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Efficient electrocatalysis of the oxygen reduction (ORR) and
evolution (OER) reactions is essential in numerous renewable
energy conversion systems, such as fuel cells, metal-air
batteries, and water electrolyzers. Design and optimization of
electrocatalytic materials for such systems primarily rely on
understanding the nature of active centers on the catalyst
surface. This review focuses on several important aspects of the

experimental identification of active sites on various model
bifunctional ORR/OER electrocatalytic surfaces. Applications of
the state-of-the-art experimental techniques are analyzed. In
addition, approaches to investigate and understand the
influence of some supporting electrolyte components on the
ORR and OER activities are discussed.

1. Introduction

The performance of numerous renewable energy conversion
systems is governed by the electrocatalytic activity of the
involved catalyst materials. Especially, the efficient electro-
catalysis of the oxygen reduction (ORR) and oxygen evolution
reactions (OER) is crucial for several energy conversion systems
such as water electrolyzers, fuel cells, and metal-air batteries. As
introduced by Taylor in 1925, the rate of the catalytic reactions
is controlled by several highly active centers on the surface.[1]

Hence, the identification of such active sites is paramount in
optimizing the performance of the catalyst. In the past decade,
there has been an increasing amount of research focusing on
the precise determination of the active centers on electro-
catalytic surfaces. Table 1 presents an overview of several state-
of-the-art bifunctional ORR/OER materials. The table also
provides information about the location of active centers and
the techniques used in their identification.

In general, the reaction mechanisms of the OER and ORR
depend on the type of electrolyte (acidic or alkaline media).[2–5]

The ORR can proceed either through a direct four-electron or a
two consecutive two-electron transfer,[6] whereas the OER
mostly follows the four-electron transfer mechanism.[2,5] Both
reactions include oxygen-comprised intermediates such as *O,
*OH, *OOH. Nørskov et al. proposed so-called “volcano plots”
for the OER and ORR, where the calculated Gibbs free energies
were presented for each elementary step as a function of
binding energy of oxygen-comprised intermediates.[2] Calcula-
tions were performed for metal and metal oxides surfaces. It
was shown that the limiting steps for the OER are the *OOH
and the *O formation, while for the ORR they are the *OH and
O2 reduction.[2,7] These findings highlight that the binding
energies of intermediates for the most efficient OER and ORR

catalysts are different. However, an optimization of the
morphological, topological, and electrical properties of the
catalyst can assist in achieving an optimal catalyst with bifunc-
tional activity.

This review consists of six sections, with the main emphasis
on the experimental studies on the ORR and OER catalysts. The
review starts with extended surfaces, such as single crystalline
and thin-film materials, where metal- and non-metal-based
electrocatalysts are considered. Afterward, the focus is set on
the recent developments of metal-organic framework (MOF)
derived catalysts materials. Later, structure-activity relations are
elaborated using the examples of size- and mass-selected
nanoparticles. Then, the influence of certain components
present in the supporting electrolytes is discussed. Last but not
least, several instrumentations used in the elucidation of active
sites on the surfaces of electrocatalysts are discussed in more
detail. Herein presented concepts and experimental methods
are aimed to serve as a guideline in the optimization and
design of bifunctional electrocatalysts.

2. Extended Surfaces

In order to elucidate the nature of active sites, well-defined
model surfaces are needed. Such model surfaces can be metal
single crystals or oxide thin films epitaxially grown, e.g., by
molecular beam epitaxy (MBE) or pulsed laser deposition (PLD).
Studies on well-defined thin films are rare compared to powder
ink films. Still, they are necessary for profound studies as they
provide the exposure of well-defined crystal facets and
stoichiometry. In the following, we introduce an excerpt of
studies performed on extended surfaces and thin films elucidat-
ing the catalyst’s active sites towards the ORR and OER. This
section is divided according to popular material classes: single
metals and their oxides, oxides consisting of more than one
metal (e.g. found in perovskite structures), and carbon-based
alternatives.

2.1. Single Metal (Oxides)

To date, noble metal catalysts such as platinum (Pt) and
iridium/ruthenium (Ir/Ru)-based materials have been reported
as state-of-the-art for the ORR and OER, respectively. Studies on
well-defined Pt(111) surfaces revealed that the ORR active sites
are located at sites with relatively high coordination, as can be
found, for instance, near the bottom of step edges on extended
surfaces.[23,24] Concerning the Ir/Ru oxide thin films, the

[a] S. Hou,+ R. M. Kluge,+ R. W. Haid,+ Dr. E. L. Gubanova, Dr. S. A. Watzele,
Prof. A. S. Bandarenka, Dr. B. Garlyyev
Physics of Energy Conversion and Storage, Physik-Department
Technische Universität München
James-Franck-Str. 1, 85748 Garching bei München, Germany
E-mail: bandarenka@ph.tum.de

batyr.garlyyev@tum.de
[b] S. Hou,+ Prof. A. S. Bandarenka

Catalysis Research Center TUM
Ernst-Otto-Fischer-Str. 1, 85748 Garching bei München, Germany

[+] These authors contributed equally to this work.
An invited contribution to a Special Collection on Bifunctional
Electrocatalysis
© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemElectroChem
Reviews
doi.org/10.1002/celc.202100584

3434ChemElectroChem 2021, 8, 3433–3456 www.chemelectrochem.org © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 09.09.2021

2118 / 214015 [S. 3434/3456] 1

http://orcid.org/0000-0002-5970-4315


orientation was found to be a crucial parameter for the OER
activity. Shao-Horn and co-workers investigated well-defined
rutile IrO2 and RuO2 films with both (110) and (100) orientations
in the alkaline environment of 0.1 M KOH.[25] Using cyclic
voltammetry (CV) and galvanostatic measurements, the authors

found that the (100) surfaces outperformed their (110) counter-
parts. The OER activity followed the trend as RuO2(100)>
RuO2(110)> IrO2(100)> IrO2(110). The authors explained the
superior performance of the (100) orientation by a higher
density of active coordinatively undersaturated (cus) metal sites
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and the easier oxidation of the more open (100) facet. In
Figure 1a,b, the terminations of the (110) and (100) surfaces are
shown and the active metal cus (Mcus: Ir and Ru) sites are
marked. Concerning the stability of these state-of-the-art
catalysts, Mayrhofer and co-workers revealed an opposed trend
between the OER stability and activity for these catalyst surfaces
in alkaline medium.[26]

Even though Pt and Ir/Ru oxides are the best catalysts
towards the ORR and the OER, respectively, their abilities to
catalyze both reactions are limited. The reason behind this is
the formation of insulating Pt oxides during the OER on the one
side,[28] and the reduced ORR activity of IrO2 and RuO2 on the
other side.[29] Moreover, the scarcity and high cost limit large-
scale applications and motivated the search for alternatives.

Promising alternatives are rutile-type oxides such as MnO2,
NiO2 and spinel-type oxides such as Co3O4, Fe3O4. Here, the
structure and oxidation state of the active phase can both tune
the ORR and OER activities. For example, Jaramillo and co-
workers conducted an in-situ X-ray absorption spectroscopy
(XAS) measurement to access the active phase of MnOx bifunc-
tional thin film catalysts. The technique is explained in further
detail in section 7. The authors observed a spinel-like structure
of a disordered Mn3O4 phase (cf. Figure 1c,d) under ORR
conditions. Under OER conditions, 80% of the catalyst changed
to an oxidized MnOx phase resembling a birnessite structure (cf.
Figure 1c,e). By a variation in the thickness of the thin film
(green and purple curves in Figure 1c refer to 100 nm and
200 nm film thickness), it was found that the OER is not
restricted to the surface of the film but can proceed throughout
the porous thin film.[27]

2.2. Mixed Transition Metal Oxides

Going from single-metal oxides to homogenous metal mixing
can alter inherent electronic and/or structural properties of the
host material in order to achieve higher activities. The most
prominent mixed transition metal oxides possess a spinel or
perovskite structure.[30–32] Spinel oxides (AxB3-xO4) have two types
of metal sites: the tetrahedral sites and the octahedral sites. The
latter are regarded as more active in oxygen electrocatalysis.[33]

Perovskite oxides, on the other hand, possess the general
formula ABO3, where A and B are cations of different sizes (A is
larger than B).[34] Figure 2a shows the cubic crystal structure of
perovskites. Besides the cubic structure, also less symmetric
tetragonal or orthorhombic structures exist. Partially substitut-
ing the cations on the A- or the B-site with a different metal can
have different effects on the catalytic performance, as explained
in the following using studies on thin films as examples.

