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4

5 Characterizing the surface at the atomic scale is essential for understanding the catalytic properties 

6 of supported metal nanoparticles. Secondary electron (SE) imaging in scanning transmission 

7 electron microscopy (STEM) provides three-dimensional surface topographic information, 

8 enabling the characterization of the size, morphology, and distribution of supported nanoparticles. 

9 Furthermore, real-time observation of catalyst materials in a gaseous environment enhances our 

10 understanding of catalyst dynamics under operational conditions. Ongoing technical developments 

11 in SE-STEM, along with advancements in computational methods, are expected to facilitate 

12 atomic-scale surface observations and enable more quantitative and statistical analyses. This 

13 progress will not only elucidate fundamental mechanisms at the atomic level but also provide 

14 comprehensive and universal insights into catalyst performance. This minireview showcases the 

15 recent advancements and research findings in surface-sensitive SE imaging in STEM for the 

16 characterization of active catalyst materials.

17
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1 Introduction

2 Catalysis plays a key role in academic research and industry, with widespread applications in 

3 everyday life. Nearly all chemical products are synthesized through at least one catalytic step, 

4 highlighting its significant impact on modern society.1, 2 Moreover, catalysis holds great promise 

5 for advancing sustainable energy solutions by contributing to energy production, storage, 

6 transportation, and enhancing energy efficiency.3-5 Heterogeneous catalysts, which are in different 

7 phases from the reaction mixture, dominate the various applications including polymer industry; 

8 coal, oil and gas refining; manufacturing chemicals; environmental applications; and 

9 electrochemical energy conversion and storage devices.6-8 Most heterogeneous catalysts are 

10 supported metal nanomaterials, where active metals are finely distributed on a support with a high 

11 surface area. The active metal component generally has specific active sites on its surface where 

12 catalytic reaction occurs. Therefore, reducing the size of active metal to nanoscale or even to 

13 atomic clusters have proven to be an effective strategy to maximize the number of active sites and 

14 boost performance of catalyst.9-12 

15 To enhance catalyst performance through particle downsizing and surface engineering, the 

16 utilization of advanced characterization tools is essential for verifying structural features. Electron 

17 microscopy has successfully served to image catalysts at small scales. Scanning electron 

18 microscopy (SEM) has been extensively used for decades as a primary technique for examining 

19 morphology of catalysts.13-17 Transmission electron microscopy (TEM) and scanning transmission 

20 electron microscopy (STEM), have provided valuable insights into not only about particle size and 

21 shape but also the lattice structures.18-22 The development of aberration correctors has further 

22 enhanced the spatial resolution of S/TEM, making atomic-resolution imaging routine.23-26 Despite 

23 their widespread use, neither SEM nor S/TEM offers a complete solution for characterizing 

24 catalyst structures. While SEM provides three-dimensional (3D) structure information via surface 

25 topography, the primary limitation lies in its spatial resolution, typically constrained to the 

26 nanometer scale. In contrast, S/TEM offers sub-angstrom spatial resolution with aberration-

27 correction. However, the resulting images are two-dimensional projections, indicating that S/TEM 

28 captures only a partial view of the 3D structure of the catalyst/support system. In addition, the 

29 minimal surface sensitivity of S/TEM suggests that critical surface features relevant to catalysis 

30 may not be captured, potentially limiting its applicability in accessing the catalyst’s performance. 
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1 Electron tomography using S/TEM has enabled the reconstruction of 3D structures in materials at 

2 high resolution, but the acquisition of tilt series and following image reconstruction typically 

3 requires more than hours, which poses a challenge for capturing time-resolved information.27, 28 

4 Considering the similar electron probe scanning mechanism in both SEM and STEM, introducing 

5 surface sensitivity into STEM could be ideal for investigating surface topography as well as the 

6 overall material at atomic resolution without sacrificing time resolution. This minireview will 

7 briefly introduce the concept of integrating SEM imaging with advanced STEM, highlighting 

8 examples of this technique applied to catalyst studies. The goal is to offer researchers in the 

9 catalysis field valuable insights into the cutting-edge electron microscopy methods, inspiring their 

10 application to future catalysis studies.

