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ABSTRACT
Acquiring information on the evolution of chemical states and real-space morphological changes under identical reaction conditions is crucial 

for elucidating the mechanisms of heterogeneous catalytic reactions. In this study, we design and implement a microreactor with high electron 

transparency, enabling correlated in situ x-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) measurements 

for the same type of sample under identical reaction environments, while integrating online mass spectrometry for seamless coupling of 

spectroscopic and imaging data. This advancement allows direct correlation between the in situ chemical-state information obtained by XPS 

and the real-space structural evolution captured by TEM. Using the oxidation–reduction process of Ni nanoparticles in O 2 
/H 2 

atmospheres 

as a model reaction, we systematically investigate the dynamic relationship between surface chemical states and morphological reconstruction 

from near-ambient to ambient pressures, demonstrating the stability and applicability of the microreactor under complex gas environments. 

This work provides a new experimental approach for mechanistic studies of gas–solid interfacial reactions under realistic operating conditions 

and establishes a methodological foundation for the rational design and optimization of high-performance catalysts.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0308362

I. INTRODUCTION

Understanding the mechanism of interfacial catalytic reactions 

requires the acquisition of information on the evolution of sur-
face chemical states and morphological structures of catalysts under 

realistic reaction conditions. 

1–3 Combining in situ chemical-state 

analysis with in situ structural characterization, the dynamic behav-
ior of active species and their structure–performance relationships 

can be elucidated. 

4–6 Such correlative studies are essential for gain-
ing fundamental insights into heterogeneous catalysis, improving

reaction selectivity and catalytic efficiency, and enabling the rational 

design of high-performance catalysts. 

7,8

To achieve these goals, ambient-pressure x-ray photoelectron 

spectroscopy (AP-XPS) and in situ transmission electron micro-
scopy (in situ TEM) have emerged as two powerful yet comple-
mentary techniques for probing catalytic reaction mechanisms at 

gas–solid interfaces. 

9–13 AP-XPS enables the identification of surface 

chemical states and adsorbed species within the near-surface region 

(on the nanometer scale) under reactive gas atmospheres, such as 

revealing distinct adsorption configurations and key intermediates

Rev. Sci. Instrum. 97, 055202 (2026); doi: 10.1063/5.0308362 97, 055202-1
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during small-molecule reactions on metal catalysts. 

14,15 In con-
trast, in situ TEM allows direct observation of morphological and 

crystallographic evolution at the atomic scale under near-ambient 

to ambient pressures, providing critical information on structural 

reconstruction and phase transformations during reactions. 

16,17 

However, due to limitations in instrument design and win-
dow materials, the working pressure of conventional AP-XPS typ-
ically does not exceed ∼25 mbar, preventing true ambient-pressure 

measurements. Although in situ TEM can operate at higher pres-
sures, 

18 the commonly used Si 3 
N 4 

chip windows are opaque to 

low-energy photoelectrons (<1000 eV), 

19,20 making them incom-
patible with XPS measurements. Consequently, these two in situ 

techniques differ significantly in key experimental parameters, 

such as pressure, gas composition, temperature, and gas hourly 

space velocity (GHSV)—a discrepancy often referred to as the 

“pressure/conditions gap.” The inability to acquire spectroscopic 

and imaging data under identical conditions precludes direct cor-
relation between real-space structural evolution and electronic-state 

changes, thus hindering accurate elucidation of the dynamic behav-
ior of active sites and their structure–activity relationships under 

realistic operating environments.
To bridge this gap, it is imperative to develop a characteriza-

tion platform capable of performing in situ XPS and TEM under 

fully identical reaction conditions, with real-time control of pres-
sure, temperature, gas composition, and GHSV. Although several 

reaction cells and methods designed for AP-XPS, such as the de 

Laval nozzle, 

21 “virtual cell,” 

22 and graphene reaction cell, 

23,24 have 

improved pressure tolerance, 

21,23–27 they are generally incompati-
ble with TEM imaging. Conversely, conventional in situ TEM chips 

are suitable for electron-beam imaging but fail to meet the trans-
parency requirements for photoelectron detection. 

20,28,29 Therefore, 

the establishment of a unified methodology that enables same-cell, 

same-condition, multimodal characterization represents a crucial 

step toward bridging the long-standing divide between spectroscopy
and microscopy.