It was stated that substituting the B-site of ABO3 perovskite
catalysts can significantly influence both the catalytic activity
and stability.[37] As an example, LaNiO3 thin films have been
doped with Fe in the form of LaNi1-xFexO3 where x=0, 0.1, 0.2,
0.6.[35] As shown in Figure 2b,c doping with Fe was beneficial for
both the ORR and OER activity. Corroborated with field-
emission scanning electron microscopy (FESEM) and X-ray
photoelectron spectroscopy (XPS), the authors assign the
benefit of the partial substitution of Ni with Fe to a higher
amount of adsorbed hydroxyl (OH� ) and to stabilization of NiIII

species on the surface. Both are beneficial for both the OER and
ORR activities.[38,39] Thus, the LaNi0.8Fe0.2O3 catalyst does not only
show superior OER and ORR activity but is also stable within

Table 1. Performances and the suggested active sites of recently reported bifunctional ORR/OER electrocatalysts, as well as the methods applied for the
identification of active sites.

Catalyst OER ORR ΔE [V]
Ej=10–E1/2

Active sites Experimental method for the
identification of active sites

Ref.
E [V], at
j=10 mAcm� 2

Eonset
[V]

E1/2
[V]

Co-MOF/GF 1.45 0.78 0.70 0.75 MOF derived CoOOH species SEM, Raman spectroscopy, FT-IR,
XPS, and XRD

[8]

Co3HITP2 1.59 0.91 0.80 0.79 Metal centers with unpaired 3d electrons EPR, XPS, and EXAFS [9]
Mn/Fe-HIB-MOF 1.51 0.98 0.88 0.63 Carbon active sites Atomic-resolution STM, Fourier-

transforms of the EXAFS spectra,
and XPS

[10]

Defective Graphene 1.57 0.91 0.76 0.81 Defects at the edge pentagon HAADF image [11]
O-NGM-800 1.70 0.93 0.86 0.84 Oxygen-induced vacancies XPS and in situ XRD [12]
S� C2N aerogel 1.53 0.98 0.88 0.65 Unsaturated coordination sites generated

from pyridinic and graphitic N species
XPS [13]

FeCo� N� C-700 1.61 1.01 0.90 0.71 FeCo active sites; Modulated electronic
properties of FeCo by N-doping

High-resolution XPS N 1s spectrum [14]

Co� N� CNTs 1.69 0.97 0.90 0.79 Co� N� C moieties XPS and HR-TEM [15]
Meso-CoNC@GF 1.66 0.99 0.87 0.79 N/Co-containing active sites HR-TEM, in-situ X-ray diffraction,

and Raman spectroscopy
[16]

Fe/N/C @BMZIF 1.64 0.99 0.85 0.79 N/A N/A [17]
Fe@C-NG/NCNTs 1.68 0.93 0.84 0.84 Fe@C structure enhanced Fe� Nx XPS, 57Fe Mössbauer transmission

spectra and EXAFS spectra
[18]

CoZn-NC-700 1.62 0.98 0.84 0.78 N- and metal-based species XPS, HR-TEM, and poisoning experi-
ment with KSCN and EDTA

[19]

CoOx@NGCR 1.74 0.91 0.80 0.94 Pyridinic N for ORR, graphitic N for the
adsorption of oxygen molecules, Co� N
active sites

HR-TEM, XPS [20]

Co/CoxSy@SNCF-
800

1.536 0.83 0.74 0.796 Co/CoxSy, and suitable S,N codoping in the
carbon structure

TEM, XPS [21]

NC-Co3O4-90 1.588 0.91 0.87 0.718 Co3O4 Ex-situ STEM-EELS spectrum [22]
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Figure 1. Active sites of monometallic oxide catalysts. a, b) State-of-the-art OER catalysts rutile RuO2 and IrO2. In alkaline medium, active sites have been
assigned to the coordinatively undersaturated metal sites (Mcus). Due to the higher density of Mcus sites and the more open structure, the (100) surface
outperforms its (110) counterpart. Reprinted with permission from Ref. [25]. Copyright (2014) ACS. c) The ORR and the OER activity of bifunctional MnOx thin-
film catalysts. In-situ X-ray absorption spectroscopy revealed that the active phase changed from d) spinel-type Mn3O4 during the ORR to e) an oxidized MnOx

phase resembling a birnessite structure under OER conditions. Adapted with permission from Ref. [27]. Copyright (2013) ACS.

Figure 2. Bifunctional perovskite oxides catalysts. a) Crystal structure of a cubic perovskite ABX3, where A and B are cations of different sizes, and X is oxygen
in the case of OER/ORR bifunctional catalysts. Reprinted with permission from Ref. [34]. Copyright (2014) Springer. b, c) The B-sites of the perovskites are
considered as the active sites. Therefore, the optimization of the B-site is beneficial for both b) ORR and c) OER. Reprinted with permission from Ref. [35].
Copyright (2015) The Royal Society of Chemistry. d–g) The A-site, in turn, can be used to balance OER and ORR. A set of epitaxial rare-earth nickelates (RNiO3)
have been investigated in regards to d) structure using the out-of-plane (OOP) lattice parameter obtained from XRD and e) electronically via XAS on the Ni L-
edge. With a combination of structure and electronic information, trends in the f) ORR and g) OER activity can be explained. Please refer to the main text for
more details. Reprinted with permission from Ref. [36]. Copyright (2018) Wiley.
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300 cycles between a potential of � 0.2 to 1.2 VSCE. A higher
amount of Fe (x=0.6) was claimed to lead to the formation of
NiO on the surface, which is detrimental towards catalyzing the
ORR and OER.[35]

Tuning the A-site of the perovskite oxide catalyst can assist
in balancing the OER and ORR activities. By assessing and
comparing the structural and electronic properties of a series of
epitaxial rare-earth nickelates (RNiO3) thin films, Wang and co-
workers[36] were able to explain trends in the OER and ORR
activities. The structure of the films was probed with X-ray
diffraction (XRD), and the thereby obtained out-of-plane lattice
parameters (OOP) are shown in Figure 2d. The lattice parame-
ters of the substrate and of the bulk films are given as dashed
line and star-shaped symbols, respectively. The discrepancies in
lattice parameters were expected to lead to in-plane strain and
a decrease in OOP lattice spacing. The prediction of the thin
film lattice parameter is given as squares. Some RNiO3 films are
in line with the prediction. However, the OOPs of the Sm and
Gd perovskites are larger than their bulk values, which was
ascribed to the presence of oxygen vacancies in the film. Such
oxygen vacancies will lead to a change in the oxidation state of
the Ni species from +3 to +2. The increasing presence of Ni2+

with increasing rare earth ionic radius was confirmed by
probing the Ni L edge with XAS. As shown in Figure 2e, the
ratio of the “α”-species, which were directly related to the Ni2+

species, increased with increasing rare earth ionic radius. The
ORR activity (Figure 2f) decreased linearly with the rare-earth
ionic radius. This was among other explanations assigned to the
largest radius of La in RNiO3 possessing the strongest covalency
of the Ni� O bond which was predicted to be beneficial for the
ORR.[38] The OER activity showed a more complex trend
(Figure 2g) with a maximum at La0.2Nd0.8NiO3. The higher OER
activity of La0.2Nd0.8NiO3 was explained by the creation of
oxygen vacancies accompanied by a partial reduction of Ni3+ to
Ni2+ species, which were stated to increase the average
occupancy of the eg antibonding orbital to more than one.

[39]

An alternative approach for tuning a certain compound to
serve as a bifunctional catalyst for both the OER and ORR is
based on a hybrid method, where two different catalyst
materials for the OER and ORR are combined. As an example,
well-defined thin films were fabricated by a PLD method.
Hereby, two state-of-the-art materials for the OER and ORR,
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and La0.8Sr0.2MnO3-δ (LSMO), respec-
tively, were layered on top of each other according to LSMO j
BSCF j substrate (001). Partial coverage of the BSCF thin film by
LSMO enhanced both the OER and ORR activities compared to
the respective “raw” materials.[40]

Another study aimed to elucidate the structure-activity
relations of the OER was performed on strontium ruthenate
(SrRuO3) single-crystal thin films. The authors reveal a close
connection between stability and activity, meaning that the
most active crystal facet is the least stable and vice versa. They
suggest that the electrochemical corrosion of Ru leads to the
development of “active sites”, such that the OER activity
depends on electronic effects but also on the defect density on
the surface.[41]

2.3. Carbon-based Catalysts

Carbon-based materials are promising bifunctional catalysts
due to their specific high surface area, electrical conductivity,
and economic viability.[42,43] It is believed that pure “defect-free”
carbon materials such as carbon blacks, carbon nanotubes, and
graphene possess insufficient ORR activity due to the reaction
proceeding via a two-electron pathway.[44,45] In many studies,
the active sites of pure carbon-based materials have been
assigned to step and defect sites in the case of the ORR.[46–53]

