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Abstract: As an electrochemical energy conversion system, fuel cell has the advantages of high energy conversion efficiency
and high cleanliness. Oxygen reduction reaction (ORR), as an important cathode reaction in fuel cells, has received extensive atten-
tion. At present, the electrocatalysts are still one of the key materials restricting the further commercialization of fuel cells. The fun-
damental understanding on the catalytic mechanism of ORR is conducive to the development of electrocatalysts with the enhanced
activity and high selectivity. This review aims to summarize the in situ characterization techniques used to study ORR. From this
perspective, we first briefly introduce the advantages of various in situ techniques in ORR research, including electrochemical scan-
ning tunneling microscopy, infrared spectroscopy, Raman spectroscopy, X-ray absorption spectroscopy, X-ray photoelectron spec-
troscopy and transmission electron microscopy. Then, the applications of various in situ characterization techniques in characteriz-
ing of the catalyst morphological evolution and electronic structure as well as the identification of reactants and intermediates in the
catalytic process are summarized. Finally, the future development of in situ technology is outlooked.
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1 Introduction
As an important type of electrochemical energy

conversion system, fuel cell is considered to be a
promising clean energy device due to its high energy
conversion efficiency, and other advantages [1-5]. The
electrocatalyst is one of the key materials restricting
the further commercialization of fuel cells[3-6, 7-10]. At
present, Pt-based catalysts are still the most practical
and effective type of electrocatalyst for fuel cells.
Great efforts have been made to improve the catalytic
efficiency and reduce the loading of the precious
metal Pt, in order to reduce the cost of the fuel cell.
On the other hand, the development of new Pt-free
electrocatalysts, includingM-Nx/C (M=Fe, Co,Ni,Mn,
etc.) [6,11-13], transition metal oxides, has grown rapidly

in recent years.
The electrocatalytic oxygen reduction reaction

(ORR) is a multi-electron process involving multiple
elementary steps and intermediate species. For exam-
ple, it can be carried out by a direct four-electron re-
duction pathway, in which O2 is adsorbed and dissoci-
ated on the catalyst surface, and then reduced to H2O.
On the other hand, the adsorbed O2 can also form
peroxide species through the process of electron and
proton transfer, and then the peroxide diffuses into
the solution or is further reduced to H2O. An in-depth
understanding of the mechanism and catalytic pro-
cess of catalysts is of great significance for develop-
ing new and efficient electrocatalyst materials.
Traditional electrochemical methods and techniques,



such as cyclic voltammetry (CV)[14,15], rotating disk/ring
electrode based electrochemical reaction dynamics
study[16], electrochemical impedance spectroscopy[17,18],
etc., can provide important information for electro-
chemical activity of catalyst and electrochemical re-
action kinetics. Theoretical quantum mechanics cal-
culations, such as density functional theory[19, 20], have
been widely applied to analyze the electronic struc-
ture of electroactive sites and simulate the reaction
kinetics. In this context, a molecular level or nano-
scale characterization of the catalyst and the catalytic
process (the morphology and electronic changes of the
catalyst, intermediates in the catalytic process, etc.)
by in situ techniques is valuable to provide compre-
hensive information about the reaction mechanism.
The advancement of surface characterization tech-

niques provides a great opportunity to understand
electrocatalytic processes. The key challenge is to
adopt those surface characterization techniques into
electrocatalytic compatible condition. In recent years,
many efforts have been made to develop in situ tech-
nologies compatible with ORR. These technologies
provide important in situ or operando information
about electrocatalysts and catalytic processes. In re-
vealing the details of the active electrocatalyst sur-
face, in situ characterization techniques have been
widely used to monitor the morphological evolution
and electronic structure of the catalyst. For example,
scanning tunneling microscopy (STM)[21-25] and trans-
mission electronmicroscope (TEM)[26,27] have beenused
for the observation on the evolution of the catalyst
surface morphology. In situ X-ray technology, such as
X-ray absorption spectroscopy (XAS)[28-31], can provide
information on the electronic structure and oxidation
state of the catalyst. In situ X-ray diffraction (XRD)[41]
technique is performed to detect the crystal phase of
catalysts in real time. In addition to explore the dy-
namic evolution of the catalyst, the in situ characteri-
zation of the reactants and intermediate states in the
ORR process is also crucial for understanding the
catalytic mechanism. In this regard, STM can also
provide information of reactant adsorption and elec-
trocatalytic processes with atomic resolution. Infrared

