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ABSTRACT: Environmental transmission electron microscopy probes local structure, 11 
composition, and chemistry of materials under gas environments, while ambient-pressure 12 
X-ray photoelectron spectroscopy provides ensemble chemical and electronic structure 13 
information in gaseous conditions. Both techniques utilize similar differential pumping 14 
schemes to mitigate electron scattering by the gas phase, allowing for unique opportunities to 15 
correlate gas-surface interactions across comparable pressure ranges. Their integration has 16 
advanced the understanding of various catalytic reactions, including the water-gas-shift 17 
reaction, CO oxidation, and surface passivation dynamics. The review discusses their 18 
methodological advancements, challenges, and potential for further integration with other in 19 
situ techniques to address complex catalytic phenomena and guide catalyst design. 20 
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Heterogeneous catalysts are indispensable in chemical processes, energy conversion, 24 
and environmental protection, serving as cornerstones for addressing pressing scientific and 25 
technological challenges.1-3 A thorough understanding and effective optimization of their 26 
catalytic performance are pivotal for advancing innovation in these domains.4-8 However, 27 
heterogeneous catalytic processes are inherently complex, involving intricate interfacial 28 
reactions, dynamic evolution of active sites, adsorption and dissociation of reactants, and 29 
desorption of reaction products. Consequently, achieving a holistic understanding of catalyst 30 
activity, functionality, and stability remains a formidable yet critical challenge.9-12 31 

In recent years, the rapid advancement of in-situ and operando characterization 32 
techniques has revolutionized heterogeneous catalysis research. These techniques facilitate 33 
real-time monitoring of structural and chemical state changes in catalysts under realistic 34 
reaction conditions, providing direct evidence to uncover catalytic mechanisms and 35 
performance.13-18 Among these methods, Environmental Transmission Electron Microscopy 36 
(E-TEM) and Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) have emerged 37 
as essential tools due to their exceptional spatial resolution and high surface sensitivity.19-22 38 

TEM achieves atomic-scale resolution, enabling direct visualization of dynamic 39 
structural changes in catalysts during catalytic reactions in gas environments. This includes 40 
the reconstruction of metal nanoparticles (NPs),23 the behavior of active sites in single-atom 41 
catalysts, and the interactions at metal-support interfaces.24 Meanwhile, AP-XPS provides 42 
unparalleled insights into the chemical states of catalyst surfaces and subsurfaces under 43 
reaction conditions, elucidating mechanisms such as reactant adsorption, dissociation, and 44 
intermediate formation.25,26 Together, these two techniques complement each other by 45 
bridging the gap between high spatial resolution and surface chemical sensitivity under 46 
comparable pressure conditions, offering a comprehensive framework for investigating the 47 
dynamic behavior of heterogeneous catalysts. 48 

This review examines the integration of E-TEM and AP-XPS for in-situ studies of 49 
gas-surface reactions, with a particular emphasis on heterogeneous catalysis. It highlights 50 
how these techniques complement each other, enhancing our understanding of catalyst 51 
activity, functionality, and stability. The review begins with an overview to the working 52 
principles of E-TEM and AP-XPS, followed by a summary of their recent applications in 53 
studying gas-surface reactions over the past few years. It then discusses the integration of 54 
these techniques to investigate the dynamic structural evolution and surface chemical 55 
behavior of catalysts. By synthesizing these insights, this review aims to highlight the 56 
potential of combining these tools, uncovering fundamental mechanisms of gas-surface 57 
reactions with significant implications for the development of high-performance catalysts. 58 

E-TEM has emerged as a powerful in-situ/operando tool for atomic- and nanoscale 59 
visualization of catalysts during reactions, providing crucial insights into their structural 60 
dynamics under varying gaseous and environmental conditions. Several comprehensive and 61 
review articles have highlighted E-TEM methodologies and their applications in catalytic 62 
research.22,27-42 These reviews have explored critical advancements in E-TEM, including its 63 
role in understanding catalyst structural evolution in response to controlled gaseous 64 
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environments and its contribution to mechanistic insights into catalytic activity. They have 65 
also provided in-depth discussions on the design of reaction cells, catalyst synthesis methods, 66 
and the characterization of catalytic processes, which collectively support the exploration of 67 
structure–property relationships and catalytic mechanisms. 68 

A key challenge in E-TEM lies in introducing reactive gases into the sample region 69 
while minimizing their impact on the microscope’s vacuum system. To address this, two 70 
primary gas introduction strategies have been developed, each with distinct advantages and 71 
limitations. The first strategy involves a differential pumping system, which incorporates 72 
pressure-limiting apertures within the pole piece and employs turbomolecular and ion getter 73 
pumps to achieve gas pressures up to 1.33×10-2 bar in the sample region, while maintaining 74 
ultra-high vacuum (UHV) near the electron source (Figure 1a-b).43,44 The advantage of this 75 
approach is that it preserves high spatial resolution (sub-Å) by minimizing electron scattering. 76 
However, this method is limited by the relatively low gas pressure that can be achieved in the 77 
reaction region, which may not always represent realistic operating conditions, particularly 78 
for high-pressure reactions. Another disadvantage of this open-cell strategy is its 79 
incompatibility with standard TEM setups, requiring significant redesign of the TEM column 80 
to accommodate the necessary pumping and pressure control mechanisms.  81 