The OER active sites have been less studied, which may be due
to carbon corrosion interfering with the catalysis.[37,53] Still,
literature studies conclude that defects such as deviations in
the ring structure and step edges are beneficial for the
OER.[11,51,53] As an example, Yao and co-workers studied the OER
and ORR activities of defective graphite to understand the
underlying principles.[11] As sketched in Figure 3a, the carbon
catalyst was prepared by removing the nitrogen atoms
stemming from an N-doped precursor. After removing the
nitrogen atoms, the reconstruction of the carbon lattice leads
to defects such as “new” carbon ring forms, i. e., pentagons,
heptagons, and octagons. Both the ORR and OER performances
were tested using linear scan voltammograms (LSVs) as shown
in Figure 3b,c. The electrolyte was 0.1 M KOH saturated with O2.
The catalysts were compared to state-of-the-art catalysts Pt/C
and Ir/C for ORR and OER, respectively. It turned out that the
defective carbon catalysts (DG) outperformed their undoped
and N-doped counterparts. Besides, the authors report good
stability of the DG catalysts. They ascribe the superior perform-
ance of the catalyst for both ORR and OER to ring defects, such
as shown in Figure 3d-f. It was thus confirmed that defect sites
are active for both OER and ORR. While this particular study[11]

relies on the additional information from DFT calculations,
section 7 of this review introduces techniques that are able to
elucidate active sites purely experimentally. As an example,
Haid et al. recently confirmed step edges and defects as active
sites on graphite materials for both OER and ORR.[51] The
authors used an in-situ scanning probe method, which is
introduced in section 7.

It is a common approach to enhance both the ORR and OER
activities by heteroatomic doping of carbon catalysts with
nitrogen (N), phosphorus (P), sulfur (S), or boron (B).[54–57] The
success of the introduced heteroatoms is often ascribed to their
higher electronegativity compared to carbon, which eases
oxygen adsorption.[58,59] However, most studies related to
carbonaceous oxygen catalysts focus on nanomaterials. Little is
reported on thin film or other extended model surfaces. An
example of such a study is the N-doping of highly oriented
pyrolytic graphite (HOPG). O’Hayre and co-workers analyzed the
structural and chemical changes in HOPG upon impinging with
a nitrogen ion beam.[60] At low dosage, they only report
structural damages to the HOPG. Sufficient incorporation of
nitrogen can only be achieved at higher dosages of ca. 1×
1016 ions/cm2. Moreover, they probed the number of nitrogen
functionalities present on the surface in, e.g., the graphitic,
pyridinic, and pyrrolic form. Dai and co-workers performed
another study on extended surfaces.[61] The authors doped
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graphene sheets with nitrogen by chemical vapor deposition
(CVD). They reported superior activity and stability compared to
a commercial Pt/C catalyst in an alkaline medium. Furthermore,
they report the presence of pyridine and pyrrolic nitrogen
species. Generally speaking, in the case of N-doping of
graphene, active centers for the ORR were ascribed to graphitic-
N (quaternary-N), pyridinic-N, and pyrrolic-N sites.[61] In this
regard, Ruoff and co-workers claim that pyridinic N species can
change the ORR onset potential, whereas graphitic N can
improve the limiting current density.[62] However, controversy
exists upon which species plays the most important role.[63] It is

believed that the N-doping can promote a more favorable four-
electron pathway for the ORR.[64,65] Active sites for the OER on N-
doped carbons were assigned to the electron-withdrawing
pyridinic N-sites.[66]

Besides the heterogeneous doped carbon materials dis-
cussed here, also more complex carbon catalysts are promising,
such as metal-carbon hybrids of all kinds. As an example,
Maruyama and co-workers report Fe� N doped carbonaceous
thin films as bifunctional catalysts for both OER and ORR.[67] As
further metal-carbon hybrid systems are beyond the scope of

Figure 3. Carbon-based bifunctional catalysts. The activity of graphene surfaces can be enhanced by the incorporation of defect sites. a) In this study,
graphene (G) was doped with nitrogen atoms (NG). Subsequently, defects were introduced by removing the N atoms. This led to a reconstruction of the
carbon lattice and new ring structures such as pentagons, heptagons, and octagons. The hereby-created defective graphite (DG) catalyst showed superior b)
ORR and c) OER performance. d–f) Postulated active sites in the defective carbon catalyst as predicted by DFT. Reprinted with permission from Ref. [11].
Copyright (2016) Wiley.
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this review, we recommend Ref. [25], Ref. [45], Ref. [68] for
further reading.

3. MOF-based Bifunctional Electrocatalysts

Over the past decades, MOFs constructed by coordination
bonds between metal nodes and organic ligands have drawn
extensive attention.[69–71] They possess several unique advan-
tages such as low density, large surface area, tunable pore size,
and structural flexibility. Consequently, a significant number of
studies investigated MOFs and their derivatives as potential
bifunctional ORR and OER electrocatalysts.[72,73] Strategic devel-
opment of MOF-based bifunctional electrocatalysts can be
grouped as follows: 1) Highly efficient transition metal-nitrogen-
carbon active sites can be produced by using MOFs as the
sacrificial templates;[74–76] 2) Intrinsically conductive MOFs, which
can achieve rapid electron transfer and high utilization of active
sites through conductive ligands;[10,77] 3) MOF-derived metal-free
carbon, especially heteroatom-doped carbon (e.g., N, O, S, P,
and B), which exhibits ultrahigh electrochemical stability and
catalytic activity during the oxygen electrocatalysis.[78,79]

To gain deeper insight into the catalytic mechanisms, it is of
essence to elucidate the nature of the active sites. Extensive
studies examined the reaction pathways on the catalyst surface
via series of ex-situ and in-situ experimental techniques.[80–83]

Recently, the rapid development of MOFs and MOF-derived
bifunctional electrocatalysts facilitated the understanding of the
electrocatalytic active sites.[84–86]

A transition metal-nitrogen-carbon structure embedded in
the MOF-derived carbon matrix has been considered as one of
the most promising ORR catalysts, mainly due to their high
activity towards the O2 adsorption and intermediate O=O bond
breaking.[86,87] Moreover, the development of MOFs offers a
variety of options for the synthesis of heteroatom-doped
carbon. The target atoms cannot only be pre-introduced into
MOFs via the design of organic ligands or the addition of guest
molecules but can also be incorporated into the carbon matrix
during the pyrolysis process.[88,89] Using these highly dispersed
heteroatoms, the local electronic structure of the oxygen
catalysts can be tailored to increase their catalytic efficiency.[16]

In recent studies, MOF-derived single-atom metal M� N� C
catalysts have been widely investigated, and the corresponding
active sites have been gradually revealed from the evidence of
physicochemical techniques.[90,91] For example, Li and co-work-
ers proposed a novel MOF@polymer strategy for the synthesis
of single iron atomic sites, which were highly dispersed in the
nitrogen, phosphorus, and sulfur co-doped hollow carbon
polyhedron (denoted as Fe-SAs/NPS-HC).[92] As shown in Fig-
ure 4a, the homogeneous spatial distribution of single iron
atomic sites was confirmed by the aberration-corrected high
angle annular dark-field scanning transmission electron micro-
scopy (HADDF-STEM). Moreover, the presence of isolated Fe
atoms coordinated with four N atoms as Fe� N4 structure was
proven via X-ray absorption fine structure (XAFS) fitting curves.
The schematic illustration of the Fe� N4 structure is displayed in
Figure 4b. Benefiting from the unique coordinated structure

and atomic dispersion, Fe-SAs/NPS-HC catalyst exhibited im-
pressively high activity in the Zn-air battery, achieving a
maximum power density of 195.0 mWcm� 2.[92] Besides the
Fe� N4 structure, MOF-derived Co� N� C materials usually possess
remarkable catalytic activity towards the ORR/OER, and the
Co� N structure has been regarded as the main active site. For
instance, Fu and co-workers designed a 3D hierarchical
structure where the Co nanoislands were rooted on Co� N� C
nanosheets (denoted as Co/Co� N� C).[90] The electronic structure
and coordination properties were investigated via extended
XAFS spectra, revealing the existences of Co� N and Co� Co
structures. Operando XAFS further confirmed the ORR/OER
catalytic mechanisms using Co/Co� N� C catalyst in a Zn-air
battery under the electrochemical reaction conditions. As
shown in Figure 4c, the positive energy shifts of the absorption
edge of Co K-edge manifest the correlation between Co
oxidation state and the applied potential, corresponding to the
adsorption of oxygen-containing intermediates. Figure 4d
displays the Co K-edge FT-EXAFS spectroscopy. When the
applied potential increased, the intensity of the Co� N bond
located at �1.3 Å gradually decreased, whereas the intensities
of the Co� O bond (at �1.5 Å) and Co� Co bond (at �2.2 Å)
increased. Note that the new peak at �2.5 Å appeared and
increased with the increase of potential, which is assigned to
the high oxide state of Co in Co� Co bond during the OER. The
shortened Co� Co and Co� N bond lengths infer their important
role for the ORR. In turn, the increased Co� O bond length
indicates that the Co� O is the active site for the OER. Jaouen
and co-workers also prepared the pyrolyzed Co� N� C materials
and identified the porphyrin-like CoN4C12 moiety as the active
sites towards the ORR by X-ray absorption near-edge structure
(XANES) spectroscopy.[86] The operando XANES spectra (Fig-
ure 4e and f) were measured as a function of the ORR potential
for the Co� N� C and Fe� N� C catalysts in an N2-saturated
electrolyte. A drastic change of the normalized XANES spectra
can be found in Fe� N� C with the increased electrochemical
potential, while no significant change was detected in Co� N� C.
This result was attributed to the changes in the oxidation state,
conformation, and/or the spin state of Fe� N� C.