In this work, we propose and construct a microreactor based
on multilayer single-crystalline graphene windows. Graphene pos-
sesses excellent electron transparency and gas impermeability, while
its multilayer structure provides the necessary mechanical strength
to withstand ambient-pressure operation. 

30–32 This design allows
correlated in situ TEM and XPS measurements for the same type
of sample to be performed within the same reaction cell and under
identical experimental conditions. The microreactor supports pres-
sures up to 1 bar, enabling true ambient-pressure XPS–TEM cor-
relative studies. Integrated with a microfluidic flow-control system,
the platform offers precise and reproducible control over GHSV and
residence time, along with real-time monitoring and calibration of
temperature and gas composition throughout the experiment. With
this configuration, surface chemical-state and adsorbate information
obtained from XPS can be directly correlated with the morphological
and crystallographic evolution captured by TEM for the same type
of sample, enabling the reconstruction of catalytic dynamics under
realistic working conditions. Furthermore, the temporal resolution
can reach 0.1 s for both in situ XPS and TEM measurements, while
the spatial resolution for ambient-pressure TEM characterization
can reach 0.07 nm.

Using the oxidation–reduction of Ni nanoparticles in O 2 
and

H 2 
environments as a model system, we systematically investigate

the coupling between valence-state evolution and morphological 

reconstruction across pressures ranging from near-ambient to ambi-
ent conditions. The results validate the reliability, stability, and 

general applicability of this correlative approach for elucidating 

structure–performance relationships in catalysis. The main contri-
butions of this study are as follows: (i) development of a same-
cell, same-condition platform enabling correlated in situ XPS and 

TEM for the same type of sample at ambient pressure; (ii) realiza-
tion of precise and reproducible control over pressure, temperature 

and GHSV through microfluidic regulation; AND (iii) establish-
ment of a data-alignment and experimental-calibration protocol that 

minimizes uncertainties in cross-technique comparison.

II. INSTRUMENTATION
A. Design of the multilayer single-crystalline 

graphene microreactor
Figure 1 presents the structural schematic of the multilayer 

single-crystalline graphene microreactor. The overall assembly con-
sists of a functional chip, a window chip, sealing O-rings, a sup-
porting base, and fixing screws [Figs. 1(a) and 1(b)]. A narrow 

gap of ∼10 μm is formed between the functional chip and the 

window chip, serving as the effective reaction zone of the microre-
actor. The graphene used in this work is grown by isothermal 

carbon diffusion through single crystal nickel foil (note 1 in the 

supplementary material ) and is subsequently transferred onto the 

target chip/window substrate.
The functional chip integrates four heating electrodes and 

four thermocouple electrodes that are used for sample heating and 

temperature monitoring, enabling high-precision Proportion Inte-
gration Differentiation (PID) temperature control. In addition, the 

functional chip is connected to a microfluidic system that provides 

separate gas inlet and outlet channels, thus forming a controllable 

gas-flow circuit. This configuration allows the internal atmosphere 

of the reaction cell to be precisely coupled with the external gas-
supply system, enabling accurate control of the gas composition, 

pressure, and GHSV.
When employed for in situ TEM observations, the microreac-

tor is mounted on a dedicated TEM gas-cell holder, as shown in 

Fig. 1(c). For in situ XPS measurements, the same microreactor used 

in TEM experiments can be directly installed at the front end of a 

custom-designed XPS sample holder [Fig. 1(d)], thereby enabling 

correlative tracking of the same sample under identical reaction con-
ditions. The heating and thermocouple electrodes are connected to 

the external circuit through a custom vacuum-flange LEMO inter-
face, while the gas inlet and outlet channels are coupled to the 

external gas-supply system via vacuum feedthrough connectors. 

The TEM measurements were performed on a JEOL Cs-
corrected TEM (JEM-ARM 300F, GRAND ARM). The XPS exper-
iments were carried out on a lab-based AP-XPS system, equipped 

with a PHOIBOS 150 NAP analyzer and a μ-FOCUS 600 x-ray 

source, with an angle of 55 

○ between the analyzer axis and the x-ray 

incident direction. 

12 This microreactor is also compatible with the 

synchrotron-based near-atmospheric photoelectron spectroscopy 

system we developed. 