The second strategy employs specially designed sealed sample holders, where catalyst 82 
specimens are enclosed within reaction cells equipped with electron-transparent windows, 83 
allowing gas pressures up to atmospheric levels (Figure 1c).45 This approach provides a 84 
clearer understanding of catalyst behavior in environments that more closely mimic industrial 85 
processes, where high-pressure conditions are often essential. One key advantage of this 86 
method is its compatibility with standard TEM setups, as it does not require extensive redesign 87 
of the TEM column. The sealed sample holders can be easily integrated into existing TEM 88 
systems, making this approach more accessible and cost-effective compared to the differential 89 
pumping strategy. However, one of the main drawbacks of this method is that the enclosed 90 
reaction cells can introduce limitations in terms of spatial resolution and sample stability, 91 
particularly when high-energy electron beams are used. The electron-transparent windows 92 
must be carefully chosen to balance transparency with the ability to withstand harsh reaction 93 
conditions, such as high temperature and reactive gases. Furthermore, although the approach is 94 
compatible with standard TEM systems, the reaction cells still require some customization to 95 
ensure they can accommodate the specific experimental conditions, which may complicate the 96 
setup. Despite these challenges, the sealed sample holder strategy offers a powerful and 97 
practical solution for studying reactions under high-pressure conditions while maintaining 98 
broader compatibility with existing TEM instruments. 99 



 4 

 100 

Figure 1. (a) Schematic of an in-situ TEM setup equipped with differential pumping apertures and 101 
multi-stage pumps. Adapted from ref 43. Copyright 2012, Elsevier Ltd. All rights reserved. (b) 102 
Illustration of an open environmental cell containing liquid and vapor, with differential apertures 103 
separating the higher sample pressure from the microscope vacuum. Adapted from ref 44. Copyright 104 
2011, Springer Nature Limited. (c) Schematic of a closed environmental cell within a TEM sample 105 
holder, composed of solid electron-transparent membranes. Adapted from ref 45. Copyright 2010, 106 
Microscopy Society of America. (d) Diagram of the setup of APXPS. (e) Principles of ambient 107 
pressure X-ray photoelectron spectroscopy (XPS) with differential pumping systems. Adapted from 108 
ref 58. Copyright 2019 by the authors. 109 

The key advantage of E-TEM lies in its ability to conduct high-resolution TEM imaging 110 
and electron energy loss spectroscopy (EELS), allowing for the direct observation of 111 
structural and chemical changes in catalysts at the nanometer scale and beyond. This unique 112 
capability allows researchers to study the dynamic behavior of catalysts under realistic 113 
reaction conditions in unprecedented detail. For example, E-TEM has been employed to 114 
visualize particle sintering and morphological transformations in noble metal and alloy 115 
catalysts,46-49 oxygen vacancy dynamics,50-53 and the real-time interfacial reactions occurring 116 
in heterogeneous catalytic processes.54-57 117 

AP-XPS has gained prominence as a powerful technique in catalysis and electrocatalysis 118 
research, owing to its exceptional surface sensitivity, elemental specificity, and operando 119 
compatibility.58-64 Unlike conventional XPS performed under UHV, AP-XPS enables direct, 120 
real-time observation of chemical state evolution at catalyst surfaces under near-practical 121 
reaction conditions, offering critical insights into the nature and dynamics of active sites. 122 
From an instrumentation standpoint, continuous advancements in synchrotron light sources, 123 
differential pumping systems, and high-resolution energy analyzers have significantly 124 
improved AP-XPS performance, the schematic of its setup and differential pumping systems 125 
are shown in Fig. 1d-e.58 These developments have expanded the accessible pressure range to 126 
tens of torr, enhanced time resolution, and enabled the detection of rapid surface chemical 127 
transformations—facilitating in situ and operando studies of catalytic kinetics. 128 
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AP-XPS offers several distinct advantages, including the ability to precisely measure the 129 
valence states and chemical environments of surface elements, thus revealing redox cycles 130 
and intermediate species formation at active sites during catalytic reactions.65-67 By adjusting 131 
the probing depth of photoelectrons, AP-XPS can differentiate between the chemical states of 132 
surface and subsurface regions, providing crucial information for studying adsorption, 133 
dissociation, and interfacial reactions.25,68-70 Additionally, with the integration of fast 134 
scanning and data acquisition technologies, researchers can monitor rapid catalytic reactions 135 
in real time. For instance, in photocatalytic and photoelectrocatalytic systems, AP-XPS can 136 
identify binding energy shifts of key elements, elucidating charge transfer mechanisms at the 137 
interface between cocatalysts and semiconductors, and offering insights into electron-hole 138 
separation processes.21 139 

AP-XPS and E-TEM are indispensable tools in heterogeneous catalysis research, but 140 
each comes with inherent limitations that can hinder a comprehensive understanding of 141 
catalytic processes. AP-XPS provides detailed chemical insights into catalyst oxidation states, 142 
reaction intermediates, and surface chemical changes on the ensemble scale, with a probing 143 
area ranging from a few hundred micrometers to millimeters. However, its limited spatial 144 
resolution restricts direct observation of local chemical transformations during catalytic 145 
reactions.21,58,71-76 Conversely, E-TEM excels at capturing local structural dynamics and 146 
morphological changes at the nanometer scale and below. However, it lacks the ability to 147 
directly probe chemical states of active sites or the molecular characteristics of reaction 148 
products.77-79 149 

A key consideration is the necessity of AP-XPS, given that E-TEM, coupled with EELS, 150 
can also provide chemical information. EELS in E-TEM offers spatially resolved chemical 151 
insights, such as local oxidation states and bonding environments, with atomic-scale 152 
resolution. However, its utility is constrained by two critical factors. First, EELS is subject to 153 
operando limitations: it requires electron-transparent samples (typically＜~100 nm in 154 
thickness) and performs more effectively at lower pressures (around 10-5 to 10-3 mbar). At 155 
higher pressures, the quality of spectra deteriorates due to increased electron scattering in the 156 
gas phase. This limitation makes EELS less suitable for studying realistic catalytic 157 
environments, which operate under near-ambient pressures and involve thicker or 158 
polycrystalline materials. Second, although EELS is highly effective for detecting light 159 
elements such as O and C under standard TEM conditions, its application in E-TEM is often 160 
constrained by the presence of gas, elevated temperatures, and potential sample drift—all of 161 
which can reduce the signal-to-noise ratio and spectral resolution. Moreover, in relatively 162 
thick samples or heterogeneous systems, the increased electron penetration depth results in a 163 
bulk-averaged signal that can obscure subtle surface changes and low-abundance species,80,81 164 
which are critical for understanding catalytic reactions. 165 

