/Fe2O3-H2-200 0.255 0.745 74.5%
Pd/Fe2O3-H2-400 0.425 0.575 57.5%

a The Fe species ratio of Fe3+/(Fe2++Fe3+).
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Figure S6. (A) CO conversions over Pd/Fe2O3-H2-100 catalyst under different GHSVs; (B) CO 
conversion ratios with respect to that at GHSV = 180,000 mL∙(h∙gcat)–1 as a function of reaction 
temperature, using data from (A); (C) CO conversion versus reaction temperature over Pd/Fe2O3 
samples. The differential regime (CO conversion ≤ 10%) is marked grey. Reaction mixtures contain 
1.0 volume % CO balanced with dry air. The feed gas rate: 20 mL/min and 3.3 mg of catalyst 
corresponding to GHSV of 360,000 mL∙(h∙gcat)–1.

Firstly, CO oxidation was carried out at various GHSVs over Pd/Fe2O3-H2-100 sample, and the 

results are displayed in Figure S6A, It was noted that increasing the GHSV from 30 to 180K 

mL∙(h∙gcat)–1 resulted in the noticeable reduction of CO conversion through the whole tested 

temperature range. Secondly, Figure S6B presented CO conversion ratios with respect to that at 

GHSV = 180K mL∙(h∙gcat)–1 as a function of reaction temperature using data from Figure S6A. It is 

well-known that CO conversion is expected to increase n-fold as the space velocity decreases n-fold 

in the absence of inter-particle mass transfer limitations. It was noted that, inter-particle 

mass-transfer limitation was more than 99% free under GHSV ≥ 180K mL∙(h∙gcat)–1 condition. 

Thirdly, the ΔEa for CO oxidation over Pd/Fe2O3 catalysts (Figure 5B) using reaction data were 

calculated under CO conversions less than 10% and displayed in Figure S6C.
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Figure S7. (A) Pd3d XPS and (B) TGA curves of spent (a) Pd/Fe2O3-air and (b) Pd/Fe2O3-H2-100 
catalysts after working at 150 °C for 24 h, HAADF-STEM images of spent (C) Pd/Fe2O3 and (D) 
Pd/Fe2O3-H2-100 catalysts after working at 150 °C for 24 h.

Initially, XPS (Figure S7A) was carried out to analyze the variation of chemical valence of Pd 

in the Pd/Fe2O3-air and (b) Pd/Fe2O3-H2-100 catalysts after working at 150 °C for 24 h. It was noted 

that no distinct position change for the both aged catalysts compared with the fresh ones, thus 

indicating that the deactivation of the Pd/Fe2O3-air catalyst should not be due to the oxidation of Pd 

NPs. Then the both aged catalysts were characterized by TGA (Figure S7B). Note that Pd/Fe2O3-air 

exhibited almost similar trend pattern with Pd/Fe2O3-H2-100, and that the decreased weight should 

be both attributed to the loss water, rather than the buildup of carbonates covering the active sites. 

Finally, HAADF-STEM was conducted for the both spent catalysts to further probe the deactivation 

reason (Figure S7C and S7D). The results showed that the Pd NPs on Pd/Fe2O3-air occurred to 

sinter after working at 150 °C for 24 h. However, no obvious change was observed for 

Pd/Fe2O3-H2-100 catalyst. Therefore, the above observations verified that the deactivation of the 

Pd/Fe2O3-air catalyst should be reasonable due to the loss of active sites resulting from the sintering 

of Pd NPs rather than the oxidation of Pd and the buildup of carbonates. It also demonstrated that the 

significantly improved stability of Pd/Fe2O3-H2-100 could be attributed to the protection of outside 

FeOx overlayers, which greatly inhibited the sintering of Pd NPs.
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The Pd-only mechanism

Figure S8. Potential energy diagram for the reaction of CO oxidation on the Pd (111) surface: The 
Pd-only mechanism (two dissociated O atoms absorbed on hcp hollow site).