spectroscopy (IR)[32-35] and Raman spectroscopy (RS)[36-40]

can detect vibration modes of the reaction intermedi-
ates sensitively.
This review summarizes the application of a vari-

ety of in situ technologies in the study of electro-
catalytic ORR, focusing on the structure of electro-
catalysts and surface catalytic processes. In addition,
the challenges and future directions in the develop-
ment of electrochemical in situ technology in the
ORR field are also discussed.

2 Morphological Evolution and Ele鄄
ctronic Structures of the Electro鄄
catalyst

The catalysts play an important role in ORR. Using
in situ characterization techniques to monitor the dy-
namic changes of the catalyst during the O2 reduction
process can help reveal the ORR mechanism. In this
section, we will outline the use of in situ characteri-
zation techniques to study the evolution of the mor-
phology and electronic structure of various catalysts
during O2 reduction.
2.1 Metal Catalysts

At present, Pt-based catalysts are still the most
practical and effective electrocatalysts for ORR. Un-
derstanding the chemical state and morphological
changes of Pt-based catalysts duringORR by advanced
in situ techniques has attracted widespread attention.
XAS is a powerful technique for studying the elec-

tronic and chemical states of the catalysts. The tech-
nique is based on the transitions from the atomic core
level to the unoccupied states in the valence band,
providing element-specific information about the
electronic structure and chemical states. In situ XAS
can provide the average chemical information of the
sample. The shape and intensity of the Pt L3- and
L2-edge white lines (WLs) of XAS spectrum provide
important information about the oxidation state of Pt
and the species adsorbed on the surface. In situ XAS
measurements were taken to uncover the oxidation
state changes of model catalytic system using Pt
particles under electrochemical environment in
O2-saturated 0.1 mol窑L-1 HClO4 solution[31]. As shown
in Figure 1(A), the Pt K edge XAS spectra are obtained
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Figure 1 (A) Potential-dependent Pt L3-edge XAS spectra of
Pt NPs on a carbon support. (B) Evolution of the metallic, oxide
and the total area of the catalyst as a function of the applied
potential. (C) STM image of the as-prepared Pt (111) surface.
(D) STM image of the Pt(111) electrode after the 25th sweep in
0.1 mol窑L-1 KOH solutions containing Co2+. (A-B) Reproduced
from Ref[31]. With permission from the American Chemical So-
ciety. (C-D) Reproduced from Ref[21]. With permission from the
American Chemical Society. (color on line)

at the different applied potentials. Figure 1(B) shows
the trend of the peak area of the metal and oxidized
components and their sum under the applied poten-
tial. The sum of the individual peak areas can be
compared with the integrated white line intensity
commonly used in XAS to indicate the oxidation
state of platinum. At lower potentials (between 0 V
and ~ 0.3 V vs. RHE), a broad asymmetric WL with a
low intensity is observed, which is attributed to the
adsorption of hydrogen on the catalyst surface (Pt-H).
As the potential increases to between 0.3 and 0.96 V
(vs. RHE), WL becomes narrow. The strength of the
oxide component is essentially unchanged, while the
strength of the metal component increases steadily,
which is a characteristic of the increased coverage of
chemically adsorbed oxygen species on the surface.
When the potential is higher than 0.9 V (vs. RHE), WL
width increases, and the strength of the metal compo-
nent decreases, which means the conversion of metal

Pt to PtOx. Since the WL intensity of the catalyst in the
final state (1.26 V vs. RHE) is lower than that of
standard PtO2, it indicates that the average oxidation
state of Pt in the obtained PtOx structure is lower than
that of PtO2.