In contrast, AP-XPS provides distinct advantages. It provides surface-specific, 166 
quantitative chemical information by operating at near-ambient pressure (up to 10 mbar), 167 
enabling the direct observation of adsorbates, oxidation states, and reaction intermediates 168 
under working conditions. Additionally, AP-XPS has statistical relevance, as it averages over 169 
µm-mm areas and captures ensemble-averaged chemical states that are representative of 170 
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practical catalysts (e.g., powders or polycrystalline films). This capability is essential for 171 
understanding the behavior of catalytic materials in realistic environments. Although 172 
AP-XPS exhibits lower elemental selectivity compared to techniques such as EELS, this 173 
limitation can also serve as an advantage in complex catalytic environments. By being less 174 
sensitive to trace elements, AP-XPS more selectively probes the dominant chemical states of 175 
key surface species, minimizing interference from minor or background signals. This 176 
facilitates clearer interpretation of redox processes and adsorption behaviors of the main 177 
active components under realistic reaction conditions. 178 

The integration of E-TEM/EELS and AP-XPS creates a synergistic approach. While 179 
E-TEM/EELS excels at resolving local structural dynamics, it may miss important 180 
surface-specific chemistry. AP-XPS complements this gap by correlating global surface 181 
chemistry, such as adsorbate coverage and oxidation-state shifts, with catalytic activity. For 182 
example, in the water-gas shift reaction (WGSR) over Pt/CeO₂ catalysts, E-TEM reveals the 183 
dynamic restructuring of Pt NPs, while AP-XPS detects transient CO adsorption and Pt0/Ptδ+ 184 
redox cycling82. These data, which are inaccessible to EELS due to its vacuum limitations 185 
and bulk probing nature, highlight the complementary strengths of both techniques. 186 

Thus, the integration of E-TEM and AP-XPS is not redundant, but rather complementary. 187 
It bridges atomic-scale structural dynamics with surface chemistry under realistic conditions, 188 
offering multidimensional insights into chemical transformations and structural evolution. 189 
This combined approach overcomes the limitations of each individual technique, providing a 190 
comprehensive framework for investigating complex reaction mechanisms. Representative 191 
case studies, detailed in Table 1, demonstrate how integrating these techniques advances the 192 
understanding of heterogeneous catalytic systems. 193 

Table 1: Recent examples of integrated E-TEM and AP-XPS studies on heterogeneous catalysts, 194 
highlighting the synergistic use of both techniques to probe structural and chemical dynamics. 195 

Catalysts Gas & Pressure Temperature Ref 

Pt/CeO2 

E-TEM: O2, 0.53 mbar; H2, 0.53 mbar; CO, 0.13 mbar; H2O vapor, 0.27 mbar 

400°C, 300°C 82 

AP-XPS: O2, 0.53 mbar; H2, 0.53 mbar; CO, 0.47 mbar; H2O vapor, 0.93 

mbar 

Pt/TiO2 
E-TEM: H2, 1 bar; O2, 1 bar 

600 °C 54 
AP-XPS: H2, 0.15 mbar; O2, 1 mbar 

Pt 

E-TEM: UHV; air plasma 127 °C, 227 °C 

83 
AP-XPS: CO, 10 mbar; H2, 0.5 mbar; H2, O2 plasma RT, 100 °C 
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Ir NPs 
E-TEM: UHV; H2, 0.5 mbar RT— 800℃ 