11

12 Figure 1. (a) Schematic representation of secondary electron (SE) and annular dark field (ADF) imaging techniques. Platinum 
13 nanoparticles on a carbon support are shown in (b-d) as SE images, and in (e-g) as high-angle annular dark field scanning 
14 transmission electron microscopy (HAADF-STEM) images of the same region at different magnifications. The particles marked in 
15 (f) are absent in (c), indicating that they are likely subsurface and not exposed on the surface. 

16

17 SE imaging in STEM

18 When an electron beam interacts with a specimen, a variety of signals are emitted from the 

19 specimen, including secondary electrons (SE).29 SEs are generated through the inelastic scattering, 

20 typically with energies less than 50 eV. Only SEs near the surface can escape, make them 

21 detectable. The escape depth of the SEs from metals is about 0.5-1.5 nm, while for insulators, it 

22 ranges from 10 to 20 nm.30 Due to the limited escape depth of SEs, they are highly surface-sensitive 

23 and they serve as the primary source for SEM imaging to display surface topography.31 
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1 SE imaging has been successfully demonstrated by incorporating a SE detector within the STEM,32 

2 providing topographic information of supported particles and particle data for catalysis with sub-

3 nanometer spatial resolution.33-35 A pioneering achievement was reported by Zhu et al., showcased 

4 atomic resolution SE imaging enabled by aberration-corrected electron probe.36 They positioned 

5 the SE detector above the sample, while an annular dark field detector (ADF) for general STEM 

6 imaging was placed below the sample to capture electrons transmitted through it (Figure 1a), 

7 enabling simultaneous SE and ADF-STEM imaging. Theoretical and experimental demonstration 

8 of atomic resolution SE imaging have been conducted,37-42 and the field of catalysis has benefitted 

9 from this imaging technique in the following ways.

10

11 SE imaging in STEM for Catalysts

12 Figure 1(b-d) and (e-g) present SE images and high-angle annular dark-field STEM (HAADF-

13 STEM) images, respectively, acquired from the same areas of Pt/C catalysts at various 

14 magnifications using aberration-corrected STEM with a SE detector (Hitachi HD2700C) at an 

15 accelerating voltage of 200 kV. SE images exhibit 3D structure of carbon support (Figure 1b), 

16 particularly surface pores (Figure 1c). Certain Pt particles in the HAADF-STEM image (outlined 

17 with dotted lines in Figure 1f) are absent in the corresponding SE image (Figure 1c), suggesting 

18 these marked Pt particles are not exposed on the surface facing the SE detector. Notably, atomic 

19 resolution is also achieved in SE (Figure 1d). A set of SE and HAADF-STEM images was utilized 

20 to determine the location of Pt diesel oxidation catalysts supported by mesoporous silica SBA-15, 

21 revealing that highly dispersed Pt particles remained confined within the pores after aging in air at 

22 800 C for 5 hours.43 The image pair also elucidated the distribution of PtCo nanoparticles across 

23 both the internal and external surfaces of Ketjenblack carbon or NH2-modified Ketjenblack for 

24 oxygen reduction reaction (ORR).44 Chen et. al. took advantage of the SE and STEM imaging to 

25 investigate the degradation mechanisms of high-content (40 wt. %) Pt/C catalysts in ORR cathode 

26 for heavy duty fuel cells.45 Pt catalysts were supported on three different carbon-based supports, 

27 such as carbon derived from Mn-doped zeolitic imidazolate frameworks (Mn-N-C), highly 

28 graphitized porous graphitic carbon (PGC), and commercial TKK high-surface-area carbon. 