STM is a real-time imaging technique with very
high spatial resolution. The basic principle of STM is
based on the tunneling effect between the atomically
sharp metal tip and the conductive sample. By using
the tunneling current as feedback, the tip is scanned
over the surface to trace the structures of the electrode.
STM can visualize the structural evolution of catalysts
at the atomic scale, but it lacks chemical recognition
ability. Subbaraman[21] et al. combined STM and CV to
study the process of Pt surface catalyzed ORR as the
model system. They found that in the process of
catalytic oxygen reduction, transition metal ions form
some hydroxide species on the Pt surface, which hin-
ders the progress of the Pt surface catalyzed ORR,
thereby reducing the catalytic activity of the Pt cata-
lyst. They studied the changes of CV and STM in
Co2+ and Co2+-free electrolytes. As shown in Figure 1
(C, D), after doping with Co2+ ions and repeatedly
scanning the CV for 25 cycles, the Pt surface becomes
rough. Many cluster-like species can be classified as
hydroxide products formed by transition metal ions
on the surface of Pt during the catalytic ORR process.
The XRD technique is a general technique to char-

acterize the crystalline structure of the materials. The
in situ XRD technique can monitor the crystal phase
of the catalyst in real time, and further analyze the
phase transition of the catalysts. For reducing the cost
and increasing the activity, alloy catalysts have been
extensively investigated. For instance, Wu et al.[41] used
in situ synchrotron high-energy XRD to probe the
structural evolution of palladium nickel alloy electro-
catalysts (PdNi). As shown in Figure 2(A), for Pd30Ni70,
during the electrochemical potential cycle in the
ORR operating potential window, the atom pair dis-
tribution function analysis of the distance between
the bimetallic atoms presents an oscillating trend, but
the bimetallic structure still exists. Figure 2(B) shows
that the metallic Ni was partially leached and the Pd
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content increased during multiple cycles, but the syn-
ergy between the two metals remained unchanged,
and the catalytic activity also reached a peak when
the Pd content reached 50%.

In situ TEM techniques are used to characterize the
morphological changes of catalysts during the reaction.
The in situ electrochemical cell inside a TEM cham-
ber can enable direct monitoring of the morphologi-
cal changes in the catalyst under electrode potential
control. Zhu et al.[42] used in situ TEM to observe mor-
phological changes of the Pt-Fe nanocatalyst at differ-
ent potentials. As shown in Figure 2(C), the growth of
nanoparticles can be observed under different poten-
tial cycles. These observations indicate that particles
coalesce with neighboring particles to form irregular
structures. The 150-cycle CV curve in Figure 2(D) is
relatively stable and shows changes in the catalytic
structure, such as the acid leaching of Fe from the
Pt-Fe nanocatalyst and the coarsening of the nanocat-
alyst. Due to the hydrogen desorption on the active
site of Pt, the characteristic peak at -0.2 V (vs. RHE)
increased during 0 ~ 50 cycles and then decreased.
During the forward scan, the metal oxidation peak
initially appeared at 0.45 V (vs. RHE), and after 150
cycles, the oxidation peak potential became 0.9 V
(vs. RHE) (black arrow). These observations imply
that Pt active sites increase and then decrease during
the cycle, which may be due to iron leaching to form
a Pt-rich surface and subsequent coarsening of the
nanoparticles.
2.2 Metal Oxides
XAS technique has also been used in the investiga-

tion of the electronic structure of the catalysts. As
early as 1979, Brenet [43] proposed that Mn(III) would
be oxidized and converted to Mn(IV) in the ORR
process. Mao et al.[44] found that in 1.0 mol窑L-1 KOH,
the ORR catalyzed by MnyOx is a continuous two-ele-
ctron process, and *O2H is an intermediate species.
Lima [29] et al. obtained the manganese oxide MnO2