84 

AP-XPS: UHV RT— 570℃ 

Cu50Au50 NPs E-TEM & AP-XPS: O2, 1.33×10-3 mbar 200°C 25 

CuO 
E-TEM: H2, 5×10-3 mbar 300 °C 

50 
AP-XPS: O2, 1.33 mbar; H2, 5.3×10-3 mbar 350 °C, 300 °C 

Al 

E-TEM: H2O vapor, 4.67×10-5—4.67×10-4 mbar 

RT 85 

AP-XPS: H2O vapor, 1.33×10-5 mbar 

Ti–Cu 
ETEM: H2, O2, 1 bar 

400 °C, 250 °C 86 
AP-XPS: H2, O2, 1 mbar 

Ni/γ–Mo2N 

E-TEM: H2/N2 = 3:1, 0.02 mbar 400 °C—520 °C 

87 

AP-XPS: H2/N2 = 3:1, 0.053 mbar 300 °C—520 °C 

NiCu E-TEM & AP-XPS: H2, 1.33 mbar; ethanol, 0.27 mbar 350 °C, 250 °C 88 

Cu-Au 
E-TEM: H2, 1.33×10-3 mbar 

600 °C 89 
AP-XPS: H2, 0.013 mbar 

Pt-CeO2 
E-TEM: H2O:CO = 2:1, 0.73 mbar 200 °C 

90 
AP-XPS: H2O:CO = 2.3:1, 0.043 mbar RT—300 °C 

Pd NPs E-TEM: CH4, 36.7 mbar; O2, 16.7 mbar; He,126.6 mbar 
350 °C, 550 °C 91 

AP-XPS: O2, 1mbar; CH4/O2 = 4.5:1, 1.3 mbar 

A representative example of this combined approach is the study of Pt/CeO2 catalysts 196 
during WGSR, where E-TEM and AP-XPS were integrated to elucidate the dynamic 197 
evolution of active sites.82 Figure 2a-i illustrates the structural dynamics of Pt species 198 
supported on CeO2 with different morphologies (rod, cube, and octahedron) using E-TEM. 199 
During O₂ and H₂ pretreatment, Pt atoms were highly dispersed and exhibited significant 200 
surface mobility. Under WGSR conditions (CO + H₂O at 300 °C), Pt gradually aggregated 201 
into small metallic clusters. This restructuring correlated with the formation of surface 202 
oxygen vacancies (VO), suggesting that Pt atoms preferentially migrate and coalesce near 203 
vacancy-rich regions, leading to a reconfiguration of the metal–oxide interface. These 204 
observations highlight the intrinsically dynamic nature of the active sites and the structural 205 
adaptability of the interface under reaction conditions. Complementing the E-TEM 206 
observations, AP-XPS provided detailed insights into the changes in the oxidation states of Pt 207 
species during the WGSR. As shown in Figure 2j-o, after O2 pretreatment, Pt was primarily 208 
present in oxidized forms (Pt4+ and Pt2+), with a minor fraction as metallic Pt0. Subsequent H2 209 
pretreatment partially reduced the oxidized Pt species to metallic Pt0. Under WGSR 210 
conditions, metallic Pt0 became the predominant species across all catalysts, while the 211 
rod-shaped Pt/CeO2 catalyst retained the highest proportion of Ptδ⁺. These dynamic 212 
measurements on surface chemistry further emphasize the essential role of metal-support 213 
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interactions in stabilizing intermediate oxidation states and promoting catalytic activity. 214 
Taken together, E-TEM and AP-XPS jointly captured the complete dynamic evolution of the 215 
Pt/CeO2 interface. This structure-driven, electronically coupled mechanism not only clarifies 216 
the nature of active sites under operando conditions but also underscores the indispensable 217 
role of integrated in situ techniques in unraveling the complexities of catalyst behavior at the 218 
atomic scale. 219 

 220 

Figure 2. Operando correlation of Pt/CeO2 structural dynamics and oxidation state evolution during 221 
WGSR. (a-i) Time-lapse E-TEM imaging of Pt/CeO2 catalysts with distinct morphologies (rod: a–c; 222 
cube: d–f; octahedron: g–i). Snapshots were taken after O2 pretreatment (400°C, 0.53 mbar, 30 min), 223 
H2 pretreatment (300°C, 0.53 mbar, 30 min), and under WGSR conditions with CO (0.13 mbar) and 224 
H2O (0.27 mbar) at 300°C. The images reveal the fluxional nature of Pt atoms, with dispersed species 225 
forming small clusters under reaction conditions. Scale bars, 2 nm. (j-o) AP-XPS analysis of Pt 226 
oxidation states during WGSR. (j–l) Pt 4f spectra of Pt/CeO2-rod, Pt/CeO2-cube, and Pt/CeO2-oct 227 
catalysts collected under various conditions: UHV at 400°C, O₂ pretreatment (0.53 mbar, 400°C, 30 228 
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min), H2 pretreatment (0.53 mbar, 300°C, 30 min), and WGSR conditions with CO (0.47 mbar) and 229 
H2O (0.93 mbar) at 300°C. The pink solid peaks represent CO adsorption on metallic Pt⁰ in the 230 
presence of CO and H2O. (m–o) Fraction of Pt0 and Ptδ+ species derived from peak areas under 231 
different conditions for the three catalysts. Solid circles represent Pt0, while open circles represent Pt 232 
δ+. Adapted from ref 82. Copyright 2024, Published by Nature Communications Materials. 233 

Similarly, in the study of Pt/TiO2 catalysts under H2 and O2 atmospheres, Beck et al.54 234 
employed a combination of E-TEM and AP-XPS to uncover the dynamic behavior of the 235 
SMSI (Strong Metal-Support Interaction) phenomenon. Figures 3a-e depict the dynamic 236 
structural evolution of the Pt surface during the formation of SMSI. Under 1 bar H2 at 600 °C, 237 
the Pt NPs gradually become coated with a low-contrast, amorphous overlayer (Figures 3a-b). 238 
Upon switching the atmosphere to O2, the overlayer thickens, partial crystallization occurs, 239 
and lattice distortions emerge at the edges of the Pt particles (Figure 3c). Reintroduction of 240 
H2 leads to significant thinning of the overlayer (Figure 3d), demonstrating the high 241 
reversibility of the SMSI state. Complementary to these structural changes, AP-XPS provides 242 
direct evidence of surface electronic modulation. Under H2, the Pt 4f7/2 peak appears at 71.3 243 
eV (Figure 3f), consistent with fully reduced metallic Pt. Upon exposure to O2, the Pt signal 244 
decreases by approximately 50%, the binding energy shifts to 72.1 eV, and the peak broadens 245 
(Figure 3g), indicating electron transfer from Pt to the overlayer and the formation of 246 
interfacial Pt-O-Ti bonding. Reverting back to H2 restores the Pt peak to its original intensity 247 
and binding energy (Figure 3h), in line with the overlayer thinning observed by E-TEM. 248 

The strength of this study lies in its integrated use of real-space imaging and 249 
surface-sensitive spectroscopy. This dual approach not only confirms the causal link between 250 
TiOx migration, overlayer formation, and Pt lattice distortion, but also reveals the 251 
directionality of charge transfer at the metal-oxide interface. By combining structural 252 
visualization with electronic state tracking, it overcomes the inherent limitations of 253 
single-technique analyses and enables a comprehensive, operando view of active site 254 
evolution. More broadly, this methodology provides critical experimental support for 255 
establishing a dynamic interface model. In SMSI systems, active site properties are not 256 
determined by a static encapsulation layer alone, but rather by the coordinated effects of a 257 
reversible TiOx shell, localized lattice strain in the metal, and interfacial charge redistribution. 258 
This multifactor coupling serves as a conceptual foundation for next-generation catalyst 259 
design based on interface engineering principles. 260 
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Figure 3. In-situ E-TEM and AP-XPS elucidating reversible structural dynamics and persistent 262 
chemical state changes of a Pt/TiO2 catalyst during H2 and O2 cycling at 600 °C. (a-e) Time-resolved 263 
E-TEM imaging of a Pt nanoparticle on TiO2 during alternating gas exposure: initial H2 (1 bar, a-b), 264 
followed by O2 (1 bar, c), H2 (1 bar, d), and O2 (1 bar, e) (scale bar: 5 nm). Insets in (c-e) show 265 
zoomed-in views of the overlayer structure observed. (k-m) AP-XPS Pt 4f spectra (650 eV photon 266 
energy) with corresponding peak fittings (Donjac-Sunjic for k, l, and Gaussian-Lorentian for m): 267 
metallic Pt0 dominated after the first H2 (0.15 mbar) exposure (k). Exposure to 1 mbar O2 induced 268 
oxidation (Ptδ⁺) and a 50% intensity drop (l). Subsequent H2 exposure (m) partially restored metallic 269 
Pt0, but the total intensity remained low, indicating irreversible Pt redistribution or sintering. Adapted 270 
from ref 54. Copyright 2020, The Author(s) 271 