In order to overcome the shortcoming of low electrical
conductivity, conductive MOFs have been developed through
the construction of π-conjugated pathways.[10,77,93] Benefiting
from the intrinsic advantages of MOFs (such as well-defined
porous structure, ultrahigh specific surface area, and abundant
unsaturated metal centers), these conductive MOFs exhibit
remarkable bifunctional OER/ORR catalytic performance. Dincă
and co-workers performed pioneering work by designing a 2D
conductive MOF, Ni3(HITP)2 (HITP=2,3,6,7,10,11-hexaiminotri-
phenylene), as a highly efficient ORR catalyst (Figure 5a).[77] The
2D Ni3(HITP)2 with a conjugate coplanar structure achieved a
superior electrical conductivity (σ=40 Scm� 1) and a compet-
itive onset potential of 0.82 V at the current density of
� 50 μAcm� 2. In their subsequent work, the active sites of the
conductive MOFs for catalytic O2 reduction were identified on
the ligand rather than the metal by using the kinetic and XAS
data. Recently, a series of ultrathin MOFs with coordinated
unsaturated metal sites or lattice strains have been developed
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as highly active bifunctional ORR/OER catalysts. For instance,
Liu and co-workers synthesized lattice-strained NiFe MOFs via a
controllable step to photo-induce lattice strain.[94] The as-
prepared bifunctional catalysts achieved outstanding mass
activities of 500 Agmetal

� 1 at a 0.83 V half-wave potential for the
ORR and 2000 Agmetal

� 1 at an overpotential of 300 mV for the
OER (Figure 5b, c, and d), which were comparable to those of
commercial of Pt/C and RuO2. The high-valence Ni4+ species
with crucial superoxide, *OOH, intermediate were determined
as the real active sites by cutting-edge operando synchrotron

radiation Fourier transform infrared (SR-FTIR) spectroscopy and
XAS. As shown in Figure 5e, the Ni4+ feature peak that emerged
at 0.8 V in the Ni L3.2-edge XANES spectra was proportional to
the stretching vibration of superoxide (� O� O� ) obtained from
the operando SR-FTIR measurements. The Ni4+/Ni2+ ratio
gradually increased with the abatement of the potential from
0.8 to 0.6 V, which is in good agreement with the infrared signal
of � O� O� . Similar results can be found for the OER process
(Figure 5f). Accordingly, the close association between the
generation of surface superoxide intermediates and the

Figure 4. a) Aberration-corrected (AC) HAADF-STEM image showing the single iron atom in the Fe-SAs/NPS-HC catalyst. Scale bar: 1 nm. b) Schematic
illustration of the Fe-SAs/NPS-HC structure, Fe=orange, N=blue, S=yellow, P=green, and C=grey. Reprinted with permission from Ref. [92]. Copyright
(2018) Springer. c) Co K-edge energy shift of XANES of Co/Co� N� C measured as a function of the electrochemical potential and d) EXAFS spectra for the
length changes of the Co� N, Co� O, and Co� Co bonds at the Co K-edge with the potential increase. Reprinted with permission from Ref. [90]. Copyright (2019)
Wiley. e and f) Normalized operando XANES spectra of the Co� N� C and Fe� N� C catalysts measured at various potentials. Reprinted with permission from Ref.
[86]. Copyright (2017) Springer.
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emergence of Ni4+ revealed the critical role in the high-
efficiency 4e� oxygen electrocatalytic process.

Additional approaches, such as X-ray diffraction (XRD),
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS), are widely accepted to in-situ observe the active sites of
MOFs and MOF derivatives during the electrocatalytic
process.[16,95,96] These advanced analytical techniques can sensi-
tively probe the changes in the lattice parameters, chemical
composition, chemisorption/desorption of oxygen molecules,
and oxygen-containing intermediates, providing a deeper
understanding of the reaction mechanism. For example, Yan
and co-workers comprehensively investigated the oxygen
chemisorption processes on a heteroatom-doped carbon
material by in-situ XRD and Raman spectroscopy.[16] MOF-

derived mesoporous CoNC nanocrystal-supported on the gra-
phene framework (denoted as MesoCoNC@GF) was prepared by
annealing treatment, exhibiting an ultra-low overpotential of
0.79 V between the potential at a current density of 10 mAcm� 2

(Ej=10) of the OER and the half-wave potential (E1/2) of the ORR
(Figure 6a). The reaction mechanism of MesoCoNC@GF in a Zn-
air battery was evaluated through in-situ XRD spectra (Fig-
ure 6b). There were two major diffraction peaks at ca. 44° and
54° in the original state of the air cathode, corresponding to the
carbon. Note that using MesoCoNC@GF as the air cathode in a
Zn-air battery, the two peaks from the carbon gradually became
weaker during the discharging process, which can be attributed
to the influence of heteroatom dopants on carbon. In nitrogen-
doped carbon materials, nitrogen dopants, having higher

Figure 5. a) Schematic of the relative pore size in the idealized Ni3(HITP)2. Pores were filled by electrolyte Et4N
+ and BF4

� ions and acetonitrile solvent
molecules. Reprinted with permission from Ref. [77]. Copyright (2016) Springer. b) Crystal structure of NiFe MOFs; c and d) ORR and OER polarization curves of
the pristine, 1.7%-, 3.6%- and 4.3%-MOFs and commercial Pt/C or RuO2 in 0.1 M KOH; e and f) Infrared signal at 1,048 cm� 1 and Ni4+/Ni2+ ratio as a function
of applied potential for the 4.3%-MOF during the ORR and OER. Herein, the 1.7%, 3.6% and 4.3% represent lattice expansion ratios in the MOFs. Reprinted
with permission from Ref. [94]. Copyright (2019) Springer.
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electronegativity, can lead to electron deficiencies of the
adjacent carbon atoms. This further accelerates the chemisorp-
tion of oxygen molecules and the generation of oxygen-
containing intermediates on the carbon material occurring
under a lower ORR overpotential. In addition, Zhi and co-
workers proposed a strategy to synthesize single-site dispersed
Fe� Nx species on 2D porous nitrogen-doped carbon (denoted
as FeNx� PNC), achieving a small potential difference value of
0.775 V between the Ej=10 of the OER and the E1/2 of the ORR
(Figure 6c).[96] Subsequently, XPS measurements were con-
ducted to reveal the coordinated structures of Fe� Nx moieties.
As shown in Figure 6d, the coordination of six nitrogen atoms
with an iron center was confirmed via the peak at 399.6 eV,
corresponding to the Fe� Nx structure in FeNx� PNC. The Fe� Nx

structure has been considered as the active site for oxygen
catalysis. Moreover, XPS depth profiling was performed to study
the condition of Fe species on the surface and in the bulk of
FeNx� PNC catalyst (Figure 6e). The results indicated that in the
surface layer of the FeNx� PNC catalyst, a positive shift of the
Fe� Nx configuration peak at around 712.4 eV could be found in
comparison with the bulk, demonstrating lower charge density
on the central Fe in surface components. The lower charge
density is a clue of the interaction between the Fe� Nx

configuration and other Fe� Cx components.

4. Investigation of Single Nanoparticles on
Nanoelectrodes

As introduced in section 2, precious metal catalysts (such as Pt,
Ru, Ir), despite their high cost, are among the most important
ORR and OER catalysts.[97,98] Due to their higher abundance,
transition-metal oxides are explored as alternatives to replace
the noble-metal-comprised materials.[99,100] However, the devel-
opment of cheap, active, and stable catalysts or the optimiza-
tion of the existing ones remains a challenge. To rationalize the
design of optimal catalysts, it is essential to understand the
fundamental mechanisms and the structure-activity relations.
Common catalysts are microscopically ill-defined, with metal
clusters showing wide ranges of structure and sizes. The
macroscopic observation of performance reveals only ensem-
ble-averaged properties. Subsequently, the rational improve-
ment of materials is difficult as the activities of the individual
morphology and topology features remain unclear. Studies on
single nanoparticles (SNPs) with known shape and size could
circumvent these difficulties and reveal particular features due
to their unique structure-dependent catalytic properties. Recent
investigations of SNPs in electrochemistry follow the aforemen-
tioned concept to characterize individual cluster performance
and have attracted great interest.[101–104] This section presents
the latest approaches involving nanoelectrodes, which can be
applied for the single entity investigations on the structure-
activity relationship under reaction conditions.

