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Review Article 

New insights into working nanostructured 

electrocatalysts through operando spectroscopy and 

microscopy 

Y.-W. Choi 1 , H. Mistry 

1 , 2 and B. Roldan Cuenya 

1 , ∗

One of the biggest challenges in electrocatalysis is unravelling 

the structural and chemical changes that can occur in complex 
nanostructured catalyst materials under reaction conditions. 
Such knowledge is vital for understanding dynamic changes in 
catalyst reactivity and mechanisms behind catalyst stability or 
degradation. Due to significant technological developments in 
recent years, investigations of working electrolyte/electrode 
interfaces have become increasingly feasible. This review 

highlights recent results in the use of operando spectroscopy 
and microscopy tools to unravel the behavior of 
electrocatalysts under reaction conditions. In particular, insight 
into the dynamic nature of electrocatalysts and the evolution of 
their structure and chemical properties under electrochemical 
reaction conditions will be presented. 
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Introduction 

In the search for new catalysts to enable the next-
generation of energy technologies and the synthesis of al-
ternative fuels, researchers are actively pursuing advances
in catalyst design leading to nanostructures with tun-
able activity and selectivity. However, additional progress
in catalyst characterization is also needed to uncover
whether these rationally designed nanocatalysts maintain
their structural and chemical properties in the course of a
reaction. Changes in nanocatalysts during a reaction may
occur on different time scales, i.e. fast changes on the
www.sciencedirect.com 
same scale as reaction kinetics [1] , or long-term changes
which are related to the catalyst stability and degradation
[2 

•] . Additionally, changes may occur on different length
scales, for example evolution of the catalyst nanostructure
[3] or meso- and microscale changes to catalyst disper-
sion or support [4] . To meet these characterization chal-
lenges, the use of time- and spatially-resolved operando
techniques to complement ex situ characterization meth-
ods are becoming increasingly important. Operando char-
acterization refers to measuring a catalyst under operating
conditions, with the catalyst in its working state, while at
the same time characterizing the activity and selectivity
of the reaction [5] . Particularly for electrochemical reac-
tions, operando characterization can be challenging due to
the complex nanostructured surface of the catalyst and
support, the presence of an electrolyte, solvated and ad-
sorbed species, applied potential, and the evolution of gas
or liquid products at the catalyst surface. Nevertheless,
the use of such techniques could help achieve unprece-
dented insights into the fundamental mechanisms behind
reactivity of electrocatalysts in realistic and complex envi-
ronments. In this review, we describe the recent advances
in applying operando spectroscopy and microscopy meth-
ods to nanostructured electrocatalysts, and we highlight
some of the unique mechanistic insights into electrocata-
lyst reactivity that can be gained using these techniques. 

Operando spectroscopic characterization of 
electrocatalysts 

Infrared (IR) spectroscopy 
It is important for electrocatalytic reactions to investi-
gate which chemical species exist on the electrode sur-
face and their oxidation state. This can be done by track-
ing the formation/extinction of IR peaks correspond-
ing to the adsorbed reactants, the intermediates and the
products. For example, Zandi et al. [6 

••] discovered the
key H 2 O-oxidation intermediate, Fe 

IV = O, on a hematite
electrode through attenuated total reflectance infrared
spectroscopy (ATR-IR), which allowed them to propose
a reaction mechanism for H 2 O oxidation on this elec-
trode. In addition, the coupling of IR spectroscopy with
other operando electrochemical techniques, for instance,
operando Fourier transform infrared spectroscopy (FTIR)
combined with electrochemical impedance spectroscopy
(EIS) can explain how active participants such as H 2 O and
D 2 O chemisorb on YSZ, ZrO 2 , and Y 2 O 3 solid oxide fuel
cell (SOFC) electrodes as a function of the pressure and
Current Opinion in Electrochemistry 2017, 1 :95–103 
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Figure 1 

Potential dependence of the Raman spectra of SnO 2 electrocatalysts during CO 2 electroreduction. Reprinted with permission of ref. [10 •] . 
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emperature. This technique provided valuable insight 
nto the mechanism behind gas adsorption in heteroge- 
eous catalytic reactions by confirming that chemisorbed 