Another notable example is the work by Liu et al.,84 who combined E-TEM and 272 
AP-XPS to investigate the thermal evolution of Ir NPs on a carbon support (Ir/C), particularly 273 
focusing on the formation of carbon overcoats and their influence on catalyst stability and 274 
electronic structure. Figures 4a-p illustrate the real-time morphological transformation of Ir 275 
NPs under high vacuum heating. At around 550 °C, a thin carbon overlayer began to form on 276 
the Ir surface, which progressively graphitized and stabilized at 800 °C. This carbon shell 277 
effectively suppressed Ir NP sintering and migration, significantly enhancing the thermal 278 
stability of the catalyst at elevated temperatures. Meanwhile, in situ AP-XPS analysis 279 
(Figures 4q-s) provided complementary insights into the electronic state evolution of the Ir 280 
surface during the encapsulation process. In the initial material, the Ir 4f spectrum was 281 
dominated by a peak at 61.2 eV corresponding to Ir4+ species, along with a smaller 282 
contribution from metallic Ir⁰ at 60.7 eV. The O 1s spectrum further confirmed the presence 283 
of surface Ir–O or Ir–OH species (530.3 eV), as well as surface oxygen associated with the 284 
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carbon support (531.9 eV). Upon heating to 200 °C, the Ir4+ peak decreased significantly and 285 
eventually disappeared, indicating the reduction of surface Ir oxides to metallic Ir. This 286 
reduction process was accompanied by a rise in the chamber pressure, suggesting desorption 287 
of adsorbed water and/or decomposition of IrOx species. As the temperature was further 288 
increased to 400-570 °C, the Ir 4f peak remained at the binding energy position associated 289 
with metallic Ir, but its intensity gradually declined. This trend is consistent with the 290 
thickening of the carbon overlayer observed in TEM, which attenuates the Ir signal due to 291 
increased surface coverage. Notably, the C 1s spectrum showed a marked increase in the 292 
284.3 eV peak with rising temperature, indicating reorganization and graphitization of the 293 
carbon support surface. This trend was inversely correlated with the weakening Ir signal, 294 
suggesting enhanced attenuation of the Ir signal by the growing carbon overlayer, thereby 295 
supporting the formation of a stable encapsulation structure. 296 

The strength of this study lies in the high complementarity between in situ TEM and 297 
AP-XPS. While TEM captured nanoscale structural transformations on the particle surface, 298 
such as overlayer formation, thickness evolution, and morphological changes, AP-XPS 299 
provided dynamic tracking of the elemental valence states, particularly offering key insights 300 
into the reduction of Ir from its oxidized state to metallic Ir, interfacial electron transfer 301 
behavior, and the restructuring of the carbon matrix. The combined use of in situ TEM and 302 
AP-XPS enables real-time monitoring of both the structural and electronic evolution of the 303 
active centers, revealing the stepwise formation of carbon overcoating as a stabilization 304 
mechanism. This integrated approach offers strong mechanistic support and strategic 305 
guidance for the rational design of thermally robust noble metal catalysts. 306 
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 307 
Figure 4: In-situ atomic-scale TEM and XPS observations of the structural and electnic evolution of 308 
Ir NPs on a carbon support during temperature cycling. (a-p) In situ TEM images showing changes in 309 
the overlayer and interfacial structure at temperatures of 800, 500, 200 ℃, and back to 800 ℃. (a−d) 310 
Monolayer carbon-covered Ir NP; (e−h) Enlarged images within the dotted rectangles in (a−d); (i−l) 311 
Bilayer carbon-covered Ir NP; (m−p) Enlarged images from the dotted rectangles in (i−l). (q-s) XPS 312 
spectra of (q) Ir 4f, (r) O 1s, and (s) C 1s for Ir/C at temperatures ranging from RT to 570 ℃ under 313 
UHV conditions. Adapted from ref 84. Copyright 2023, American Chemical Society. 314 

These studies highlight the significant potential of integrating E-TEM and AP-XPS for 315 
investigating the structural dynamics and chemical transformations of heterogeneous 316 
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catalysts. The synergistic use of these techniques provides a more comprehensive 317 
understanding of the intricate interplay between structural evolution and surface chemical 318 
behavior under similar reaction conditions. Below, we highlight three studies from our own 319 
research, demonstrating how the complementary capabilities of these tools have been 320 
leveraged to explore the redox behavior of metals, alloys and oxides. 321 