through thermal decomposition, and used in situ
XANES to study the process of manganese oxide cat-
alyzing ORR in an alkaline solution. The in situ
XANES spectra obtained at different potentials are

shown in Figure 3(A). With the change of electrode
potential, the spectrum curve has changed a lot, indi-
cating that the oxidation state of Mn has been
changed strongly. By comparing the XANES spectra
under different electrode potentials with Mn(II), (III)
and (IV) standard manganese oxides (represented by
MnO, MnOOH and MnO2), it can be seen that at 0.40
V (vs. RHE), the catalyst is not reduced, and the orig-
inal catalyst is mainly composed of MnO2, which is
consistent with the results obtained by XRD. Com-
bined with the CV results, it is shown that when the
electrode potential drops to -0.10 V (vs. RHE), Mn(IV)
is reduced to Mn(III) and ORR is turned on. When
the electrode potential is further reduced to -0.70 V
(vs RHE), the sample is reduced to Mn(II). The results
show that MnO2 undergoes Mn(IV)/Mn(III) and Mn
(III)/Mn(II) transitions in the catalyzing ORR process

Figure 2 (A) In situ atomic PDFs for Pd30Ni70NPs obtained in
a custom-built fuel cell cycled between 0.6 ~ 1.2 V (vs. RHE) at
a scan rate of 100 mV窑s-1. (B) Trend for the change in compo-
sition of Pd30Ni70/C catalyst as a result of Ni-leaching during
the potential cycling. (C) Morphologies of Pt-Fe nanocatalysts
at additional 5th, 50th, and 150th cycles after the first 130 cycles.
(D) The corresponding CV curves at 1st, 5th, 25th, 50th, 100th,
and 150th cycles. (A-B) Reproduced from ref [41]. With per-
mission from the American Chemical Society. (C-D) Repro-
duced from ref[42]. With permission from the American Chemi-
cal Society. (color on line)
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Figure 3 (A) In situXANES spectra at the Mn K-edge for the MnO2 at different electrode potentials in 1.0 mol窑L-1KOH. (B) In situ
XANES spectra of the Co-PPy-BP cathode and standard Co, Co(OH)2 and CoOOH samples. (A) Reproduced from ref[29]. With per-
mission from the Elsevier. (B) Reproduced from ref[45]. With permission from the Royal Society of Chemistry. (color on line)

of MnO2, where Mn(III) acts as an active site during
ORR.
2.3 Molecular Catalysts
Qin [45] and colleagues studied the electrocatalytic

performance of the PPy-modified carbon-supported
cobalt-based catalyst (Co-PPy-BP). The in situ X-ray
absorption near edge structure (XANES) spectrum of
the Co-PPy-BP cathode is illustrated in Figure 3(B).
Before the reaction, the XANES spectrum of Co-PPy-
BP was similar to that of the standard Co sample.
With the beginning of the ORR reaction, the XANES
spectrum of Co-PPy-BP changed significantly, tend-
ing to be similar to that of the standard Co(OH)2 sam-
ple. This means that when the ORR reaction is start-
ed, the catalyst Co-PPy-BP undergoes a transforma-
tion from Co0 to Co2+. As the reaction progresses, the
XANES spectrum of Co-PPy-BP becomes similar to
that of the standard CoOOH sample, which indicates
that Co2+ is further converted to Co3+. These analysis
results indicate that Co(II) acts as an active site in the
ORR catalysis process.