H groups behave as proton-donors [7] . 

o give insight into the electrolyte/electrode inter- 
ace, diffuse reflectance infrared Fourier transform spec- 
roscopy (DRIFTS) [8] was used to monitor reactive 

hemical species such as both gaseous and adsorbed CO 2 

nd CO on a SOFC Au/zirconia electrode by tuning the
emperature and applied voltage. Moreover, by applying 

 negative potential it was possible to trigger surface re-
onstructions of Ge crystals in acidic medium by using 

TR-IR [9] . 

aman spectroscopy 
ctivity, stability and selectivity of electrocatalysts can 

e considerably affected by transformation of the catalyst 
urface structure and changes in the chemical species 
nvolved in reactions. By monitoring operando Raman 

pectra at different pH values and by tuning the poten-
ial during CO 2 electrochemical reduction, Dutta et al.
10 

•] reported that a SnO 2 catalyst showing high Faradaic 
fficiency (FE) toward formate production steadily re- 
uced to metallic Sn under reaction conditions, with a 
orresponding decline in the FE toward formate, Figure 

 . These results demonstrated that the oxidation state 

f the catalyst controlled the product yield and catalytic 
erformance. Another example is the dissolution of an 

natase TiO 2 crystal employed as a Na-ion battery elec- 
rode, in which the diminishing working potential and 

attery capacity was tied to the discharge of Na ions by
imultaneous Raman analysis [11] . In addition, since the 

rganic products (C x H y species) strongly adsorbing on the 

atalyst surface can inhibit catalytic reactions, recent stud- 
es have aimed to stabilize vulnerable electrode materials 
gainst poisoning by carbon species. By monitoring the 
urrent Opinion in Electrochemistry 2017, 1 :95–103 
arly stage of carbon deposition on Ni-based anodes of
 SOFC, surface-enhanced Raman spectroscopy (SERS) 
nalysis determined a higher tolerance toward carbon poi-
oning on the modified electrode (coated by gadolinium- 
oped ceria) as compared to a pure Ni foil [12] . 

össbauer spectroscopy 
e- and Sn-based electrocatalysts can be investigated 

y Mössbauer spectroscopy, which detects absorp- 
ion/emission of γ -rays from atomic nuclei. Using this
echnique with an operando electrochemical cell, Chen 

t al. [13] reported that Fe 

4 + was produced on a NiFe hy-
roxide electrocatalyst during steady-state oxygen evolu- 
ion reaction (OER), and they explained that formation of
e 

4 + contributed to stabilizing the NiOOH lattice. This
s in contrast to the Fe-only catalyst, where Fe 

3 + is known
s the active site. The generation of high-valent Fe ions
Fe 

4 + ) at defect sites such as edges and corners could
inimize kinetical losses during water oxidation [13] . 

-ray photoelectron spectroscopy (XPS) 
ne technique in which tremendous advances have been 

ade in the past few years to study liquid/solid interfaces
s synchrotron-based ambient pressure X-ray photoelec- 
ron spectroscopy (AP-XPS). A challenge of measuring 

PS under environmental conditions is the reduced 

nelastic mean free path of electrons from the sample due
o scattering in gas or liquid environments. In addition,
he electron analyzer must operate in ultra-high vacuum 

UHV) conditions, which has been accomplished by re-
ucing the aperture size to the analyzer lens system and
hrough differential pumping before the analyzer [14,15] .
or electrocatalyst measurements, there is the additional 
hallenge to maintain a liquid electrolyte in a UHV cham-
er. One of the methods recently developed in order to
ccomplish this consists of dipping an electrode into a
eaker of electrolyte within the XPS chamber leading to a
www.sciencedirect.com 
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Figure 2 