29 Figure 2 shows a set of SE and medium-angle annular dark field (MAADF)-STEM images 

30 acquired at the beginning of life and after accelerated stress test (AST, cycling potentials from 0.6 
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1 to 0.95 V vs RHE for 25,000 cycles). The Pt nanoparticles remain well-dispersed and stable in size 

2 on Mn-N-C and PGC supports, whereas significant agglomeration and detachment from the 

3 surface are observed on the commercial TKK support after the AST, highlighting the critical role 

4 of support materials in mitigating catalyst degradation during operation. Figures 2(m)-(o) show 

5 the polarization curves before and after the durability test, which involved 25,000 cycles between 

6 0.6 to 0.95 V vs. RHE. Both the Pt/Mn-N-C and Pt/PGC catalysts exhibited minimal kinetic 

7 activity loss, with E1/2 less than 20 mV, while the commercial Pt/TKK catalysts showed a 49 mV 

8 loss. The electrochemical surface area (ECSA) of all three catalysts was also compared before and 

9 after the durability test, revealing a significantly higher loss in ECSAs for the TKK catalyst. This 

10 demonstrates the inferior durability of the commercial catalyst, consistent with the electron 

11 microscopy observations. Identical location SE and HAADF-STEM measurements, where the 

12 same specific region of a specimen is imaged before and after the reaction, was utilized to assess 

13 changes in Pt and PtCo catalysts for ORR, in which liquid electrolyte was used during different 

14 stages of electrochemical cycling.46

15

16 Figure 2. Two electron microscopy techniques, SE (a), (c), (e), (g), (i), and (k) and ADF-STEM (b), (d), (f), (h), (j), and (l) images, 
17 were used to analyze the morphology and nanostructure changes of three studied Pt (40. Wt%) catalysts before and after stability 
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1 AST. (a)–(d) the Pt (40. Wt%)/Mn–N–C catalyst before (a), (b) and after (c), (d) the AST. (e)–(h) the Pt (40 wt%)/PGC catalyst 
2 before (e), (f) and after (g), (h) the AST. (i)–(l) the TKK (40 wt% Pt/C) before (i), (j) and after (k), (l) the AST. The inserts are the 
3 size distribution of Pt NPs for each Pt/C catalyst before and after the stability AST. (m)–(o) Polarization curves before and after 
4 potential cycling tests for the corresponding Pt/Mn–N–C, Pt/PGC, and Pt/C TKK. (p) Electrochemical surface area of three 
5 catalysts before and after durability test.45 Reproduced with permission. Copyright 2022, IOP Publishing, Ltd.

6 STEM images are generally acquired using a HAADF detector, which generates images with 

7 strong Z-contrast.47 (intensity ~ Z2, Z: atomic number) If the catalyst consists of metals with 

8 relatively low atomic numbers and the support contains elements with higher Z, or if both the metal 

9 and support have similar atomic numbers, distinguishing the metal phase using HAADF-STEM 

10 becomes less straightforward. For example, in the case of palladium (ZPd: 46) catalysts supported 

11 on ceria (ZCe: 58), complementary spectroscopy techniques are necessary to confirm the presence 

12 of Pd-based species along with HAADF-STEM or TEM images.48-50 In contrast, SE imaging offers 

13 a clear presentation of the catalyst’s surface topography, providing structural information that 

14 complements the Z-contrast of HAADF-STEM. Figure 3a and b show SE images of Pd-based 

15 catalysts used in the methane-to-methanol conversion reaction, supported on CeO2 with interfacial 

16 carbon layer.51 The presence of metallic nanoparticles on the surface of support is distinctly 

17 observed, and elemental maps (Figure 3c-f) acquired from electron energy loss spectroscopy 

18 (EELS) confirms that the nanoparticles consist of Pd, while the support material is composed of 

19 Ce. It is noteworthy that SE imaging is also compatible with spectroscopy techniques, such as 

20 EELS and energy dispersive X-ray spectroscopy (EDS).

21

22 Figure 3. (A, B) SE-STEM imaging of the Pd-interfacial carbon layer on CeO₂ catalyst for the methane-to-methanol conversion 
23 reaction. (C) A combined elemental map generated using STEM-EELS, alongside individual elemental maps for Ce, C, and Pd in 
24 (D-F), respectively, obtained from the region highlighted in (B),51 licensed under CC-BY 4.0. 