3 Investigation of Intermediates in
Electrocatalytic Reaction

In addition to exploring the dynamic structure evo-
lution of the catalyst, the in situ characterization of
the reactant O2 and other intermediates during the O2

reduction process is also crucial for understanding

the catalytic mechanism. In this section, we summa-
rize the application of in situ characterization tech-
niques in the detection of reactants O2 and intermedi-
ates in the O2 reduction process.
3.1 Metal Catalysts

In situ RS and in situ IR spectroscopy are widely
used technologies for real-time detection of reaction
intermediates. Both RS and IR spectroscopy can de-
tect the vibration modes of chemical bonds in
molecules. The advancement of surface sensitive or
enhanced RS or IR spectra making the detection of
reaction intermediates more sensitive and accurate.
IR spectroscopy and RS are complemental spectro-
scopic techniques. IR spectroscopy measures the ab-
sorption spectrum and RS measures the scattering
spectrum. In many cases, the IR signal is stronger
than RS signal. However, due to the sensitivity of in-
frared light to water molecules, the application of in
situ IR in aqueous solution is challenging. RS can be
operated in aqueous solutions, because the Raman
scattering of water is very weak.
Dong[46] and colleagues used in situ shell-separated

nanoparticles enhanced Raman spectroscopy (SHIN-
ERS) to systematically study the ORR reaction inter-
mediates of the model system Pt(hkl) single crystal
surface in the potential range of 1.1 V to 0.5 V (vs.
RHE). For Pt (111), during the negative potential
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drift, except for the peak at 933 cm-1, there is no ob-
servable Raman signal in the range of 400 to 1,200
cm-1 until 0.8 V (vs. RHE) (Figure 4(A)). The peak at
933 cm-1 is attributed to the symmetric stretching
mode of the perchlorate ion (ClO4

-). When the poten-
tial drops to 0.6 V (vs. RHE), a clear Raman band ap-
pears at 732 cm-1, and its intensity further increases as
the potential decreases. Combined with the electro-
chemical results, the peak near 732 cm-1 is attributed to
the O-O stretching vibration of *O2H. Unlike Pt(111),
when the potential decreases to 0.9 V (vs. RHE), the
Raman peak of *OH appears at Pt(100) (Figure 4(B)),
the peak of *O2H adsorbed on the surface is not ob-
served. The phenomenon on the surface of Pt(110) is
similar to that of Pt(100), but their relative Raman in-
tensity and onset potential are different (Figure 4(C)).
These data show that under acidic conditions, the
ORR pathway on Pt(111) occurs through the forma-
tion of *O2H, while on Pt(110) and Pt(100), it occurs
through the formation of *OH. Different from the
phenomenon in an acidic environment, three Pt(hkl)
surfaces have the same superoxide intermediate
species (*O2

-) in an alkaline condition (Figure 4(D-F)).
In situ IR spectroscopy is also a powerful tool for

identifying reaction intermediates. Nayak et al.[32] have
revealed the infrared spectrum of the Pt/C model cata-
lyst recorded under O2 in the 0.1 mol窑L-1 HClO4 elec-
trolyte (Figure 4(G)). The band at 1212 cm-1 is desig-
nated as the O-O stretching mode of surface adsorp-
tion superoxide (*O2H); the 1386 cm-1 band is attribut-
ed to the O-O-H bendingmode of the surface adsorbed
hydroperoxide (*HOOH), and the 1468 cm-1 band is
attributed to the O-O stretching mode of weakly ad-
sorbed molecular oxygen (*O2). The adsorbed super-
oxide (*O2H) exists at a potential as high as 0.9 V (vs.
RHE), while the adsorbed hydroperoxide (*HOOH)
is only observed below the onset potential of ORR.
Wang [38] et al. also used SHINERS to study reac-

tion intermediates of the alloy model systems Pt3Co
at different pH values. Under alkaline conditions, at
potentials below 0.7 V (vs. RHE), the two peaks at 711
and 876 cm-1 are assigned to the adsorptions of *O2H
and *O2