AP-XPS results during operando electrochemistry. (a) O1s spectra measured on an Ni –Fe catalyst during OER using the dip–pull method by Ali-Löytty 
et al. [17] . (b) O1s spectra of Pt fuel cell catalysts during ORR measured in a PEM style by Sanchez-Calalongue et al. [23] . (c) Pt/Au atomic ratio under 
high temperature in a PEM cell with a phosphoric acid loaded membrane used by Papaefthimiou et al. [24] . to study Pt catalysts operando during 
ORR. Each panel is reprinted with permission of refs. [17,23,24] , respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

thin electrolyte layer across the surface after the sample is
withdrawn. An ambient pressure of above 20 torr H 2 O is
introduced into the chamber to prevent evaporation of the
aqueous electrolyte. Tender X-rays are also used to opti-
mally probe the interface between the electrode and elec-
trolyte [16] . Using this setup, the oxidation and reduction
behavior of Ni –Fe [17] ( Figure 2 a) and Pt [16] OER elec-
trocatalysts was followed. In addition, this method can be
used with standing wave AP-XPS to gain depth-resolved
resolved information about the chemical species in a
sample, as demonstrated recently for the electrochemical
oxidation of Ni [18] . Alternatively to measuring through
a liquid layer, a closed cell containing a liquid electrolyte
was developed which is sealed by an ultra-thin Si film,
thin enough that hard X-rays irradiated from the vacuum
side can probe the solid/liquid interface, which may allow
more realistic electrochemical conditions at the interface
[19] . This system was used to follow the electrochemical
oxidation of Si by applied potential [19] . Developments
using graphene and graphene-oxide membranes to seal
www.sciencedirect.com 
such a cell will allow for operando measurements of
working electrocatalysts in this type of system [20–22] . 

Other setups used for operando XPS analysis of fuel
cell electrocatalysts have involved a polymer electrolyte
membrane fuel cell (PEMFC) cell configuration with
water vapor or liquid inside the cell (counter electrode
compartment), the working electrode outside the cell
(catalyst facing the irradiated X-rays) in a low pressure
water vapor environment, and with a membrane sepa-
rating the two electrodes [23,25–27] . Using this setup
and supporting their experiments with density func-
tional theory (DFT) calculations, Sanchez Casalongue
et al. detected the OH intermediate during oxygen re-
duction reaction (ORR) on the surface of a Pt cathode,
and determined that changing the hydration of these
OH species could be used to tune the ORR activity,
Figure 2 b [23] . In another study, they correlated the
increase in activity for the hydrogen evolution reaction
(HER) of MoS 3 nanoparticles to the reduction of their
Current Opinion in Electrochemistry 2017, 1 :95–103 
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urface to highly active MoS 2 edge sites [25] . Saveleva 
t al. have used a similar style cell to unravel the role of Ir
n stabilizing Ru oxide catalysts for OER [28] . They have
lso studied Pt-based catalysts in high temperature PEM 

ells with phosphoric acid loaded membranes. They 

ound that under oxidizing conditions, O/OH species first 
orm on the Pt surface, then at more positive potentials,
imultaneous formation of PtO and PtO 2 occurs [29] .
nder ORR conditions, they observed the redistribution 

nd migration of phosphoric acid to the Pt surface using
P-XPS [30] . Furthermore, they took advantage of the 

epth profiling capability of synchrotron XPS to study 

tAu NPs under applied positive bias. They proposed 

hat a thin film of Au coats the Pt NPs, then at higher
otential, both Pt and Au are oxidized and Pt segregates
o the surface, as shown in Figure 2 c [24] . 

-ray absorption spectroscopy (XAS) 
AS is a technique that lends itself to measurements un-
er realistic reaction conditions, since unlike XPS, it does 
ot require UHV conditions at the detector, and hard or
oft X-rays can be used to probe metal catalyst atoms and
dsorbed intermediate reaction species. Extended X- 
ay absorption fine-structure (EXAFS) spectroscopy can 

robe the local environment of atoms in a working catalyst
coordination, bond lengths, etc.), while X-ray absorption 

ear-edge structure spectroscopy (XANES) can give 

nformation about the chemical state and NP/adsorbate 

nd NP/support charge transfer phenomena. Several 
roups have used a sandwich-style operando cell in which 

he anode and cathode are parallel with a thin electrolyte
ayer in between for transmission measurements. One of 
he challenges of this technique in an electrochemical 
nvironment is the absorption and attenuation of the 

ncident beam in liquid. Therefore, measurements of 
perating solid catalyst/liquid electrolyte interfaces are 