33

In TEM operation, the microreactor is positioned between the 

upper and lower pole pieces of the microscope, allowing the elec-
tron beam to pass through the reaction cell for real-space imaging
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FIG. 1. Design of the microreactor used in XPS and TEM characterization. (a) Schematic diagrams of the microreactor; (b) exploded view of the microreactor; (c) in situ 

TEM sample holder and (d) AP-XPS sample holder; the black circle in [(c) and (d)] was the microreactor; [(e) and (f)] microreactor used in in situ TEM characterization and 

AP-XPS characterization, respectively.

FIG. 2. Detailed structure of the microre-
actor. (a) Image of the microreactor; (b) 

top view of the microreactor; [(c) and (d)] 

SEM images of the graphene-covered 

Si 3 

N 4 

window; (e) exploded view of the 

functional chip and window chip; (f) illus-
tration of the sample on the window 

chip, showing the sample deposited on 

the graphene; (g) illustrations of electron 

beam interaction with the microreactor; 

(h) illustration of x-ray interaction with 

the microreactor; (i) photograph of the 

microreactor during XPS experiment.
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[Fig. 1(e)]. In the XPS mode, x rays penetrate the window region of 

the microreactor to excite photoelectrons from the sample surface, 

which are then collected by the analyzer to obtain information on 

the surface chemical states of the sample [Fig. 1(f)].
The differences between TEM and XPS configurations are pri-

marily in the external interfaces/adapters (to couple to the TEM 

holder vs the XPS sample stage), whereas the microreactor body 

[black circle in Figs. 1(c) and 1(d), chip stack, graphene window, 

sealing concept, gas flow path, and reaction volume] remains the 

same.
Figure 2 shows the internal structure and sample-loading con-

figuration of the microreactor. Figures 2(a) and 2(b) present the 

image and overall top view of the microreactor, while Fig. 2(e) dis-
plays an exploded structural schematic. Unlike conventional in situ 

TEM chips, the window chip in this design adopts a three-layer con-
figuration consisting of a Si substrate, a Si 3 

N 4 
supporting membrane, 

and a graphene thin film. Figures 2(c) and 2(d) show Scanning Elec-
tron Microscopy (SEM) images of the window region, where the 

gray area corresponds to a porous Si 3 
N 4 

membrane ∼100 nm thick 

with pore diameters of about 6 μm. The surface of this membrane is 

coated with multilayer single-crystalline graphene films [Fig. 2(d)]. 

The sample was deposited by drop-casting onto the graphene film 

of the window chip, as shown in Fig. 2(f). Figure 2(g) illustrates the 

interaction of the electron beam with the microreactor in the in situ 

TEM characterization, while Fig. 2(h) illustrates the interaction of 

the x-ray with the microreactor and the photon electrons emitted 

from the sample. The photograph of the microreactor in the XPS 

chamber is shown in Fig. 2(i).
This multilayer graphene–Si 3 

N 4 
composite structure pro-

vides both mechanical robustness and high optical/electron trans-
parency, combining the advantages of both materials: (i) The 

Si 3 
N 4 

supporting framework ensures mechanical stability and allows 

transmission of high-energy electrons and x rays, although it 

is opaque to low-energy photoelectrons (below 1000 eV); 

20 (ii) 

the multilayer single-crystalline graphene film is atomically thin,

highly transparent to electrons and photoelectrons, and effec-
tively gas-impermeable, enabling the transmission of low-energy 

photoelectrons and, thus, ensuring the feasibility of XPS mea-
surements; 

20 (iii) the multilayer stacking significantly enhances 

the mechanical strength while maintaining excellent transparency, 

allowing the microreactor to withstand gas pressures approaching 

1.2 bars.
The catalyst samples are loaded onto the surface of the 

graphene/Si 3 
N 4 

supporting framework, where the graphene cover-
age exceeds 30% [Fig. 2(e)], ensuring an optimal balance between 

signal intensity and transmission efficiency for both TEM imag-
ing and XPS detection. This structural design serves as the core 

foundation for achieving correlated in situ XPS and TEM mea-
surements under identical reaction conditions within the same 

microreactor.

B. Gas handling system
Figure 3 illustrates the schematic of the gas-supply system for 

the microreactor. Figures 3(a) and 3(b) show the photograph and 

the structural model of the system, while Fig. 3(c) presents the 

logical flow diagram. The system is composed of mass flow con-
trollers, diaphragm valves, a pressure regulator, a molecular pump, 

a mechanical pump, a wide-range pressure gauge, and an online 

quadrupole mass spectrometer [QMS, labeled as “iii” in Fig. 3(c)]. 