-. Under alkaline conditions, when the poten-

tial is lower than 0.7 V (vs. RHE), a broad peak with
shoulders appears, which can be divided into two Ra-
man bands (698 and 750 cm-1). The band at 698 cm-1 is
compared with the one measured (*O2H) in acid. With
the help of DFT calculations, the new band at 750
cm-1 is attributed to the OH adsorbed on Co, which
indicates that Co can coexist with Pt on the surface
under alkaline conditions (Figure 4(I)). However, in
an acidic environment, metal Co in the alloy will be
leached and the *OH signal will disappear (Figure 4
(H)). In situ transmission electron microscopy also
showed Co segregation. Therefore, the significant
*OH adsorption and Co segregation result in the per-
formance of Pt3Co in alkaline solutions slightly lower
than in acidic solutions.
3.2 Molecular Catalysts

The adsorption of reactants, the reaction, and the
desorption of products are elemental steps in catalytic
systems. The direct imaging of the reactants and in-
termediates on catalytic center can provide direct evi-
dence for the catalytic processes. For example, the
adsorption of O2 on the M-N4 site is widely regarded
as the initial step of transition metal porphyrins
(MPs) and transition metal phthalocyanines (MPcs)
-based molecular materials catalyzed ORR. The in-
teraction between O2 and the catalyst results in a
change in the contrast of the adsorbed species, which
can be observed in the STM image.
There have been many ex situ studies that have

identified various O2 related species from STM im-
ages. Friesenet[47] et al. used STM to study the combi-
nation of O2 and CoOEP on HOPG. The bright and
dim species can be observed in the STM image at the
same time, and the dim species is identified as
CoOEP-O2 species. In addition to O2 adsorption, O
atom adsorption can also be observed in some sys-
tems. For example, Hulsken [48] et al. found that high
contrast Mn-O species can be observed in the STM
image of the Mn porphyrin monolayer. These studies
are the basis for the species attribution in species
evolution during the reaction process.
STM has been widely used for in situ characteriza-

tion of the catalytic ORR process in molecular model
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Figure 4 (A) SHINERS spectra of the ORR system at a Pt(111) electrode surface in a 0.1 mol窑L-1HClO4 solution saturated with O2.
(B) SHINERS spectra of the ORR at a Pt(100) electrode surface in a 0.1 mol窑L-1 HClO4 solution. (C) SHINERS spectra of the ORR
at a Pt(100) electrode surface in a 0.1 mol窑L-1 HClO4 solution. (D) SHINERS spectra of the ORR system at a Pt(111) electrode sur-
face in 0.1 mol窑L-1 NaClO4 solution (pH of approximately 10.3) saturated with O2. (E) SHINERS spectra of the ORR at a Pt(100)
electrode surface in 0.1 mol窑L-1 NaClO4 solution (pH of approximately 10.3) saturated with O2. (F) SHINERS spectra of the ORR at
a Pt(100) electrode surface in 0.1 mol窑L-1 NaClO4 solution (pH of approximately 10.3) saturated with O2. (G) In situ IR spectra of
Pt/C during ORR in 0.1 mol窑L-1 HClO4 solution. (H) In situ SHINERS spectra of ORR on dealloyed Pt3Co nanocatalysts in 0.1
mol窑L-1 O2-saturated HClO4 solution. (I) In situ SHINERS spectra of the ORR on dealloyed Pt3Co nanocatalysts in O2-saturated 0.1
mol窑L-1 NaClO4 + 0.001 mol窑L-1 NaOH solutions. (A-F) Reproduced from Ref[46]. With permission from the Nature Energy. (G) Re-
produced from Ref[32]. With permission from the Wiley Online Library. (H-I) Reproduced from Ref[38]. With permission from the Wi-
ley Online Library. (color on line)

systems. Under the different potentials of the ORR
reaction, the arrangement, contour and contrast of the
adsorbed species can be observed in the STM image.
Gu et al. [49] used in situ ECSTM to study the ORR
catalyzed by iron (II) phthalocyanine (FePc), and ob-