25

26
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1 In situ SE imaging

2 Postmortem analysis, conducted after catalyst synthesis or catalytic reactions, may present 

3 challenges in elucidating the material changes that occur during the reactions of interest. S/TEM 

4 fortunately provides insights not only into the static structural and compositional states but also 

5 into the dynamic evolution of materials under external stimuli, such as temperature variations 

6 (heating/cooling), electrical biasing, or in situ conditions within controlled environments (e.g., gas 

7 phases).52, 53 In the case of catalysts under gaseous conditions, SE imaging can be a powerful 

8 technique for tracking the three dimensional evolution of catalysts in situ on environmental S/TEM 

9 (E-S/TEM). E-S/TEM enables the introduction of a gas environment around the specimen while 

10 maintaining vacuum integrity in the gun area through an additional differential pumping system. 

11 Using specimen holders equipped with heating capabilities allows for increasing temperature of 

12 the specimen, thereby facilitating the simulation of specific reaction conditions. The following are 

13 exemplary studies of in situ environmental SE imaging, which elucidates the structural changes of 

14 the catalysts under gaseous conditions to correlate these changes with their performance.

15 Environmental SE/STEM imaging has provided insights into the activation process of Ni-based 

16 catalyst on -Mo2N for CO2 hydrogenation.54 A series of SE images, acquired in the flow of H2/N2 

17 at a ratio of 3:1 and elevated temperatures (400 C and 520 C), revealed that the pre-synthesized 

18 4 nm Ni particles undergoes reverse sintering, forming under-coordinated Ni clusters due to a 

19 strong interaction with -Mo2N. This reverse sintering phenomena enhances chemoselective 

20 hydrogenation of CO2 to CO, improving catalytic performance. 

21 The structural evolution of Pt nanoparticles supported on carbon was systematically investigated 

22 under controlled gaseous environments (O2, H2O, and H2 at ~10-2 Pa) and varying temperatures to 

23 elucidate catalyst deactivation mechanisms.55 In situ environmental SE imaging revealed that Pt 

24 nanoparticles exhibited both lateral mobility across the carbon support and penetration through it, 

25 with these dynamics being most pronounced under oxygen exposure. In situ SE imaging further 

26 demonstrated degradation of the carbon support, characterized by trench formation in O2 and H2, 

27 likely due to erosion processes. This study revealed that multiple interrelated processes contribute 

28 to the observed transformations in supported catalysts when exposed to stimuli, including 

29 temperature fluctuations and variations in the gas-phase environment.
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1

2 Figure 4.(a) SE images of a typical area of Co-doped Sr2Fe1.5Mo0.5O6- (SFMC) in 10 Pa of H2 supplied at 800 °C and (b) SE 
3 mages of a SFMC area with 10 Pa of O2 supplied at 600 °C for 22 s, then increasing from 600 to 800 °C with a heating rate of 
4 5 °C s−1 and then stay at 800 °C. Time begins after supplying O2 toward the sample.56 Reproduced with permission. Copyright 
5 2020, John Wiley and Sons. (c) Ex situ SE images of Sr2Fe1.4Ru0.1Mo0.5O6- (SFRuM) after 1st, 2nd and 4th reduction. Population 
6 and size distribution of metal nanoparticles exsolved after different redox manipulations,57licensed under CC-BY 4.0. 