The gas flow is first adjusted by the flow controllers and pres-
sure regulators before entering the reaction cell, where the pressure 

stabilizer ensures precise control of the chamber pressure. The gas 

in and gas out were labeled as “i” and “ii” in Fig. 3(c). When 

the pressure exceeds the preset value, excess gas is automatically 

vented through a bypass outlet. On the exhaust side [labeled as 

“iv” in Fig. 3(c)], a flow sensor monitors the actual flow rate of the 

inlet gas, and the online mass spectrometer continuously monitors 

and analyzes the composition of the reaction atmosphere in real 

time.

FIG. 3. Gas supply system. (a) Image and (b) drawing of the gas handling system; (c) logic diagram of the gas handling system.
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C. Temperature and pressure control 

of the microreactor
To evaluate the pressure-control performance of the system, 

tests were conducted under a 20% O 2 
+ 80% Ar atmosphere. As 

shown in Fig. 4(a), the system maintains stable and precise pres-
sure control up to a maximum operating pressure of 1.2 bars, while 

the mass spectrometer accurately reflects real-time changes in the 

gas composition inside the reactor [Fig. 4(b)]. Furthermore, stability 

tests were carried out under both reducing (H 2 
) and oxidizing (O 2 

) 

atmospheres at different temperatures. Under 1 bar of 10% H 2 
+ 90% 

Ar, the microreactor remained stable up to 800 

○ C [Fig. 4(c)], with 

the graphene window fully intact. Under 1 bar of 20% O 2 
+ 80% Ar, 

the system maintained stable operation up to 350 

○ C, with a 

temperature fluctuation of less than ±0.1 

○ C [Fig. 4(d)].
Based on our tests, the microreactor remains stable up to 800 

○ C 

under 1 bar of 10% H 2 
+ 90% Ar. Under oxidizing conditions (e.g., 

1 bar of 20% O 2 
+ 80% Ar), the maximum operating temperature is 

350 

○ C, primarily limited by the oxidation susceptibility of the mul-
tilayer graphene window at elevated temperatures. 

34 In addition, at 

300 K, the microreactor supports stable pressure control up to 1.2 

bars.

These results demonstrate that the graphene-based microre-
actor exhibits excellent gas tightness and thermal stability over a 

wide temperature range and under various complex gaseous envi-
ronments, providing a reliable platform for in situ characterization 

under realistic reaction conditions.

III. EXPERIMENTAL RESULTS
To further evaluate the applicability of the microreactor under 

realistic reaction environments, the oxidation–reduction process 

of Ni nanoparticles was selected as a model catalytic system. 

Using this setup, both the chemical-state evolution and the mor-
phological/structural transformation of Ni nanoparticles could be 

monitored under identical reaction conditions, enabling direct 

correlation between spectroscopic and imaging information.
Figure 5(a) shows the Ni 2p spectra under oxygen conditions 

at 500 K. The peak at 852.6 and 855 eV was contributed to the 

metallic nickel and nickel oxide, respectively. 

35,36 During oxidation, 

the Ni 2p spectra reveal progressive oxidation with increasing O 2 

partial pressure: partial oxidation is observed at 1 mbar O 2 
and 

500 K, and complete conversion to Ni oxide occurs at 1 bar O 2 
.

FIG. 4. Sample temperature and pressure control of the microreactor. (a) Staged temperature rise curve with different increasing rate; (b) stability of the temperature control; 

(c) pressure control in the microreactor from mbar level to atmosphere pressure; (d) mass intensity of the gas in the microreactor.
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FIG. 5. AP-XPS and in situ high resolution TEM characterization of Ni nanoparticles during the O 2 

oxidation process. (a) Ni 2p spectra of the Ni nanoparticle at 500 K, 

with oxygen pressure increasing from 1 mbar to 1 bar; [(b)–(d)] In situ TEM images of the Ni nanoparticle during the oxidation process; [(e)–(g)] enlarged images and 

corresponding diffractograms for [(b) and (e)], [(c) and (f)], and [(d) and (g)], illustrating the transition from metallic Ni to NiO during oxidation; the scale bar in the FFT
patterns is 2 nm 

−1 .