serve the process of FePc molecule catalyzed ORR.
In the initial stage of the catalytic ORR, FePc mole-
cules can combine with O2 molecules to form a high-
contrast FePc-O2 complex. The number of such high-
contrast FePc-O2 complexes increase with the increase
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of the oxygen content in the solution. After the ORR
reaction is turned on by the potential, the high-con-
trast FePc-O2 complex is immediately transformed
into the low-contrast FePc molecule, as shown in Fig-
ure 5 (A, B). The theoretical simulation results also
confirmed the occurrence of this process. Cai[50] et al.
also used in situ ECSTM to study the ORR catalyzed

by tetraphenyl cobalt porphyrin (CoTPP), and observ-
ed the conversion process between the active inter-
mediate CoTPP-O2 complex and the catalyst. The re-
sults provide in situ experimental evidence for the
study of the catalytic reaction mechanism and
catalytic active sites of MPs/MPcs molecular materi-
als in the ORR process.

Figure 5 (A-B) In situ STM images of FePc on Au(111) in O2-saturated 0.1 mol窑L-1HClO4: (A) ORR off; (B) ORR on. (C-D) STM
topographic image (C) and cross-section analysis (D) of Mn1Cl at the HOPG/1-octanoic acid interface under ambient conditions; (E)
Possible pathways and states of the manganese centre of Mn-porphyrins during their reaction with O2. (A-B) Reproduced from Ref[49].
With permission from the American Chemical Society. (C-E) Reproduced from Ref [50]. With permission from the Nature Chem-
istry. (color on line)
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Boer et al.[51] used a Mn porphyrin derivative (called
Mn1Cl) as a model system, and successfully observed
several intermediates produced by Mn1Cl in the pro-
cess of catalytic oxygen reduction at the solid-liquid
interface. As shown in Figure 5(C, D), at the octanoic
acid /graphite interface, Mn1Cl molecules present four
states with significantly different contrasts, which are
labeled by Mn1-A, Mn1-B, Mn1-C, and Mn1-D. The
height of these four species in the longitudinal direc-
tion of the analysis also corresponds to four different
heights. These species with different contrasts can
exist stably for several minutes or even several hours
during the imaging process. Through further atmo-
spheric control experiments and statistical analysis,
the author classified Mn1-A as a reactant, while
Mn1Cl, Mn1-B, Mn1-C, and Mn1-D are respectively
classified as different reaction intermediates, and a
schematic diagram of the reaction mechanism of this
process is given in Figure 5(E).

4 Conclusions and outlooks
In situ characterization is playing an increasingly

important role in the field of electrocatalysis. Through
real-time detection of catalysts, reactants and reaction
intermediates, the dynamic process of O2 reduction
reaction (ORR) can be clearly revealed, which helps to
accurately understand the catalytic mechanism. In
this article, we elaborate on the in situ research
progress in exploring the evolution of catalysts in the
O2 reduction process. In addition, we also summarize
in situ studies on monitoring O2 reduction reactants,
reaction intermediates and catalytic processes.

ORR is a complex multi-electron process. Com-
bining two or more in situ technologies provide a
more comprehensive picture for the reaction mecha-
nism. For example, the combination of in situ IR
spectroscopy, RS and XAS can obtain surface-specif-
ic chemical information, including the local coordi-
nation environment, and structure and oxidation state
of the electrocatalyst during the catalysis process. In
situ STM can provide the evolution of adsorbed
species during ORR. Combined with theoretical cal-
culations, it is possible to have a more comprehen-
sive understanding of the basic process and a deeper

understanding of the reaction mechanism.
One increasingly important aspect in in situ char-