In the absence of mass-transfer limitations, conducting
kinetic measurements over a single particle supported on the
nanoelectrode reveals more reliable information than the
rotating disk electrode (RDE) studies. For instance, carbon

Figure 6. a) The potential differences between the half-wave potential E1/2 of the ORR and the potential at the current density of 10 mA ·cm
� 2 (Ej=10) of the

OER for the CoNC based catalysts and commercial Pt/C+ IrO2 catalysts and b) XRD intensity map of Zn-air battery with Meso-CoNC@GF air cathode during the
charging and discharging processes. Reprinted with permission from Ref. [16]. Copyright (2017) Wiley. c) The OER and ORR polarization curves, the E1/2 of ORR
and Ej=10 of OER are marked by dotted lines for the comparison of bifunctional catalytic activities; d) High-resolution XPS spectrum of N 1s for the FeNx� PNC;
e) The XPS depth profiles of Fe 2p for the FeNx� PNC at different etching depths (0–15 nm). Reprinted with permission from Ref. [96]. Copyright (2018) ACS.
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nanoelectrodes having very small electroactive areas with
effective radii of only a few nanometers are the ideal model
electrode system for investigating the size effects of supported
nanoparticles or nanocrystals of electrocatalysts.[105] Another
important feature of single-particle measurements is the
insignificant contribution of the background current, as its
contribution depends on the electrode area.

Recently, the OER was investigated over differently sized
Ni(OH)2 SNPs supported on carbon nanoelectrodes. Carbon
nanoelectrodes (CNE) were produced by laser pulling of a
quartz capillary into a nanopipette, followed by filling the
nanopipette tip with the pyrolitic carbon. The single nano-
particle of Ni(OH)2 was electrochemically deposited on the
electrode tip from the NiCl2 solution.[106] The radii of the
deposited nanoparticles with approximately spherical geometry
varied in the range of 20–500 nm (Figure 7a). Catalytic activity
was estimated at high overpotentials to establish the depend-
ence of the turnover frequencies (TOF) on the SNPs size. The
TOF decreased with increasing the particle size (Figure 7b).
Moreover, the received TOF values were found to be higher
compared to data obtained on macroscopic electrodes.[107]

Measurements of SNPs supported on nanoelectrodes are
considered more accurate due to very high mass transport
rates, good electrical connectivity without conductive additives,
and a more precise evaluation of the particle size. The latter is
crucial for further estimation of the active sites and the
subsequent calculations of the TOF.[106,107]

SEM-controlled micromanipulator is another approach for
the investigation of catalytic features of single entities on the
nanoelectrodes. This robotic technique allows to select the
individual particle by picking it up to support onto the surface
of the CNE under SEM imaging (Figure 8). The main advantage
of this “picking-and-placing” method is the control of the
particle orientation on the CNE surface (Figure 8f-i).[108] Using
the above-described technique, differently sized single nano-
particles of the hexagonal-shaped Co3O4 supported on the CNE
were investigated for the OER. The particles were synthesized
by a wet colloidal synthesis, with the size variation from 180 to
300 nm.[109] The CNE was produced by the pyrolytic decom-
position of butane gas inside the pulled quartz nanopipettes.[108]

The individual Co3O4 nanoparticles demonstrated a high

catalytic size-depended activity towards the OER performed in
an alkaline medium, as well as high TOF values of 532�100 s� 1

at 1.92 V vs. RHE. In addition, structural changes of the single
hexagonal-shaped Co3O4 particles from crystalline to amor-
phous were observed at high anodic OER overpotentials.[108]

The methods for the investigation of the catalytic perform-
ance of single entities on the nanoelectrodes can be divided
into two groups. The first one consists of steady-state
techniques when the particle is immobilized on the electrode
surface. The techniques presented above belong to this
group.[105–107] The second group contains transient methods,
which are based on the stochastic collision of the particle with
the electrode.[110,111,112] However, obtaining structural informa-
tion from such transient methods is still under development.
Scanning electrochemical cell microscopy (SECCM) is an alter-
native technique for analyzing the relation between size and
activity of single entities. More details on the SECCM will be
provided in section 7.[104,113] Nanoelectrode techniques, inves-
tigating single active nanoparticles, prove to be powerful tools
in elucidating size-specific phenomena in electrocatalysis. This
will help in understanding the size-structure activity relationship
at the nanoscale and consequently improve the performances
of catalysts, especially for bifunctional applications.

5. Mass- and Size-selected Nanoparticles

As presented in section 4, much can be learned about the
nature of individual particles’ active sites from a focused
observation of them. However, accurate measurements are
often very complicated in practice due to a relatively low
signal-to-noise ratio and limited reproducibility. Therefore, a
highly accurate characterization of the individual particle is
essential. Nonetheless, the investigation of an ensemble of
particles is much closer to subsequent application, and the
signal-to-noise ratios can be significantly improved. However, in
this case, the measurement is usually an averaging over all
investigated particles. Obviously, if there is a significant variance
in size or shape of the particles, the impact with respect of
individual particles is low. A widely used approach is, therefore,

Figure 7. a) Scheme and SEM images of single Ni(OH)2 nanoparticles supported on the carbon nano electrodes (CNE). b) Cyclic voltammogram (10 mVs� 1) at a
single particle electrode with r=83 nm in 0.1 M KOH and turnover frequencies for the OER at 1.88 V vs. RHE for particles with different sizes. Reprinted with
permission from Ref. [106]. Copyright (2016) Royal Society of Chemistry.
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to investigate an ensemble of particles with well-defined and
selected sizes and shapes.

G. Kwon and co-workers are among the first to synthesize
size-selected clusters for the study of active sites of electro-
catalysts. Among others, they have decorated electrodes with
size-selected palladium nanoclusters and benchmarked their
electrocatalytic performance.[114] An Si electrode coated with
ultrananocrystalline diamond (UNCD) was used as the substrate
due to its good corrosion resistance. By laser vaporization of a
rotating Pd target, a molecular beam was generated which was
guided by ion optics and a quadrupole assembly. This allowed
a selection between clusters with 4�1, 6�2, and 17�3 atoms
each, denoted as Pd4, Pd6, and Pd17, respectively. To avoid
agglomeration, these clusters were soft-landed on separate
electrodes, and the surface coverage was limited to 0.1
monolayers. The interesting aspect of the study is that these
nanoclusters consist of only a few or just a single catalytic site.
This simplifies the identification of active sites. The electrodes
were characterized before and after the electrochemical meas-
urements by means of grazing incidence XAS (GIXAS) and
grazing incidence small-angle X-ray scattering (GISAXS). An
oxidation state similar to that of PdO was determined. The
spectra remained unchanged within the limits of measurement
accuracy even after the electrochemical experiments. The
authors conclude from the nearly identical before and after
spectra that they “have sintering- and leakage-resistant sub-
nanometer clusters under electrocatalytic conditions”. This

holds true for the relatively short electrochemical potential
cycling of this study at ambient conditions, which is essential
for identifying active sites. However, no accelerated aging tests
were performed to benchmark the aforementioned properties
under electrolyzer conditions. Therefore, one cannot conclude
the suitability of these nanocluster catalysts for real systems.

Figure 9a shows the anodic polarization curves in the OER
region of the electrodes decorated with Pd17, Pd6, and Pd4 in
1 M NaOH. For comparison, the polarization curve of the UNCD
coated electrode without any Pd clusters was also recorded.
The OER activity of the electrodes with Pd4 is significantly lower
compared to the two electrodes with larger Pd clusters. On
closer inspection, it is noticeable that the measured currents are
even lower than for the substrate without Pd, and the Pd4
clusters thus block the more active support material. The larger
Pd6 and Pd17 clusters nevertheless show a very high activity
considering that the catalyst is Pd. The authors determined a
TOF at η=351 mV per Pd atom of 0.68 and 0.60 atom� 1 s� 1 for
Pd6 and Pd17, respectively. These high TOFs are even compara-
ble to those of Ir (TOFIr=0.64 atom� 1 s� 1), which is considered
as one of the most active OER catalysts. The transition from
practically zero electrocatalytic activity for Pd4 to very high
activity for Pd6 clusters is of particular importance for the
determination of active sites. Here, the model character of the
size-selected nanoclusters pays off. Kwon and co-workers finally
identified the bridge sites of Pd6 clusters as active sites by
analyzing the possible binding sites of both clusters using DFT

Figure 8. a) Schematics of the setup and b–e) SEM images of the selection, picking and placing of individual hexagonally shaped Co3O4 nanoparticles onto
the CNE surface; f, h) SEM images of differently oriented particles on the CNE. g,i) TEM-EDS elemental mapping images of the composition of the nano-
assemblies presented in (f,h). Scale bars corresponding to 500 nm. Reprinted with permission from Ref. [108]. Copyright (2021) Wiley.
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calculations. Figure 9b shows a Pd6O6 cluster, the active site is
marked with an asterisk “*”.