Figures 5(b)–5(d) show the in situ high resolution TEM (HRTEM) 

images of the Ni nanoparticles. Figures 5(e)–5(g) show the atomic 

structure of the red square box region in Figs. 5(b)–5(d), respec-
tively. The insets display fast Fourier transform diffractograms of the 

HRTEM images in Figs. 5(e)–5(g). Compared with the previously 

studies on nickel oxidation and reduction, 

35,37–39 our results also 

reveal a clear transition from metallic Ni to Ni oxide, in agreement 

with the spectroscopic data. This direct correspondence between the 

chemical-state evolution and structural transformation at different 

oxidation stages confirms the synchronized dynamic behavior of Ni 

nanoparticles.
Subsequently, the reduction process of fully oxidized NiO was 

investigated under a hydrogen atmosphere. The reduction of Ni 

oxide was characterized by AP-XPS and in situ HRTEM, as shown in 

Figs. 6(a)–6(d). The Ni 2p spectra in Fig. 6(a) exhibit a gradual shift 

toward lower binding energies, indicating the stepwise reduction of 

Ni oxide to metallic Ni as the H 2 
pressure and temperature increase. 

Complete reduction of Ni oxide was occurred at 1 bar H 2 
and 700 K. 

The in situ HRTEM images during the reduction process are shown 

in Figs. 6(b)–6(d). Figures 6(e)–6(g) show the atomic structure of 

the red square box region in Figs. 6(b)–6(d), respectively. The insets 

in Figs. 6(e)–6(g) display fast Fourier transform diffractograms of

the HRTEM images, which confirm the re-emergence of metallic 

Ni nanoparticles. The quantitative analysis of the XPS spectra and 

HRTEM images during oxidation and reduction reaction provides 

a dynamic profile of the Ni/Ni oxide ratio during the entire redox 

cycle, as shown in note 3 of the supplementary material and Fig. 7. 

The structural evolution observed via TEM is in excellent agreement 

with the chemical state transitions captured by XPS, thereby pro-
viding a more comprehensive understanding of the surface-interface 

dynamics. It should be noted that the in situ HRTEM and XPS data 

were collected on the different spots:

A. In situ HRTEM characterization
(i) Oxidation process: HRTEM data were collected continu-

ously from the same reaction region/same field of view to ensure 

consistency and comparability between structural evolution. (ii) 

Reduction process: Since the transition from oxidation to reduction 

requires switching gases and performing cooling/reheating oper-
ations, the overall state of the sample changes, accompanied by 

inevitable drift and repositioning. Therefore, for the reduction pro-
cess in the HRTEM characterization, we selected a different field of 

view (choosing a representative particle from the overall oxidized Ni

Rev. Sci. Instrum. 97, 055202 (2026); doi: 10.1063/5.0308362 97, 055202-6
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FIG. 6. AP-XPS and in situ HRTEM characterization of NiO nanoparticles during the H 2 

reduction process. (a) Ni 2p spectra of the nanoparticles with H 2 

pressure increasing 

from 1 mbar to 1 bar; [(b)–(d)] in situ TEM images of Ni/NiO nanoparticles during the reduction process; [(e)–(g)] Enlarged images and corresponding diffractograms for [(b)
and (e)], [(c) and (f)], and [(d) and (g)], showing the transition from NiO to metallic Ni during the reduction process, scale bar in the FFT patterns: 2 nm 

−1 .

FIG. 7. Evolution of the NiO percentage during oxygen oxidation and hydrogen 

reduction process.

region) to capture the reduction process. This is why the fields of 

view in the oxidation and reduction stages of Fig. 5 appear different.

B. In situ XPS characterization
During in situ XPS characterization of oxidation or reduction 

processes, since XPS provides averaged chemical state information 

from the x-ray illuminated region of the sample, it is not affected by 

changes in the sample’s position.
Because the temperature, pressure, gas composition, and flow 

rate remained identical during both XPS and TEM experiments, 

the spectroscopic and imaging results could be precisely corre-
lated. This enabled a direct and accurate elucidation of the dynamic 

structural and chemical-state evolution of Ni nanoparticles during 

oxidation and reduction. These findings not only verify the stability 

and practicality of the microreactor but also demonstrate its unique 

capability to bridge the experimental gap between XPS and TEM 

under consistent reaction conditions.
The system provides both high spatial resolution imaging 

and fast spectroscopic acquisition. In situ HRTEM system delivers
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a spatial resolution of 0.06 nm under vacuum. Under ambient-
pressure conditions, the attainable resolution is mainly governed by 

electron-beam scattering in the window and gas; 

29,40 the microre-
actor employs an ultrathin 1–2 nm multilayer graphene window 

supported on a porous Si 3 
N 4 

, which substantially reduces scattering 

compared with conventional ∼50 nm Si 3 
N 4 

membranes, 

41 enabling 

high-resolution imaging of 0.07 nm under 1 bar (10% H 2 
+ 90% 

Ar) (note 2 in the supplementary material ). In addition, using 

graphene can also reduce silicon contamination during in situ TEM 

experiments compared to using a Si 3 
N 4 

chip. 