Wang et al.25 employed a combination of in situ AP-XPS and E-TEM to investigate the 322 
oxygen-induced encapsulation of Cu50Au50 NPs supported on HOPG, revealing a 323 
representative case of carbon-based SMSI. As shown in Figures 5a-f, under conditions of 324 
200 °C and increasing O2 pressure, AP-XPS revealed distinct peaks in the C 1s (290.4 eV) 325 
and O 1s (532.3 eV) regions, indicating the progressive formation of surface graphitic oxides 326 
(O–C═O). These signals were significantly stronger for Cu₅₀Au₅₀/HOPG compared to 327 
Au/HOPG, suggesting that the alloy promoted the formation of a graphitic oxide layer 328 
encapsulating the surface. Concurrently, Cu 2p spectra revealed the development of Cu2+-like 329 
states, distinct from typical CuO signatures, which were attributed to interface charge transfer 330 
between Cu atoms and O–C═O ligands, leading to a 3d9L-2 final-state configuration. Depth 331 
profiling with variable photon energies further confirmed the presence of an ultrathin 332 
graphitic oxide overlayer on the Cu50Au50 NPs, where the Cu and Au signals were 333 
undetectable with low-energy photons but visible with high-energy excitation (~650 eV). 334 
This indicated that the overlayer thickness consisted of only a few carbon layers. These 335 
spectroscopic insights were complemented by real-space imaging via E-TEM under similar 336 
reaction conditions. Figures 5g-l show in-situ HRTEM images, revealing that the graphitic 337 
oxide shell initiated at the NP/HOPG contact corners and gradually spread over the entire NP 338 
surface, forming a 1–2 layer-thick encapsulation with an interlayer spacing of 339 
~0.4 nm—larger than that of pristine graphite (0.33 nm)—indicating partial oxidation of the 340 
graphitic structure. Unlike traditional SMSI systems, which involve oxide supports and 341 
reversible encapsulation, this work introduces an encapsulation mechanism on carbon 342 
supports. It demonstrates how the combination of AP-XPS and E-TEM enables 343 
complementary, multiscale insight into structure–electronic–function relationships at the 344 
catalytic interface.  345 
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 346 

Figure 5. Chemical and structural dynamics of Cu50Au50NPs on HOPG under O2 exposure. (a–d) 347 
Evolution of AP-XPS spectra at 200 °C showing the formation of a graphitic oxide layer. Key regions 348 
include O 1s, C 1s, Au 4f, Cu 3p, Cu 2p, and Cu LMM. The spectra in the top sections of (a, c, d) 349 
correspond to UHV annealing at 400 °C after O2 dosing, revealing the decomposition of the graphitic 350 
oxide layer. The inset in (b) highlights the Cu 3p region, showing that the O2 exposure did not fully 351 
form CuO, consistent with electron transfer to carbon and oxygen species under photon excitation. (e) 352 
Au 4f, Cu 3p, and O 2s spectra illustrating that the graphitic oxide is primarily localized at the 353 
uppermost surface layers measured with the photon energies of 250 eV, 450, and 600 eV, respectively 354 
(200 °C, 1.33×10-3 mbar O2). (f) Comparative Au 4f and C 1s spectra obtained from the center (high 355 
density of Cu50Au50 NPs) and edge regions (no Cu50Au50 NPs) of the HOPG support, demonstrating 356 
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that the graphitic oxide formed predominantly on the Cu50Au50NPs. (g–l) Time-lapse HRTEM images 357 
illustrating the encapsulation of Cu50Au50 NPs during O2 exposure (200 °C, 1.33×10-3 mbar O2). 358 
Adapted from ref 25. Copyright 2024, American Chemical Society. 359 

Another example of this combined methodology is the study by Sun et al.,50 which 360 
investigated H2-induced structural oscillations in CuO, leveraging in situ capabilities of 361 
E-TEM and AP-XPS to elucidate the dynamic interplay between surface reactions and 362 
subsurface structural changes. Figures 6a–d present E-TEM imaging that vividly captured the 363 
dynamic superlattice oscillations occurring within the ~3 nm subsurface region of CuO under 364 
H2 atmosphere. These oscillations reflected the periodic ordering and disordering of oxygen 365 
vacancies, confined to a shallow “active layer” near the surface (confirmed by FFT in Figures 366 
6e–l). The absence of deeper lattice involvement suggests that the reaction-induced 367 
nonstoichiometric modulation was spatially localized, revealing how surface 368 
reactions—through vacancy formation and migration—can structurally perturb the 369 
near-surface lattice without altering the bulk. Complementary insights were provided by 370 
AP-XPS analysis in Figure 6g. The O 1s spectrum evolves from a single lattice oxygen peak 371 
at 529.5 eV to a broadened profile with a shoulder at 530.6 eV, indicating the formation and 372 
accumulation of surface hydroxyl (OH) species. This electronic transition reflected 373 
H₂-induced activation of lattice oxygen and subsequent vacancy generation. Notably, the 374 
emergence of the OH-related shoulder closely paralleled the structural oscillations observed 375 
by E-TEM, suggesting that surface chemistry evolution dynamically regulated subsurface 376 
structural responses. 377 

This study demonstrated the strong complementarity between in situ AP-XPS and 378 
E-TEM: E-TEM offers atomic-scale resolution of vacancy ordering and disordering by 379 
real-time visualization of structural oscillations, while AP-XPS reveals the associated 380 
sequence of electronic changes—OH formation, H2O desorption, and vacancy 381 
generation—through spectral broadening and the emergence of identifiable intermediates. 382 
Together, they uncovered a dynamic surface-subsurface coupling mechanism linking vacancy 383 
generation at the oxide surface, structural response in the subsurface, and reaction 384 
intermediate (OH) modulation, highlighting the power of multimodal operando 385 
characterization in advancing our understanding of heterogeneous catalysis. 386 



 16 

 387 

Figure 6. E-TEM and AP-XPS monitoring of CuO reduction in H2. (a-d) Time-resolved HRTEM 388 
images of the CuO lattice during exposure to a continuous flow of H2 gas at 300 ℃ and 5×10-3 mbar 389 
H2. The pink, green, arctic, and yellow dashed lines in (d) trace the position and configuration of the 390 
outer surface at 0 s, 28.9 s, 45.9 s, and 71.7 s, respectively, illustrating the oxide decay via receding 391 
motion of atomic steps at the outer surface. The white dashed lines in (b, d) mark the boundary 392 
between the superlattice region and the deeper, unaffected region. (e–h) Diffractograms from the 393 
subsurface region (red dashed box in HRTEM images), showing the cyclic reoccurrence of 394 
superlattice diffraction spots indicated by yellow dashed circles. (i–l) Diffractograms from the deeper 395 
region (blue dashed box in HRTEM images), revealing that the deeper regions of the CuO lattice 396 
remained unaffected throughout the process. Scale bar: 2 nm (a–d). (m) Photoelectron spectra of O 1s 397 
obtained from the CuO surface at 1.33 mbar O2 and 350 ℃ (upper panel), and subsequent exposure to 398 
5.3×10-3 mbar H2 at 300 ℃ (lower panel). H2 exposure induced broadening of the O 1s spectrum 399 
toward higher binding energy, with the major peak corresponding to lattice oxygen in CuO (red) and 400 
the shoulder peak ascribed to surface OH groups (blue). Adapted from ref 50. Copyright 2020, The 401 
Author(s) 402 