State-of-the-art precious metal-free bifunctional OER/ORR
catalysts are often designed as a two-component catalyst
system, combining the ORR catalysts such as Fe� N� C with
highly active OER catalysts such as NiFe layered double
hydroxides (LDH).[115] Although NiFeOx has been used for over a
century as, e.g., the OER catalyst in electrolyzers, the question
of its active centers has not yet been fully clarified. Nickel alone
is relatively inactive, however, it gains significantly when iron is
intercalated into the structure. There are numerous studies
which claimed to identify nickel[116,117] or iron[118,119] as the active
sites. In addition, it is an open question whether only the
surface of a NiFeOx catalyst or also the bulk contributes to the
reaction. Several studies indicate that not just the outer surface
but also the bulk of the catalyst is active,[120,121] while others
demonstrate that the TOFs of NiFeOx tend to decrease with
higher loadings.[122]

The question, whether the bulk or only the surface of the
NiFeOx catalyst contributes to the reaction was recently
investigated by C. Roy and co-workers.[123] Size-selected nano-
particles were used, and the exchange of lattice oxygen was
investigated by isotope labeling experiments. A magnetron
sputtering nanoparticle source was utilized to produce mono-
disperse, size-selected, and chemically pure metallic NiFe
particles. A TEM image of the particles with average sizes of
3.9�0.5 nm, 5.4�0.6 nm, 6.7�0.5 nm, and 8.4�0.5 nm is
shown in Figure 10a. The nanoparticles with the smallest sizes
of 3.9 nm showed the highest mass activity, as shown in
Figure 10b. However, all clusters showed significant OER
currents already at an overpotential of η=270 mV. Electro-
chemical mass spectrometry (EC-MS) was utilized to investigate
if subsurface and lattice oxygen participates in the OER.
Therefore, the 16O labeled catalyst samples were investigated in
18O-labeled 0.1 M KOH. As can be seen in Figure 10c, the release
of 16O was only observed at potentials above the onset of the
OER. The signal was calibrated to m/z=34 (16O/18O). The purple,

cyan, and blue dashed lines are simulations of a theoretical
signal that would be monitored if 1% of the total 16O
exchanged with the electrolyte at the open circuit potential
(OCP) within 5 s, 15 s, and 45 s, respectively. These simulations
were introduced to demonstrate that even small release rates
can be tracked by the EC-MS setup. Before and after the EC-MS
experiments low-energy ion scattering (LEIS) spectra were
recorded to observe the total change of 16O/18O ratio. Corre-
sponding spectra of the as-deposited (grey line), after OER
measurements (purple line), and of the catalyst after additional
sputtering to remove residuals from the electrolyte (blue line)
are shown in Figure 10d. As expected, the 16O/18O ratio
decreased after OER as 16O was exchanged with 18O. After
sputtering, the 16O/18O ratio slightly increased as residuals from
the 18O-labeled electrolyte were removed. Importantly, in any
case, the 16O signal was still significant. The authors assigned
this to the oxygen in the bulk catalyst and concluded that this
was not exchanged during the OER. As a control experiment,
the authors also performed the same experiment with reverse
labeled oxygen species and observed similar trends. With this
study, C. Roy and co-workers gave strong experimental
evidence against the bulk activity NiFeOx catalysts as lattice
oxidation and oxidation of low-mobility intercalated water were
not detected. Further, they found that the OER mechanism
does not involve lattice oxygen.[123] The approach of isotope
labeling to size-selected nanoparticles is exemplary and could
be extended to other systems with an uncertain contribution of
the bulk catalyst.

6. Impact of the Supporting Electrolyte
Components on the Active Site Performance

Up until now, we have discussed the activity of different
catalyst materials, including the structure-activity relations and
the concept of active sites. In addition to the composition and

Figure 9. Size-selected Pd nanocluster catalysts. a) Anodic polarization curves of Pd clusters on UNCD recorded in the OER region in 1 M NaOH. Current
densities for Pd17 (red), Pd6 (green), Pd4 (blue), and the blank UNCD support (grey dashed line) are normalized to the geometric surface area of the electrode
exposed to the electrolyte. The electrode coverage with clusters was 11.0%, 7.9%, and 9.4% for Pd17, Pd6, and Pd4, respectively. b) Schematic of an active site
on a Pd6 nanocluster. The oxidation state of all clusters was determined as ca +2. Therefore, a Pd6O6 cluster was investigated. Note that one of the (red)
oxygen atoms is hidden in this representation. The active site of the cluster was found as the bridge-site of two Pd atoms, highlighted with an asterisk “*”.
Reprinted with permission from Ref. [114]. Copyright (2013) ACS.
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structure of the electrode material, in electrocatalysis, there is
also a peculiar influence of the electrolyte species on the overall
performance. There have been numerous studies describing
how the nature of active sites changes in the presence of “inert”
electrolyte species.[124–131] In this section, several of such
important studies focusing on the ORR and OER electrocatalysis
in different electrolytes are highlighted.

For a clear understanding of the influence of inert electro-
lyte species, one needs to limit the number of variables, which
can be done by using model electrode systems. For this
purpose, let us consider the influence of the electrolyte species
on the Pt electrode, which is a well-known catalyst for the ORR.
Alkali metal cations in the electrolyte have been shown to alter
the activity of Pt surfaces significantly.[126–128] The proposed
physical origin of this peculiar influence is thought to be

through so-called non-covalent interactions, where the alkali
metal cations interact with oxygenated species adsorbed on the
Pt surface (i. e., Pt� OH). This mechanism is different from the
specific adsorption and blocking of the active sites by anions in
the electrolyte, for instance, blockage of the active sites on Pt
by HSO3

� /SO3
2� .[132]

The ORR activity of the Pt(111) surface, in 0.1 M MOH (M:
alkali metals) solutions, changes linearly with the hydration
energy of the alkali metal cations, and the activity decreases in
the following order: Cs+>K+>Na+>Li+.[126] However, the
trend is more complex for stepped single crystalline surfaces
(i. e. Pt(221), Pt(331)), where the activity decreases in the
following order: K+>Na+>Cs+>Rb+�Li+.[127] Figure 11a sum-
marizes the ORR activity of Pt stepped single-crystalline electro-
des in different alkaline solutions, including the activities in

Figure 10. Size-selected NiFe nanoparticles. a) Representative TEM images of the nanoparticles with size of 3.9�0.5 nm, 5.4�0.6 nm, 6.7�0.5 nm, and
8.4�0.5 nm. b) Measurement of their OER activity in 1 M KOH. Currents are normalized to mass. c) EC-MS of NixFe1-x(

16OH)2 measured in
18O-labelled 0.1 M

KOH during OER (red line). The green line shows the expected signal for the assumption that no lattice oxygen is exchanged. The purple, cyan, and blue
dashed lines are simulations of a theoretical signal that would be monitored if 1% of total 16O exchanged with the electrolyte at OCP within 5 s, 15 s, and 45 s,
respectively. d) LEIS spectra before (grey), after the OER (purple), and after additional sputtering (blue) to investigate 16O and 18O content. Reprinted with
permission from Ref. [123]. Copyright (2018) Springer.
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acidic solutions for comparison. From these observations, it is
clear that the nature of the active sites varies when the
electrolyte composition is changed. Figure 11b illustrates the
types of possible active sites on plain and stepped single-
crystalline Pt surfaces. For a plain Pt(111) surface, one can
assume that only one type (Type 1) of surface sites is present,
and in acidic solution, they bind OH-intermediates ca. 0.1 eV
stronger than the optimal value.[23,133] In alkaline solutions, the
OH-binding energy is weakened due to the non-covalent
interactions of alkali metal cations with the OH-adsorbates on
the surface. Hence, the Pt(111) shows higher ORR activity in
alkaline solutions in comparison to acidic. In addition, the
degree of such non-covalent interaction is dependent on the
nature and the hydration energy of the alkali metal cations.[126]

For Pt(221) surfaces, one can assume to have four different
surface sites, as illustrated in Figure 11b. Two of them are
sacrificial surface sites: the first are permanently blocked
“under-coordinated” sites located on the top edges (blocked by

red atoms as indicated in Figure 11b). The second sacrificial site,
labeled Type 3, are sterically hindered. In acidic solution, the
Type 2 sites of Pt(221) are the most active sites towards the
ORR and demonstrate the most optimal OH-binding energy for
the intermediates.[23] In alkaline solution, due to the influence of
the alkali metal cations, the OH-binding strength will be shifted
away from the near-optimal value and will lead to lower
activities. In fact, lower ORR activities are observed in the basic
solutions compared to the acidic ones (see Figure 11a). In
alkaline solutions, the highest ORR activity for stepped Pt
electrodes is observed in KOH. This finding was further
experimentally confirmed by an in-situ EC-STM study, more
information can be found in the Ref. [134].