7 Solid oxide electrolysis cells (SOECs) for CO2electrolysis offer an effective means of converting 

8 renewable electrical energy into chemical energy, stored in the form of CO.58 To improve the 

9 efficacy of CO2 electrolysis, a novel catalyst design has been proposed, involving the dispersion 

10 of abundant metallic nanoparticles on the surface of perovskite materials.59, 60 Understanding the 

11 formation mechanisms of these metal nanoparticles during redox reactions on the perovskite 

12 surface is essential for optimizing catalytic activity and enhancing reversibility, thereby enabling 

13 the design of highly efficient and regenerative metal-oxide interfaces for CO2 electrolysis. SE 

14 imaging conducted under reducing and oxidizing conditions has revealed structural evolutions 

15 associated with the reversible exsolution and dissolution of metal particles within the perovskite 

16 matrix. Lv et al.56  observed the emergence of CoFe alloy nanoparticles in a Co-doped 

17 Sr2Fe1.5Mo0.5O6- (SFMC) under a reducing environment of 10 Pa of H2 at 800 C, accompanied 

18 by a phase transformation from a double perovskite to layered perovskite (Figure 4a). Under an 

19 oxidizing condition with 10 Pa of O2 (Figure 4b), these CoFe alloy nanoparticles were initially 

20 converted into flaky, irregular shaped CoFeOx particles that adhered to the SFMC surface at 600 

21 °C. Upon further heating to 800 °C, the CoFeOx particles fully reverted to the perovskite phase, 

22 completing a phase transition that ultimately restores the original double perovskite structure. 

23 SFMC decorated with CoFe alloy nanoparticles exhibited enhanced CO2 electrolysis performance 
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1 and stability than SFMC itself. Notably, their electrochemical performance was recoverable over 

2 12 redox cycles, demonstrating the regenerative capability of the CoFe alloy nanoparticles. The 

3 same group also developed a strategy to promote exsolution of RuFe alloy nanoparticles on 

4 Sr2Fe1.4Ru0.1Mo0.5O6- (SFRuM) perovskite, providing abundant metal/oxide active interfaces for 

5 CO2 electrolysis.57 In situ environmental SE imaging combined with chemical analyses using EDS 

6 and EELS revealed atomic-scale dynamics of RuFe alloy nanoparticle exsolution and dissolution 

7 on SFRuM surface. Repeated redox cycles at 600−850 °C under 10 Pa H2 or O2 induced Ru 

8 enrichment on the SFRuM surface, promoting the exsolution of RuFe alloy nanoparticles. 

9 Following four redox cycles, the nanoparticle density increased by approximately 3.6-fold 

10 compared to the initial reduction treatment (Figure 4c), while the nanoparticle size remained 

11 unchanged. Subsequent CO2 electrolysis performance tests revealed that the current density 

12 progressively improved with each reduction cycle, culminating after four redox manipulations, 

13 thereby highlighting a clear structure-activity relationship.

14

15 Current Challenges and Future Outlook

16 Although most modern TEM provides the STEM mode and there are dedicated STEM instruments 

17 available, not all of them are equipped with the SE detector. Consequently, SE imaging in STEM 

18 may not be widely accessible. However, it is commercially available and undergoing development. 

19 Japanese microscope manufacturers, such as JEOL and Hitachi, provide SE detectors as an 

20 optional feature for their S/TEM systems.36, 41 Hitachi has developed instrumentation for in situ 

21 SE and ADF-STEM imaging in gaseous environments.61-63 Bruker, formerly known as Nion, 

22 reported development of SE detector and atomic resolution SE imaging within a 30-200 keV 

23 aberration-corrected, monochromated, ultra-high-vacuum (UHV) STEM.64 The advantages of this 

24 system for SE imaging include higher scattering cross-sections of SE at a typical SEM operating 

25 voltage of 30 keV, reduced knock-on radiation damage, and the clean UHV environment (10-9 

26 torr), all contributing to optimized conditions for high-resolution, surface-sensitive imaging. 