ften performed in fluorescence geometry, with the cat- 
lyst supported on an X-ray transparent, conductive film 

hich may also act as the X-ray window, avoiding X-ray
ttenuation due to the electrolyte. Several recent studies 
ave used operando XANES and EXAFS to reveal drastic 
ransformations in the structure and oxidation state of the 

ctive electrocatalyst, which were not apparent in their ex 
itu state [2 

•,31–34 

••] . Using operando XAS, Rosen et al.
howed that Zn dendrite CO 2 electroreduction catalysts 
eactivate at potentials less negative than −0.7 V vs. RHE
ue to oxidation of Zn at these potentials, Figure 3 a [31] .
onversely, for the same reaction, Mistry et al. detected 

u 

+ species in an operating plasma-oxidized Cu catalyst,
hich were critical for improving production of ethy- 

ene, Figure 3 b [32 

••] . The active site of Ni –Fe(OOH)
atalysts was also unraveled through careful analysis of 
perando high energy resolution fluorescence-detected 

HERFD) XANES and EXAFS to be Fe 

3 + sites sub- 
tituted into γ -NiOOH [33] . The transformation of a 
artially oxidized CoS x HER catalyst to active CoS 2 - 

ike clusters was also observed by combining operando 
urrent Opinion in Electrochemistry 2017, 1 :95–103 
AS ( Figure 3 c) with complementary operando Raman
easurements in the same reaction cell [34 

••] . 

 limitation of XAS for nanostructured thin film catalysts
s that it is a bulk sensitive technique and may not resolve
mportant changes occurring at the catalyst surface which 

iffer from the bulk. However, for small NP catalysts, this
s less of a problem, since a higher fraction of atoms which
re probed are at the catalyst surface. A good example is
 recent study from Choi et al., who used operando EX-
FS to study size-dependent changes in Au NPs during
-propanol electrooxidation [2 

•] . They found that surface
xides were reduced during the reaction, and that there
as an increase in NP size due to sintering during the re-

ction, as shown in Figure 3 d, which explained the deac-
ivation of the catalysts. In contrast, many real electrocat-
lysts are bulk-like films or nanostructures grown on bulk
etallic surfaces, which are not optimal for XAS due to

elf-absorption effects. Catalysts synthesized for operando 
AS may require altered synthesis methods or alterna-

ive support materials to minimize XAS thickness effects,
hich may not have the same reactivity as the real cata-

yst. Additional effort is needed in the years to come to
evelop reactor cells and measurement geometries com- 
atible with the investigation of liquid/solid surfaces for

ndustrially relevant materials. 

n addition to doing XAS with hard X-rays, soft X-rays
ave also been used to measure the L and M edges of
ome metals and also the K edges of lighter elements in
atalysts mounted in operando liquid cells. Cusinier et al.
tudied S cathodes in a Li –S coin cell at the S K-edge to
nravel the oxidation state of sulfur under electrochemi- 
al cycling and the mechanisms behind precipitation and 

issolution of S and Li 2 S at the electrode [35] . In order
o gain sensitivity to the electrode/electrolyte interface, a
ew XAS cell has been designed for use in a UHV cham-
er, in which secondary and Auger electrons from the in-
erface region, which have very short mean free path and
herefore are sensitive to the interface, can be collected
nd measured in total electron yield mode. The cell con-
ains a Si 3 N 4 window which seals the liquid cell to UHV
hin enough for incident X-ray penetration and which also
erves as a current collector for the emitted photoelec-
rons of interest. Velasco-Velez et al. have used this setup
o unveil the structure of the electrical double layer at the
urface of a gold electrode under applied potential [36 

••] .

icroscopic techniques for the 

haracterization of electrocatalysts 

tomic force microscopy (AFM) 
FM is a commonly used technique to characterize the

urface morphology of catalysts on flat substrates before 

nd after a reaction. Nevertheless, this technique can be
ntegrated with specially designed electrochemical cells 
hich are now widely available commercially in order to
robe catalysts in liquid environments and under poten- 
www.sciencedirect.com 
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Figure 3 