Similar investigations have been done for Pt nanoparticles
supported on carbon (Pt/C). The results are shown in Fig-
ure 11c.[135] The highest ORR activity for Pt/C is observed in the
KOH solution. However, it should be noted that the authors did
not perform the measurements in CsOH or RbOH. One can

Figure 11. a) The ORR kinetic current densities for Pt(221) and Pt(331) electrodes in different 0.1 M alkali metal hydroxide solutions at the electrode potential
0.9 V. The ORR activities of Pt(111) in 0.1 M HClO4, 0.1 M KOH, and Pt(221) in 0.1 M HClO4 are shown by dotted lines for comparison. b) Schematic illustration
of different surface catalytic sites on top of Pt(111) and Pt(221) electrodes. Red spheres represent the oxygen atoms, which permanently block the under-
coordinated step-top sites on the surface of Pt(221). The lower image in (b) describes the non-covalent interaction between hydrated alkali metal cations with
OH-adsorbates on terraces and steps of Pt(221). Red and white spheres represent oxygen and hydrogen, respectively. Blue-colored spheres represent alkali
metal cations. Reprinted with permission from Ref. [127]. Copyright (2018) ACS. c) The polarization curves (anodic scan) of Pt/C in 0.1 M LiOH, NaOH, and KOH.
d) The OER activity of r-IrO2 in the same three alkaline solutions. Reprinted with permission from Ref. [135]. Copyright (2013) Springer.
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translate the observations regarding the physical origins from
the single crystalline electrode to nanostructured catalysts.
Since the nanostructured materials will have various surface
sites, including steps and terraces, similar to stepped single
crystalline surfaces, one could expect analogous interactions
between the alkali metal cations with the OH-adsorbates on the
nanoparticle surface. In order to see if the alkali metal cations
influence the OER activity, rutile (r)-IrO2 nanoparticles have
been investigated in different solutions. The results are given in
Figure 11d. Similar to Pt/C, for IrO2, the highest OER activity is
observed in KOH.

The influence of metal cations has also been investigated
for transition metal-based electrocatalysts. The state-of-the-art
transition metal-based OER catalyst in alkaline electrolytes is
nickel oxyhydroxide (NiOOH) doped with Fe. The influence of
electrolyte cations and anions has been extensively investigated
for Fe doped and pure NiOOH.[136,137] Regarding the anions in
the solution, the presence of most basic anions has shown to
result in the highest OER activities for NiOOH. Among the alkali
metal cations, the presence of Cs+ yielded the highest OER
activity, and the OER overpotential increased with decreasing
ionic radii of the cations. The NiOOH based catalysts have a
layered structure, and the species in the electrolyte (including
water molecules) can intercalate between those catalyst
layers.[138] The intercalation of water molecules and Na+ cations
in-between the NiOOH layers is schematically shown in Fig-
ure 12a. These intercalations can then alter the phase structure

of the catalyst leading to changes in their electrocatalytic
performance. Figure 12b shows the activities of NiOxHy and Niz-
1FezOxHy (with 10% and 50% Fe doping) in different 0.1 M
metal hydroxide solutions. A similar trend is observed for both
Fe doped and pure NiOxHy. The overpotential at TOF of 0.1 s

� 1

for NiOxHy in different basic solutions increased as follows:
KOH�NaOH�Mg(OH)2!Ca(OH)2. For both 10% and 50% Fe
doped samples of Ni(Fe)OxHy a similar trend in the overpotential
was observed: KOH�Mg(OH)2�NaOH!Ca(OH)2.

[138]

In summary, these studies show how the “inert” electrolyte
species can alter the electrocatalytic performance of various
materials. In addition, the differences in the physical origin of
their influence on different catalyst materials are highlighted.
For instance, depending on the electrode material, the electro-
lyte species can change the electrode activity through non-
covalent interactions or through intercalations into the catalyst
lattice. These aspects need to be carefully considered when
designing electrocatalytic systems.[139]

7. In-situ Active Site Detection Techniques

To facilitate the design and increase the efficiency of bifunc-
tional catalysts, it is of fundamental importance to understand
which surface sites participate in the reaction. Maximizing the
density of exposed active sites on the surface would lead to
significantly improved catalytic performances.[80,140] Conse-

Figure 12. a) The schematics of a NiOOH crystal structure highlighting the intercalation of Na+ and water molecules. b) The OER overpotential of NiOxHy and
Niz-1FezOxHy (with 10% and 50% Fe doping) in 0.1 M KOH, 0.1 M NaOH, 1 mM Ca(OH)2 in 0.1 M KOH, and 1 mM Mg(OH)2 in 0.1 M KOH. Reprinted with
permission from Ref. [138]. Copyright (2017) ACS.
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quently, it is desirable to observe the behavior of the catalyst
surface under reaction conditions. Recently, specific experimen-
tal techniques have been developed that can identify the active
sites under these circumstances. In the following, several
techniques capable of in-situ detection of active surface
structures will be presented.

A popular approach to probe the active sites of a surface is
XAS.[66,141–146] Here, an X-ray photon beam, scanning through a
range of energies, is directed at the sample (see Figure 13a). At
specific energies, inner shell electrons are excited to a higher
unoccupied energy level (Figure 13b). Consequently, the ratio

of the X-ray photons transmitted through the sample compared
to the incident beam will yield information about the existing
energy states. XAS spectra are typically divided in the extended
XAFS (EXAFS) and the XANES, as indicated in Figure 13c.
Especially the latter can be used for the identification of active
electrocatalytic sites. The reason behind this is the slight
modifications of the energy levels caused by adsorbed species.
Peaks in the vicinity of an absorption edge give clues about the
existing adsorbed species and combining them with electro-
chemical information of the sample can elucidate the active
sites. An example of this is given in Figure 13d–f. Here, an N-

Figure 13. X-ray Absorption Near-Edge Spectra. a) In XAS, an X-ray beam is directed at the sample and scanned through a range of energies. The absorption
ratio returns information about the chemical state of the sample. b) At specific energies, the incident beam will elevate inner shell electrons to the continuum
level. Reproduced from Ref. [141] with permission from The Royal Society of Chemistry c) The XAS spectrum is divided into the EXAFS and XANES region. The
latter reveals a shift in the electronic structure of the sample caused by adsorbed species. d) Carbon and e) nitrogen K-edge spectra of the pristine N-doped
graphene catalyst, as well as after the ORR and after the OER. In d) A: defects, B: π*C=C, C: π*C-OH, D: π*C-O-C, C-N, E: π*C=O, COOH, F: σ*C-C. In d), the peaks D and E,
corresponding to adsorbed *O and *OOH intermediates, grow after the reactions. In e), the growth of the graphitic peak after the ORR and the pyridinic peak
after the OER elucidate their activity for the respective reaction. f) Following these results, the oxygen reduction occurs predominantly at n-type doped
domains, whereas the OER is more likely to occur at the p-type domains. Reprinted with permission from Ref. [66]. Copyright (2016) AAAS.
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doped graphene sample was investigated in an alkaline
medium for the ORR and OER.[142] XANES spectra of the sample
were measured under pristine conditions after going to the
ORR and OER conditions. In this case, the XANES was measured
under ultra-high vacuum (UHV). However, it is also possible to
perform XANES in-situ.[141,143–145] Figure 13d shows the carbon K-
edge of the sample; Figure 13e the nitrogen K-edge. The
appearance of peaks at 287.7 eV and 289.6 eV in Figure 13d
indicates adsorption of *O and *OOH reaction intermediates
during both reactions. In Figure 13e, the new peak after ORR at
401 eV (slightly to the left of the graphitic peak) is presumably
caused by lattice distortion due to *O and *OOH intermediates
close to graphitic (quaternary) N. Combined with the observa-
tion that the pyridinic peak does not change after the reaction,
the study suggests that the n-type doping (quaternary N) is the
origin of ORR activity. On the other hand, after the OER, the
pyridinic N peak at 398.0 eV in Figure 13e shows the largest
growth compared to the pristine material, while the other peaks
are largely unaffected. This leads to the assumption that the p-
type doping (pyridinic N) is most active towards the OER. These
results are summarized in Figure 13f, demonstrating the
bifunctionality of the material.