27 Bruker also introduced advanced instrumentation developments, including dual SE detectors 

28 positioned both below and above the specimen to enable simultaneous imaging of both surface 

29 layers (Figure 5), as well as the integration of laser optics, which allows for surface cleaning 

30 through localized heating.65, 66 
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1

2 Figure 5. SE images from dual SE detectors above and below the specimen. MoS2 monolayer on a carbon film visible in the entrance 
3 but not exist SE signal, demonstrating the ability to image Å-scale features on the surface of a bulk sample. (Results from Bruker, 
4 formerly Nion).67 

5 Real time observation of catalysis requires specific reaction conditions, such as high temperatures 

6 or certain environment.  For instance, SE images shown in Figure 4 were acquired at 600 and 800 

7 C under 10 Pa of oxygen gas. While the temperature dependency of SE emission has been 

8 reported, those studies were conducted within a limited temperature range (up to 500 K in 

9 simulation).68, 69 The effect of temperature on SE emission and consequently, SE imaging has not 

10 been fully explored across broader temperature range relevant to catalysis. To accurately analyze 

11 images under different conditions, quantification of SE signals at varying temperatures will be 

12 necessary. To achieve a higher gas pressure around the specimen than that used in ETEM or a 

13 liquid environment, a closed cell system with hermetically sealed silicon nitride viewing windows 

14 at both the top and bottom has been employed for in situ S/TEM studies.52 The presence of the top 

15 window unfortunately obstructs the detection of SE signals emitted from the specimen, imposing 

16 a fundamental limitation for SE imaging. A specialized specimen holder design, allowing SEs to 

17 escape from the specimen while maintaining the integrity of the surrounding environment, would 

18 be essential for in situ SE studies within closed cell systems. One possibility is to modify the top 

19 window by creating micron-sized holes to enable the escape of SEs and conduct experiments using 

20 environmental STEM. This approach would provide additional differential pumping to maintain 

21 vacuum integrity despite the gas flow from the holes in the window.
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1 SE imaging in STEM is still an emerging field with substantial potential for further development. 

2 While atomic-resolution SE imaging has been demonstrated (Figure 1d), its application has so far 

3 been primarily limited to visualizing the morphology of catalysts. There remains significant 

4 untapped potential to leverage the unprecedented spatial resolution of SE imaging for broader 

5 applications. One key aspect involves bridging the gap between surface science and electron 

6 microscopy, facilitating the acquisition of more comprehensive, multimodal information on the 

7 specimen in its operational state. While scanning tunneling microscopy (STM), which is surface 

8 sensitive imaging technique, has offered valuable insights into catalytic reaction mechanisms at 

9 the atomic scale,70, 71 its reliance on atomically flat surfaces can limit its applicability to the more 

10 complex, heterogeneous surfaces typical of real-world catalysts. In contrast, SE imaging in 

11 aberration-corrected STEM provides detailed surface structural information at the atomic level,40 

12 while conventional STEM imaging offers an overall view of the specimen. Additionally, STEM 

13 enables elemental and chemical analysis through spectroscopic techniques such as EELS an EDS, 

14 offering atomic-level insights into structure, composition, and chemical bonding.26, 72, 73 

15 The rapid advancements in computational science, particularly in artificial intelligence, deep 

16 learning, and machine learning, have the potential to significantly enhance image-based 

17 information retrieval and improve the efficiency of data acquisition. Although SE images provide 

18 topographic information, 3D surface reconstruction algorithms for SEM images have proposed to 

19 generate more informative and qualitative 3D visualizations,71, 74 which SE images acquired from 

20 STEM could also benefit from. In addition, a deep learning-assisted method has been developed 

21 for the automated analysis of large STEM image datasets.75, 76 Pt/Co alloy nanoparticles supported 

22 on a porous substrate were efficiently quantified both in their pristine state and following fuel cell 

23 cycling.77 SE images, whether acquired independently or simultaneously with STEM images, can 

24 leverage advanced quantitative analysis techniques for both ex situ and in situ data collection. This 

25 approach facilitates the comprehensive examination of various aspects of the specimen under 

26 diverse conditions, allowing for statistical quantification that enhances the correlation with real 

27 catalytic processes.
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