Beyond catalysis reactions, the combination of E-TEM and AP-XPS proves invaluable 403 
for studying other gas-surface reactions such as meal oxidation and passivation,85,92,93 which 404 
can contribute to catalyst degradation. For example, recent work by Chen et al.85 investigated 405 
the atomic-scale passivation dynamics of Al surfaces in H2O vapor, offering new insights into 406 
its structural evolution and functional properties. Their results showed that H2O vapor 407 
induces the formation of a bilayer oxide structure: an outer crystalline Al(OH)3 layer and an 408 
inner amorphous Al2O3 layer, as illustrated in Figure 7a-i. In situ high-resolution E-TEM 409 
imaging revealed that upon initial contact of H2O vapor, the clean Al surface forms a 410 
crystalline Al(OH)3 layer approximately 5.0 Å thick. Over time, inward diffusion of oxygen 411 
atoms drives the growth and thickening of the inner amorphous Al2O3 layer. This bilayer 412 
structure exhibits a self-limiting growth behavior, consistent with the Cabrera-Mott oxidation 413 
model. 414 

The in-situ E-TEM observations were further corroborated by AP-XPS, which provided 415 
detailed insights into the chemical composition and temporal evolution of the Al2O3 and 416 
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Al(OH)3 layers. Complementary insights were provided by in situ AP-XPS and residual gas 417 
analysis (RGA) in Figures 7j-l, which elucidated the chemical transformations and gas-phase 418 
reaction pathways underlying the observed structural changes. The O 1s spectra showed a 419 
rapid increase and subsequent saturation of the OH peak at 533.8 eV, while the O peak at 420 
532.1 eV continued to grow, mirroring the sequential formation of Al(OH)3 followed by 421 
Al2O3 observed via E-TEM. Simultaneously, RGA monitoring revealed a transient release of 422 
H₂ gas, confirming that H2O dissociation occurred on the Al surface, followed by H–O 423 
recombination and H2 evolution—a characteristic passivation reaction route. Importantly, the 424 
bilayer film formation observed in E-TEM was in excellent agreement with the time-resolved 425 
electronic and gas-phase signals captured in Figures 7j-l, establishing a comprehensive 426 
temporal and mechanistic correlation. AP-XPS quantified the transition between OH and O 427 
surface species, while RGA provided kinetic evidence of H2 evolution, which underlined the 428 
saturation of oxide film thickness seen in E-TEM. 429 

This work highlights the powerful synergy of E-TEM and AP-XPS in probing 430 
heterogeneous interface reactions. By combining atomic-scale imaging, surface chemistry, 431 
and gas evolution analysis, the study bridges structural, electronic, and kinetic dimensions. 432 
This integrative approach enables a full-spectrum understanding of metal oxidation and 433 
passivation processes, offering key mechanistic insights for corrosion resistance, interfacial 434 
design, and surface reaction engineering. 435 
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 436 

Figure 7. Coordinated E-TEM and AP-XPS monitoring of surface passivation of Al(111) by 437 
H2O vapor, demonstrating the formation of an Al(OH)3/Al2O3 bilayer. (a-g) Time-sequence HRTEM 438 
images showing the Al(OH)3/Al2O3 bilayer growth on Al(111) at 25 ℃ and 4.67×10-5 mbar H2O. 439 
White lines highlight regions with weakened lattice contrast due to H2O-induced Al extraction from 440 
the outermost Al(111) layer. Red dashed lines and blue solid lines denote the Al(OH)3/Al2O3 and 441 
Al2O3/Al(111) interfaces, respectively. The white line in (g) traces the Al2O3/Al(111) interface 442 
position from (d) at t=65.4 s. Insets in (b) and (g) are simulated HRTEM images of the Al lattice with 443 
surface vacancies and the Al(OH)3 structure. (h) Schematic of the Al(OH)3/Al2O3 bilayer structure. (i) 444 
Time-dependent thickness of the Al(OH)3/Al2O3 bilayer (green) and Al2O3/Al(111) interface 445 
displacement (black). The Al(OH)3 layer reaches ~5.0 Å thickness after ~60 s, while the inner Al2O3 446 
layer grows to a limiting thickness. Error bars show standard deviation uncertainties from multiple 447 
measurements. (j-l) AP-XPS and residual gas analyzer (RGA) measurements of passive oxide film 448 
formation on Al(111). (j) Time-resolved O 1s photoemission spectra and CPS during Al(111) exposure 449 
to 1.33×10-5 mbar H2O at 25 ℃. The faint peak at 0 s is attributed to residual oxygen from incomplete 450 
sputtering and annealing. (k) Time evolution of integrated intensities for Al2O3 and Al(OH)3 451 
components. (l) RGA measurements showing H2O consumption (blue) and H2 production (orange). 452 
Adapted from ref 85. Copyright 2023, The Authors, some rights reserved 453 
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The integration of E-TEM and AP-XPS provides a robust toolkit for studying structural 454 
and chemical evolution of heterogeneous catalysts, as well as the underlying reaction 455 
mechanisms. These complementary techniques offer real-time, dynamic insights into catalyst 456 
behavior under realistic reaction conditions: E-TEM enables atomic-scale visualization of 457 
catalyst structures, capturing phenomena such as NP reconstruction, dynamic growth of 458 
surface oxide layers, and adaptation at metal-support interfaces.94 On the other hand, AP-XPS 459 
probes ensemble-level changes in surface chemistry, adsorption and activation of reactants, 460 
and the formation of reaction intermediates, offering a detailed view of the chemical 461 
evolution of catalysts.59 By combining these methods, researchers can bridge macroscopic 462 
catalytic performance with atomic-level mechanisms. Enabling a comprehensive 463 
understanding of structure-property relationships. For instance, the integrated use of E-TEM 464 
and AP-XPS has proven instrumental in studying dynamic processes like SMSI, monitoring 465 
the chemical states of intermediates, and elucidating their roles in key reactions, such as CO 466 
oxidation and the water-gas shift reaction.25,84 These studies have provided critical 467 
experimental evidence for understanding the mechanisms governing heterogeneous catalysis.  468 