(a) Zn K-edge operando XANES of a Zn dendrite catalyst during CO 2 electroreduction [31] . (b) Grazing incidence Cu K-edge EXAFS data of 
plasma-oxidized Cu films during CO 2 electroreduction [32 ••] . (c) Co K-edge XANES data measured operando on an CoS x catalyst during HER 

[34 ••] . (d) Au L 3 -edge XANES and EXAFS of 2.9 nm Au nanoparticles before, during and after 2-propanol oxidation [2 •] . Each panel is reprinted with 
permission of refs. [2 •,31,32 ••,34 ••] , respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tial control. Such setups have been successfully used to
study deposition and stability of electrocatalytic materi-
als. However, it can often be challenging to reach true
operando conditions during these measurements, due to
the small volume of the electrochemical cells and the sen-
sitivity of the AFM probe to reactant or product gas evolu-
tion. Since relatively flat substrates are needed to resolve
small nanostructures using AFM, in situ electrochemical
AFM (EC-AFM) studies are often restricted to model sys-
tems supported on flat electrodes such as highly oriented
pyrolytic graphite (HOPG). In a recent work, Khalakhan
et al. studied PtCo ORR films supported on HOPG during
cyclic voltammetry (CV) under harsh conditions, finding
growth in the particle grain size and decrease in activity
with increasing number of cycles from EC-AFM, which
was correlated to leaching of Co and Ostwald ripening
[37] . EC-AFM has also been widely applied to study Li-
based battery electrodes. Liu et al. studied a gold elec-
trode in dimethyl sulfoxide LiClO 4 solution, observing
deposition and growth of Li 2 O 2 particles under ORR con-
 

www.sciencedirect.com 
ditions, and dissolution of the particles under OER con-
ditions [38] . 

Scanning tunneling microscopy (STM) 
Similar to AFM and STM can be outfitted with electro-
chemical cells to study the morphology and electronic
properties of model surfaces, but with atomic resolution.
Operando EC-STM measurements may also be restricted
to avoid conditions of gas evolution or oxidation of the
metal catalyst surface. Kim et al. have studied Cu surfaces
for CO 2 electroreduction, finding that polycrystalline cop-
per can reconstruct to different surface facets over time
[39] . In another study of a CO 2 electroreduction catalyst,
Cu monolayers on Pt(111) were measured under mild
potentials in a CO-saturated electrolyte to reveal severe
CO-induced reconstructions in the surface [40] . For
fuel cell reactions, EC-STM can be extremely useful for
following dissolution, degradation, and sintering phenom-
ena of catalysts under potential control. Paoli et al. used
EC-STM to show the stability of Ru 2 O particles under
OER potentials, in contrast to metallic Ru particles which
Current Opinion in Electrochemistry 2017, 1 :95–103 
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Figure 4 

(a) TEM image of hexagonal Pt particles before and after 1000 CVs in H 2 SO 4 [45] . (b) High-angle annular dark field (HAADF) TEM images of Li 
deposition and dissolution on a Pt electrode in LiPF 6 /PC electrolyte [46] . (c) Lithium removal and insertion during charging and discharging of a 
LiFePO 4 cathode [47] . Each panel is reprinted with permission of refs. [45–47] , respectively. 
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issolved under reaction conditions [41] . In addition, Os- 
ermayr et al. studied hydrogen electrooxidation (HOR) 
nd HER over Pt islands deposited on Au(111), finding 

uch higher activity for Pt on defect-rich Au(111) [42] . 

ransmission electron microscopy (TEM) 
lectrochemical transmission electron microscopy (E- 
EM) is a technique which promises to bring exciting 

ew insights into the morphological properties of working 

lectrocatalysts. E-TEM is extremely challenging since 

he system requires UHV, so well-sealed in situ liquid cells
ust be used. In recent years, great progress has been
ade in the design and commercialization of liquid TEM 

olders using MEMS technology which feature thin SiN 

indows and thin electrolyte layers which can be used for
perando electrochemistry. Electron beam induced dam- 
ge to the sample and its interaction with the electrolyte
an significantly affect E-TEM measurements, and the 

mall volume of the cell and close proximity of the work-
ng and counter electrodes can cause inhomogeneities in 