Other approaches try to combine structural and activity
information directly. An example of this is the SECCM.[147–153] The

idea is to miniaturize an electrochemical cell and use it as a
scanning probe measuring the activity of a nanosized surface
area. Scanning the probe over the surface at regular intervals
and combining data returns an ‘activity map’ of the surface. The
principle is illustrated in Figure 14a.[151] The scanning probe/
electrochemical cell is comprised of a two-channel capillary
(diameter <500 nm), each containing the electrolyte and a
quasi-reference counter electrode.[149] The ion current IIC,
induced by an applied potential V2 between the two compart-
ments, can be used for precise positioning in the z-direction.
The potential V1 controls the voltage at the sample and,
consequently, its electrochemical behavior. The probe is
connected to the surface by an electrolyte meniscus. Upon
contact with the surface, an electrochemical current IEC is
observed. Scanning the probe over the surface and monitoring
this current returns an electrochemical map of the surface. In
the example presented in Figure 14b, Unwin and co-workers
demonstrate the technique for the ORR on a single-walled
carbon nanotube (SWNT) on a Si/SiO2 support.

[151] An activity
map of the SWNT under ORR conditions close to the reaction
onset is shown. Considering the recorded current, the SWNT
(up to � 300 fA) can be readily distinguished from the inactive
support material (close to 0 fA) and confirms the expected
electrochemical activity of this structure. In Figure 14c–e, the

Figure 14. Scanning Electrochemical Cell Microscopy. a) The SECCM probe is a miniature electrochemical cell connected to the sample/working electrode by
an electrolyte meniscus. The current IIC is used for the z-positioning of the probe, while the electrochemical current IEC reflects the local surface activity.
Adapted with permission from [151]. Copyright (2016) ACS. b) In this example, the probe was moved over an SWNT on a Si/SiO2 substrate under ORR
conditions. The measurement reveals a uniform increase in current/activity at the SWNT compared to the substrate. Reprinted with permission from Ref. [152].
Copyright (2014) ACS. c), d) and e) show SECCM activity maps of Co� N/C nanocomposites on a GC support at several OER potentials (1.7, 1.75, and 1.8 vs. RHE
respectively). Two areas of high nanoparticle densities are marked by the white dotted circles. With increasing potential, an increasing current density is
observed, especially in these areas. Adapted with permission from Ref. [153]. Copyright (2019) Wiley.
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principle is applied to Co� N/C nanocomposites under OER
conditions (1.7 V, 1.75 V, and 1.8 V vs. RHE).[153] In this case, the
probe was not continuously scanned over the surface. Instead,
measurements were taken in intervals of 7 μm in x- and y-
directions. The spaces in between are extrapolated by the
analysis software. The nanoparticles are on glassy carbon (GC)
support and should therefore distinguish themselves by a
higher OER activity in the SECCM measurement. Indeed, areas
with a large nanoparticle density (encircled by a white dotted
line) exhibit larger current density. Furthermore, with increasing
potential, the activity of the nanoparticles increases as well.

These results show that SECCM is a versatile technique and
readily applicable to determine the active areas on bifunctional
electrocatalysts. The resolution of this technique is limited by
the size of the meniscus connecting the scanning probe and
sample.[147,149]

An additional technique to determine the position of active
sites in-situ is noise analysis in electrochemical scanning
tunneling microscopy (n-EC-STM).[24,51,134,154–157] Unlike the afore-
mentioned techniques, the method benefits from the out-
standing resolution of STM, and was proven to resolve the
surface down to the atomic scale.[158] As a setup, a conventional
STM is used in an electrochemical configuration, which allows
detailed mapping of the surface morphology. The electro-
chemical compartment is comprised of a miniature electro-
chemical cell containing the sample, as well as a quasi-reference

and counter electrode. The tip is insulated against Faradaic
reactions, e. g., with wax, exposing only a few atoms to interact
with the sample. The setup is connected to a bipotentiostat to
regulate the tip and working electrode (sample) potentials.
Consequently, the occurrence of reactions at the sample surface
can be controlled. The STM signal (current or height) depends
on the tunneling barrier between tip and sample. If the sample
potential is set to a value that inhibits reactions, the tunneling
barrier is stable at all places. Consequently, the STM image will
yield a conductivity map of the surface, which implicitly reflects
the surface morphology. Setting the sample potential to a value
where a reaction is occurring will influence the tunneling
barrier. The extent of this influence depends on the local
electrochemical activity. Essentially, a reaction process continu-
ously rearranges the electrolyte structure. However, this is
locally confined to the active site. Therefore, if the tip is placed
over an active site, this process occurs within the tunneling
gap, which will change the tunneling barrier and consequently
the tunneling current.[24,154,159–162] As a result, the STM signal over
an active site is superimposed by noise originating from the
electrochemical reaction, while the STM signal over non-active
sites is noise-free. This principle is sketched in Figure 15a. Here,
the active sites are indicated by orange arrows. The resulting
STM profile (purple) shows that active sites can be identified by
the noise spikes while the rest of the surface is traced with a
stable, noise-free signal. In Figure 15b, the method is demon-

Figure 15. n-EC-STM measurements. a) Over non-active sites, the tunneling current is stable, and the STM signal (purple) will reflect the surface morphology.
At active sites (marked by orange arrows), the continuous reaction process disturbs the tunneling barrier, which results in distinct noise spikes in the STM
profile. b) The n-EC-STM technique can be used to determine bifunctionally active sites. Here, steps and terraces on HOPG are investigated in 0.1 M KOH for
both ORR and OER. The resulting images suggest that the majority of activity for the ORR arises from step sites, whereas the activity for the OER is originating
from steps as well as terraces. Adapted with permission from Ref. [51]. Copyright (2021) Elsevier.
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strated for HOPG in an alkaline medium (0.1 M KOH) for ORR
and OER.[51] We investigate a surface structure consisting of
steps and terraces, which are clearly visible while the reactions
are ‘off’ (middle in Figure 15b). Applying ORR conditions (left in
Figure 15b) leads to large noise spikes along the steps, while
the terraces are mostly inactive. Considering the research
consensus on comparable systems expanded upon in section 2,
one can assume that the intermittent activity on terraces
originates from defective sites. At the same time, the pristine
basal plane is inactive. For the OER (right in Figure 15b), on the
other hand, the noise is distributed uniformly across the entire
surface. This suggests an involvement of both basal and edge
planes in the OER. However, the stability of the material under
OER conditions is not clear. Moreover, although the study
suggests commensurate stability at lower current densities, the
consequences of higher current densities are not fully under-
stood yet.

Besides the techniques highlighted in this section, there are
further experimental methods capable of detecting catalytic
activity, such as scanning electrochemical microscopy (SECM),
electrochemical tip-enhanced Raman spectroscopy (EC-TERS),
and crystal truncation rod analysis (CTR).[163–165] All of the
methods possess individual advantages and shortcomings.
Consequently, it is important to premeditate the requirements
of the electrocatalytic system under investigation and select the
experimental technique accordingly. This is especially relevant
for the evaluation of bifunctional systems due to the many
processes and species involved in the reactions. Moreover,
although all of the presented techniques can readily identify
active sites, it should always be considered whether theoretical
approaches could be performed to support and strengthen the
results.

8. Summary

The development of efficient electrocatalytic systems is a
promising, sustainable solution to the ever-growing energy
demands. The optimization of such electrochemical energy
conversion devices largely depends on our understanding of
the nature of the active sites. In this review, several of the most
promising bifunctional electrocatalyst materials for the ORR and
OER have been highlighted. Model systems are used to draw
valuable conclusions from the experiments. In this regard, thin
films or extended single crystal surfaces can assist in the
identification of the active centers. For instance, the structure-
sensitivity relation can be traced back to surface orientation (as
for rutile IrO2 and RuO2 thin films), material composition (as for
perovskite structures with varying substitution of the constitu-
ent atoms), and to structural features (such as defect sites on
carbon-based catalysts). MOFs and MOF derivatives offer a
wider variety of options for the design of highly active
bifunctional oxygen electrocatalysts, especially developing
M� N� C active sites by precisely regulating the structure and
composition of pristine MOFs at the molecular scale. Accord-
ingly, these in-depth researches on MOF-based catalysts
accelerated the understanding of the electrocatalytic active

centers and catalytic mechanism. Moreover, methods allowing
for the investigation of individual entities with defined shapes
and sizes are discussed. The obtained information can aid in
understanding the electrochemistry at the nanoscale and
improve catalytic properties under reaction conditions. Model
extended surfaces have been used in elucidating how the
“inert” species in the electrolyte can alter the electrode’s
activity. For instance, the physical origins behind the influence
of certain metal cations on the performance of noble- and
transition metal-based catalysts are elaborated. In addition, the
instruments and techniques utilized in the determination of the
active sites are described. Here, the emphasis is placed upon
cutting-edge experimental approaches that can be utilized
under reaction conditions, offer a high spatial resolution, and
possess the versatility to investigate various classes of samples
and reactions. Recent and upcoming advancements in the
development of efficient bifunctional catalysts towards the ORR
and OER will pave the way for large-scale applications of
renewable energy conversion systems such as metal-air
batteries, fuel cells, and electrolyzers.
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