42

The temporal resolution could reach 0.1 s for both the rapid 

XPS acquisition and the fastest TEM imaging, allowing correlated 

tracking of morphology and chemical-state dynamics on sub-second 

timescales. The details about the spatial and temporal resolution are 

shown in note 2 of the supplementary material .
Overall, the designed graphene microreactor enables corre-

lated in situ XPS and TEM characterization under fully iden-
tical reaction conditions. With the integration of an online 

QMS system, data obtained from both techniques can be syn-
chronously and dynamically correlated, allowing the establishment

of a direct mapping between chemical-state changes and structural 

evolution.
The successful development of this system demonstrates the 

feasibility of simultaneous in situ XPS and TEM data acquisition 

under realistic reaction environments. As illustrated in Fig. 8, an 

integrated gas-delivery and exhaust-analysis concept intended to 

ensure that the two platforms can be operated under identical reac-
tion conditions, and it also provides the capability to distribute the 

same premixed gas to both the XPS and TEM setups in parallel. 

In operation, the gas mixture from the supply unit is combined in 

a mixing chamber and then split into two parallel branches: one 

branch feeds the XPS side microreactor, and the other feeds the 

TEM-side microreactor. Both branches form closed flow paths of 

“gas inlet → microreactor → gas outlet.” To minimize differences 

in gas switching and delivery timing, the effective line lengths of the 

two branches were designed to be as closely matched as possible. The 

mass spectrometer (MS) is placed at the outlet side for online analy-
sis of reaction products: the two outlet branches merge downstream 

and are connected to a single MS inlet, enabling product monitor-
ing. This configuration allows true synchronous characterization of

FIG. 8. Schematic illustration of the inte-
grated in situ XPS–TEM system. (a) 

Image of the in situ TEM and gas supply 

system; (b) photograph of the AP-XPS 

setup; (c) photograph and (d) schematic 

of the microreactor in the AP-XPS cham-
ber; (e) schematic of the integrated in 

situ XPS-TEM system.
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the same sample under identical gas composition and temperature, 

ensuring complete consistency of experimental conditions across 

both techniques.
Through this design, the chemical-state information (from 

XPS) and the morphological/structural information (from TEM) 

can be acquired in real time on a synchronized reaction conditions, 

achieving precise temporal coupling and cross-validation between 

spectroscopic and imaging signals. This approach provides a power-
ful experimental platform for multidimensional dynamic analysis of 

non-equilibrium reaction processes at gas–solid interfaces.

IV. CONCLUSION
In this work, we designed a multilayer single-crystalline 

graphene microreactor, achieving correlated in situ XPS and TEM 

characterization of the same type of sample under the same condi-
tions. This design shows a reproducible correlative in situ XPS–TEM 

capability at true ambient pressure using the same reactor and 

identical reaction conditions. By directly correlating spectroscopic 

information (chemical states, adsorbed species) with imaging infor-
mation (morphology, structural evolution) under identical pres-
sure, temperature, and gas-flow conditions, this platform effectively 

eliminates the “pressure/conditions gap” between XPS and TEM. 

This methodological innovation ensures the comparability and 

reproducibility of results obtained from different in situ techniques 

and provides a powerful new tool for investigating the true reac-
tion mechanisms of catalysts under industrially relevant conditions. 

Using this approach, the dynamic evolution of catalysts during 

reactions can be captured with higher accuracy, offering essential 

insights for the optimization and rational design of catalytic mate-
rials. In the future, this graphene-based microreactor is expected 

to use in heterogeneous catalysis, energy conversion, and interfa-
cial science, advancing mechanistic studies toward more realistic, 

industry-relevant environments.

SUPPLEMENTARY MATERIAL

Note 1 in the supplementary material shows the growth method 

of the multilayer graphene. Note 2 shows the temporal and spatial 

resolution of the system. Note 3 shows the quantity analysis of the 

HRTEM images.
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