acterization is the development of the time-resolved
and spatially-resolved technology. Using high time-
resolved and spatially-resolved techniques to study
the catalytic reaction process can reveal the existence
of shortly-lived intermediates, determine the reaction
rate-limiting steps, provide a basis for the catalytic
mechanism of the catalyst, and help reveal the catalyt-
ic reaction pathway. For example, video-STM[52,53]with
atomic spatial resolution and millisecond time reso-
lution can be performed in an aqueous solution to re-
veal the diffusion behaviors of the adsorbent on the
electrode surface in electrocatalysis on the atomic
scale. In principle, XAS can also track faster catalytic
progress. There have been some known successful
examples where synchrotron-based XAS [54] has been
used to monitor the kinetics of the catalyst process
on a time scale of hundreds of picoseconds. In addi-
tion, the reactivity map of the catalyst surface can be
obtained by scanning electrochemical microscopy
(SECM). The spatial resolution of SECM is related to
the tip size and has been improved significantly in re-
cent years. A recently developed new method scan-
ning electrochemical cell microscopy (SECCM) can
probe a highly spatially-resolved catalytic process for
ORR of Pt clusters and nanoparticles, and the catalyt-
ic activity can be revealed[55].
Another important developing direction of in situ

characterization is the combination of these in situ
techniques to resolve the electrocatalytic from differ-
ent aspects. For instance, the combination of STM
and spectroscopic techniques provides a comprehen-
sive characterization for the identification of the
structural information and chemical information of
the electrocatalytic system. Tip-enhanced Raman
spectroscopy (TERS) combines the high spatial reso-
lution of STM with the chemical discrimination ca-
pability of RS. Electrochemical TERS (EC-TERS)
can be operated in an aqueous solution to directly
study the structure-activity relationship of electrocat-
alysts. Su et al.[56] used EC-TERS to study the atomic
site-specific electronic properties of Pt adatoms with

电化学渊J. Electrochem.冤 2022, 28(3), 2108531 (9 of 13)



different coordination numbers, which provided in
sights into the relationship between the electro-
catalytic behavior of Pt catalysts and the localized
surface nanostructure. In addition, the combination of
STM and SECM can obtain spatially resolved elec-
trochemical activity information on the catalyst sur-
face. Patrick R. Unwin[57] has realized conductance and
electron tunneling SECM on the surface of Au
nanocrystal electrodes. The simultaneous mapping of
the substrate topography and electrochemical activity
can be achieved. In summary, the in situ characteri-
zation of ORR has developed rapidly in recent years.
With the deepening of in situ technology, there will
be more exciting results in the research of electro-
catalytic reactions.
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电催化氧还原反应的原位表征

冯雅辰1,2袁王 翔1,2袁王宇琪1,2袁严会娟1,2袁王 栋1,2*

(1.中国科学院分子纳米结构与纳米技术重点实验室袁北京分子科学国家研究中心袁中国科学院化学研究所,
北京 100190曰 2.中国科学院大学袁北京 100049)

摘要院燃料电池作为一种电化学能量转换系统袁具有能量转换效率高尧清洁度高等优点遥 氧还原反应渊ORR冤是燃

料电池中重要的阴极反应遥目前袁电催化剂仍是制约燃料电池进一步商业化的关键材料之一遥ORR反应催化机理

的研究对于开发具有良好活性和高选择性的电催化剂具有重要价值遥 近年来人们通过各种先进的原位表征方法

深入研究了 ORR催化剂的机理和催化过程遥 本综述旨在总结用于原位表征技术应用于研究 ORR反应机制的最

新研究进展遥 我们首先简要介绍各种原位技术在 ORR 研究中的优势袁包括电化学扫描隧道技术尧 红外光谱尧 拉

曼光谱尧 X射线吸收光谱尧 X射线衍和透射电子显微镜等遥然后袁从催化剂的角度袁总结了各种原位表征技术在催

化剂形貌和电子结构演变以及催化过程中反应物和中间体的识别中的应用遥最后袁展望讨论了该领域原位技术的

未来发展遥
关键词院 氧还原反应曰原位表征曰电催化过程
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