1) Two O atoms absorbed on the fcc hollow site

The transition states, structures of intermediates, and potential energy diagram for CO oxidation 

over Pd (111) surface were calculated and depicted in Figure S9, which are similar with O atom 

adsorbed on the hcp hollow site. Firstly, O2 bound to the bridge site of Pd-Pd atoms with adsorption 

energy of −0.73 eV (IM1). After undergoing a transition state (TS1) with an activation energy barrier 

of 0.77 eV, O2 was split into two O atoms and adsorbed on the hcp hollow sites. The exothermic 

reaction energy of this step was 1.77 eV, which was increased by 0.35 eV compared with the 

adsorption of two O atoms on the hcp hollow site. It matches well with the 0.20 eV difference of the 

adsorption of single O atom. Then the CO molecule adsorbed on hollow site via C atom with 

adsorption energy of −1.42 eV (IM3). In addition, the CO molecule adsorbed on the fcc and hcp 

hollow sites was separately investigated, and no difference was found in their adsorption energies. 

The adsorbed CO thereafter combined with an adsorbed O atom on Pd to form CO2 (IM4) with 
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exothermic reaction energy and activation barrier at 0.28 and 1.25 eV (TS2), respectively. 

Subsequently, CO2 desorbed from IM4 state with exothermic reaction energy at 0.35 eV. Finally, 

another CO adsorbed on Pd (111) surface (IM6) followed by reacting with one O atom at surface 

with an activation barrier at 1.52 eV (TS3) to form CO2 with an exothermic reaction energy at 0.04 

eV (IM7), and the desorption of CO2 was also exothermic by 0.28 eV (FS).

Figure S9. Potential energy diagram for the reaction of CO oxidation on the Pd (111) surface: The 
Pd-only mechanism (two dissociated O atoms absorbed on fcc hollow site).

2) Two O atoms adsorbed on hcp and fcc hollow sites, respectively

There are two different pathways when two atoms are adsorbed on the fcc and hcp hollow sites, 

respectively. The first pathway starts with the reaction of CO with O atoms adsorbed on the hcp 

hollow site, and the other path starts with the reaction of CO with O atoms adsorbed on the hcp 

hollow site. These two pathways are described as shown in Figures S10 and S11, respectively. The 

O2 molecules adsorbed on the Pd (111) surface were split into two O atoms by the transition state 

(TS1) and were adsorbed on the hcp and fcc hollow sites with an exothermic reaction energy at 1.57 

eV (IM2), respectively. CO firstly reacted with the O atom adsorbed on the hcp hollow site and then 
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reacted with the O adsorbed on the fcc hollow site in Figure S10. The CO molecule was adsorbed on 

hollow site with adsorption energy at −1.51 eV (IM3). Then CO molecule would combine with the O 

atom adsorbed on the hcp hollow site to form CO2 (IM4). This reaction step has an activation barrier 

at 1.12 eV and exothermic reaction energy at 0.39 eV. Subsequently, CO2 desorbed from the surface 

with exothermic energy at 0.35 eV (IM5), and the next steps were similar to the pathway of CO 

reacting with the O two atoms absorbed on the fcc hollow sites.

Figure S10. Potential energy diagram for the reaction of CO oxidation on the Pd (111) surface: The 
Pd-only mechanism (two dissociated O atoms absorbed on hcp and fcc hollow site, respectively. 
Start with O atom adsorbed on hcp hollow sites).

The reaction sequence of CO and O atoms in Figure S11 is opposite to that in Figure S10. The 

CO was adsorbed on the Pd (111) surface (IM3) with exothermic energy at 1.54 eV, followed by 

reacting with the O atom absorbed on the fcc hollow site to produce CO2 (IM4) with exothermic 

reaction energy and activation barrier (TS1) at 0.17 and 1.22 eV, respectively. Subsequently, CO2 

desorbed from the surface with exothermic reaction energy at 0.36 eV. The next steps were similar 

with the pathway of CO reacting with the O two atoms absorbed on the hcp hollow sites.
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Figure S11. Potential energy diagram for the reaction of CO oxidation on the Pd (111) surface: The 
Pd-only mechanism (two dissociated O atoms absorbed on hcp and fcc hollow site, respectively. 
Start with O atom adsorbed on fcc hollow sites).
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Figure S12. Potential energy diagram for the reaction of CO oxidation on the FeOx/Pd (111) surface: 
M-vK mechanism.
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