he electrochemical conditions at the catalyst surface, all 
urrent Opinion in Electrochemistry 2017, 1 :95–103 
f which add further challenges to these measurements 
43] . Despite this, some recent studies have gained inter-
sting insights into electrocatalysts under potential bias 
sing E-TEM. Zhu et al. used a technique known as iden-
ical location TEM, in which the same regions of the sam-
le are measured over time, to study changes in Pt –Fe
anoparticles during CV, finding non-uniform coarsening 

f the particles over time [44] . Arán-Ais et al. also used
he identical location TEM to reveal the structural degra-
ation of hexagonal Pt PEMFC catalysts over time after
 CV conditioning treatment, as shown in Figure 4 a [45] .
ther recent studies have focused on battery materials,

uch as a study by Mehdi et al. who revealed how the im-
ge contrast could be used to understand Li deposition
n a Pt electrode, its operation during electrochemical cy-
ling, and the subsequent degradation of its structure and
erformance, shown in Figure 4 b [46] . Figure 4 c shows
he charging and discharging of a LiFePO 4 cathode in
 study by Holtz et al., in which the de-lithiation of the
athode can be observed in TEM acquired during charg-
ng [47] . An exciting development would be the coupling
www.sciencedirect.com 
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100 :25100–25109 . 
of operando TEM, a local probe of catalyst structure, with
other techniques such as operando XAFS, which provides
information on the average local structure across the en-
tire sample. Recently, Li et al. have developed a reaction
cell for gas phase catalysis which is compatible with both
TEM and XAFS measurements, demonstrating how both
techniques are necessary to unravel the structural changes
in Pt catalyst during ethylene hydrogenation [48] . De-
velopment of a multi-functional operando electrochemi-
cal cell for TEM and XAFS could similarly allow great
insight into local and global structural changes in working
electrocatalysts. 

X-ray diffraction (XRD) 
By employing operando XRD, several groups have stud-
ied electrode materials, their intermediate phases and ef-
fective parameters for Li-ion batteries (LIB) extensively
for use in portable applications [49,50] . While the charg-
ing/discharging rate of Li ions can significantly affect
the performance of LIB, the parameters and mechanism
which determine the performance of LIB are still dis-
puted. Through operando XRD coupled with EIS, Hess
et al. [49] . reported that phase separation reduced the
electrochemically active surface area by tracking non-
equilibrium intermediate phases on LiFePO 4 LIBs. An-
other reason for limited cell operation is rapid changes
of volume and particle fracture during Li-ion charg-
ing/discharging. Controlling the composition of alloyed
electrode materials containing Li, Sb and Ti could resolve
this problem and improve the safety of LIB through track-
ing of the phase evolution [50] . In addition, Kim et al.
[51] introduced the possibility of Na rechargeable batter-
ies as an alternative system to LIB by investigating Na in-
tercalation on graphite, which is widely used as the anode
material of LIB. To investigate their operation as batter-
ies with sufficient performance, XRD was used to study
Na –O 2 batteries, revealing that humidity of the gas phase
can be controlled as a key factor contributing to cell reac-
tion and growth of the electrode crystal [52] . 

Concluding remarks 

Operando analysis can be used to characterize nanostruc-
tured electrocatalysts by observing their structural and
chemical properties while in their working state, giving
phenomenal insight into their mechanistic behavior
during important energy conversion processes. While
some lab-based techniques, such as Raman and IR spec-
troscopy, have lent themselves more easily to studying
operating electrode/electrolyte interfaces, others such
as AP-XPS have required significant technological de-
velopments, and further advancements are expected to
allow unprecedented breakthroughs in understanding
the operating surface of an electrocatalyst. Further insight
will also be gained in the years to come by combining
multiple analyses in the same setup, such as combining
Raman, IR and XAS in the same operando cell, and
making such cell compatible with microscopy analysis
www.sciencedirect.com 
such as TEM. Finally, as the examples given in this
review make clear, insights from theoretical methods are
critical for understanding the results and interpreting
their mechanistic implications on reactivity. On the basis
of these research trends, versatile aspects of nanostruc-
tured electrocatalysts can be investigated to gain new
understanding into their reactivity. 
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