Furthermore, Karagoz et al.95 developed a custom-designed microheater holder to 469 
integrate MEMS microheater chips, originally utilized for E-TEM experiments, into AP-XPS 470 
systems. This innovative adaptation demonstrated the successful incorporation of MEMS 471 
microheaters into AP-XPS, enabling rapid heating, time-resolved measurements, and 472 
localized gas quantification. The results confirmed the feasibility of employing MEMS 473 
heaters for real-time investigations of catalytic processes under near-industrial conditions. 474 
This work paves the way for multimodal characterization by combining AP-XPS and E-TEM 475 
to achieve a comprehensive understanding of heterogeneous catalysis. Future advancements, 476 
such as incorporating electron-transparent membranes for high-pressure studies, are expected 477 
to further expand the capabilities of this approach. 478 

However, both techniques face challenges that require further advancements in 479 
methodology and experimental design. Despite the widespread use of E-TEM in 480 
heterogeneous catalysis research,96 the high-brightness, high-stability electron beams required 481 
for high-resolution imaging inevitably interact with catalysts,97 gases,98 and even window 482 
materials,99 leading to electron beam effects such as breakdown damage, electrostatic 483 
charging, and ionization damage (radiolysis).19,22 Mitigation strategies include reducing 484 
electron beam energy below critical thresholds or lowering the dose rate.28,100 For example, 485 
integrated differential phase contrast scanning transmission electron microscopy 486 
(iDPC-STEM) significantly reduces the dose rate. Using this technique, Shen and Wang et al. 487 
101 achieved atomic-level imaging of small molecules (e.g., pyridine and thiophene) within 488 
ZSM-5 channels at room temperature, overcoming the limitations of single-molecule 489 
atomic-scale imaging. Moreover, comparisons between non-irradiated and continuously 490 
irradiated samples enable evaluation of beam-induced damage. Additionally, the 491 
incorporation of direct electron detectors allows for ultra-fast imaging with dramatically 492 
reduced electron dose rates during in-situ TEM imaging, further minimizing beam-induced 493 
artifacts. 494 
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Similarly, AP-XPS, despite its capability to perform in situ studies of heterogeneous 495 
catalytic systems under reaction conditions—including monitoring chemical changes and 496 
formation of intermediates58,102,103—faces its own set of limitations. The high-energy X-rays 497 
used in AP-XPS can cause radiation damage to samples and induce undesired activation or 498 
dissociation of gas-phase reactants. Additionally, the high precision required for sample 499 
positioning and stability during analysis imposes significant demands on both the sample 500 
preparation and the instrumentation,123 limiting its efficiency for certain types of experiments. 501 

Another significant challenge is that both E-TEM and AP-XPS are constrained by their 502 
operational pressure limits, which are far below those of industrial catalytic processes (often 503 
exceeding hundreds of bars). Future developments should focus on designing analytical tools 504 
capable of stable operation under higher pressures. One promising strategy involves the use 505 
of graphene membrane-based flow reaction cells, which offer a potential solution to the 506 
limitations imposed by high-pressure differentials. These cells are specifically designed for 507 
AP-XPS and can sustain gas environments up to 1 bar on the reaction side while maintaining 508 
ultrahigh vacuum on the detection side, thereby enabling surface-sensitive chemical analysis 509 
under realistic catalytic conditions.104 For example, the graphene-encapsulated microcell 510 
developed by Tao et al. facilitates surface XPS measurements of catalysts under flowing gas 511 
conditions using a conventional high-vacuum XPS system. This platform is particularly 512 
well-suited for investigating the evolution of valence states in powder catalysts under 513 
industrially relevant environments.105 Furthermore, integrating E-TEM and AP-XPS with 514 
other in situ techniques, such as X-ray absorption spectroscopy (XAS) and infrared reflection 515 
absorption spectroscopy (IRRAS), is crucial for achieving a more comprehensive, multiscale 516 
understanding of catalytic processes.106-108 Multimodal approaches can enable the 517 
characterization of catalysts across multiple scales, from surface to bulk and from electronic 518 
structure to dynamic behavior, providing a holistic view of complex catalytic systems. As an 519 
example, Nguyen et al. developed a static liquid cell that enabled XPS analysis of silver 520 
nanoparticles in a liquid environment, complemented by SEM imaging to confirm particle 521 
distribution. This work offers a valuable technical reference for investigating the electronic 522 
structure at liquid-solid interfaces.109 523 

In conclusion, the combination of E-TEM and AP-XPS offers a powerful and 524 
complementary approach for investigating heterogeneous catalysis. As these techniques 525 
continue to evolve, advancements in higher-resolution imaging, operation under more 526 
industrially relevant pressure conditions, and integration with other complementary in situ 527 
methods will further expand their capabilities and applicability. These developments will be 528 
instrumental in elucidating complex reaction mechanisms and guiding the rational design of 529 
more efficient and durable catalysts for a wide range of applications. By bridging the gap 530 
between fundamental research and practical catalyst development, E-TEM and AP-XPS will 531 
play a crucial role in shaping the future of catalysis science and technology. 532 
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