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Renewable energy conversion and storage play an important role in our global efforts to limit the drastic effects of climate
change. In particular, the electrocatalytic reduction of carbon dioxide to chemicals and fuels can bring us closer towards a
closed-loop anthropogenic carbon cycle. Significant breakthroughs are often the result of deeper understandings of reac-
tion mechanisms, material structures and surface sites. To this end, operando techniques have been invaluable in combining
advanced characterization of a catalyst with simultaneous measurements of its activity and selectivity under real working con-
ditions. This Review aims to highlight significant progress in the use of operando characterization techniques that enhance our
understanding of heterogeneous electrocatalytic CO, reduction. We provide a summary of the most recent mechanistic under-
standing using operando optical, X-ray and electron-based techniques, along with key questions that need to be addressed. We

conclude by offering some insight on emerging directions and prospects in the field.

Framework Convention on Climate Change (UNFCCC)

have reached a consensus that climate change represents an
urgent and potentially irreversible threat to human societies'. The
ambitious goals set in the Paris Agreement call for the development
of alternative net CO, removal strategies beyond the typical options
of bioenergy with carbon capture and storage (BECCS) and affores-
tation”. The production of sustainable fuels and feedstock from cap-
tured CO, and H,O using renewable energy is considered a viable
option’. In particular, the electrocatalytic CO, reduction reaction
(CO,RR) represents a clean and efficient long-term solution, pro-
vided that catalysts with the requisite properties, in terms of activity,
selectivity and durability, can be developed".

Electrocatalytic CO,RR is highly complex as it involves the trans-
fer of multiple protons and electrons, together with a number of dif-
ferent possible reaction intermediates and products (Supplementary
Tables 1-3 detail relevant equations and standard reduction poten-
tial values in acid and base)>°. CO,RR begins with the adsorption
of CO, to form *CO, (or *CO,") on the catalyst surface. Various
intermediates and products are then formed by step-wise transfer
of protons (H*) and/or electrons (e”)°. Figure la presents a pos-
sible reaction roadmap that a CO, molecule may take during its
conversion to various molecules containing one carbon atom (C,
molecules) via the CO pathway. The grey and red arrows represent
transfer of H*/e~ to the carbon and oxygen sites of the adsorbed
molecule, respectively. The blue arrows represent transfer of H*/e
to the oxygen site and further removal of a water molecule. Here, we
use the CO pathway as a representative example for the formation of
C, molecules; using the same concept, one can construct other simi-
lar reaction routes such as the HCOOH pathway. The reaction path-
ways to form products with multiple carbon atoms are even more
complex, as there are many more permutations to the protonation
sites, along with the possible involvement of non-electrochemical
steps. Figure 1b shows a possible reaction roadmap for the formation
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of various molecules containing two carbon atoms (C, molecules)
via the CO dimerization pathway (Supplementary Note 1 contains
more details).

A key requirement for CO,RR to be commercially viable is the
development of proficient catalysts that can achieve both high
activity and high selectivity towards valuable products*. The com-
mon route for catalyst discovery involves long feedback loops
of ab initio and kinetics simulation, coupled with experimental
and characterization data’. Although free energy calculations of
adsorbed reaction intermediates have been shown to correlate
well with experimental reaction rate and selectivity on simple and
well-ordered catalytic systems®’, computational screening of new
and less ordered catalysts is still challenging, due to the presence of
diverse active sites, intermediates and reaction steps'’. Therefore,
researchers worldwide are making a concerted and interdisci-
plinary effort to apply advanced operando characterization tech-
niques to investigate CO,RR under real operating conditions.
These operando studies can provide important experimental evi-
dence to address five key issues in CO,RR catalysis: (1) stability of
catalyst under reaction condition; (2) identity and configuration
of key intermediates; (3) identity of catalytically active sites; (4)
preferred reaction pathways and selectivity; and (5) effect of reac-
tion environment.

An illustration of relevant characterization techniques applicable
for catalyst materials, along with their known lateral resolution and
atomic detection limit range, is presented in Fig. 2. Individually,
these characterization techniques can capture minute details of
the morphology, size, physical and chemical properties of materi-
als. The real challenge is devising a strategy to allow CO,RR to take
place while satisfying the measurement condition requirements. In
this Review, we will highlight significant operando characterization
techniques applicable for CO,RR and how these techniques can help
to addresses the five key issues described above. We also identify
emerging techniques that have not been demonstrated for CO,RR,

"Institute of Materials Research and Engineering, Agency for Science, Technology and Research (A*STAR), Innovis, Singapore. 2School of Materials Science
and Engineering, Nanyang Technological University, Singapore, Singapore. 3Department of Chemistry, Faculty of Science, National University of Singapore,

Singapore, Singapore. *e-mail: sehzw@imre.a-star.edu.sg

922

NATURE CATALYSIS | VOL 1| DECEMBER 2018 | 922-934 | www.nature.com/natcatal


mailto:sehzw@imre.a-star.edu.sg
http://orcid.org/0000-0002-5157-8633
http://orcid.org/0000-0003-1609-0867
http://orcid.org/0000-0003-0953-567X
http://www.nature.com/natcatal

NATURE CATALYSIS
a C, pathway No. of H/e”
transferred to
CO,
Co,

Carbon dioxide

|
< 1
S

&R o :

HCOOH CcO
Formic acid Carbon monoxide

7 N

e

REVIEW ARTICLE

C, pathway No. of H'/e™
transferred to
& &b
co, Co,

Carbon dioxide

Wl
33

=
\0 3 CHOCHO OH,C-CO n oo cco
CHO COH Glyoxal / l ’ \
J | I I
\ / i
<® S ¢ v e L -
CH,0 CHOH c CH,0OHCHO CH,COOH CH,CO
Formaldehyde J Carbon Glycolaldehyde Acetic acid
| . | W™, SN, o gu

O e e % « T e
CH,0 CH,OH CH CH,OHCH,OH CH,CHOH CH,CHO
i \ i \ i Ethylene glycol "Vinyl alcohol 2Acetaldehyde

(99 @ 6
O + CH, CH,OH CH,
i Methanol \ i

W
<@

2K

1\0r/2
s 12

CH,CH, CH4CH,OH
v
b * k{ \ / \( Y 7 Ethylene Ethanol
OH + CH, 2 CH, \\ v /
k( 8 ‘{ - 14
CH, CH,CH,
Methane Ethane
@ Carbon  —> Transfer of H'/e"to carbon —> Coupling
. Oxygen —> Transfer of H'/e” to oxygen ‘:, Tautomerization

(_ Hydrogen — Transfer of H*/eto oxygen & H,O removal

Fig. 1| Molecular model sketch depicting possible CO,RR roadmaps to form various C, and C, products. a,b, The pathways towards C, products (via CO
intermediate; a) and C, products (via CO dimerization; b), organized based on the number of H* and e~ pairs transferred. Colour-coded arrows indicate
H* and e transfer to either carbon or oxygen sites as indicated in the legend. Known products are marked with their common name alongside chemical
notation. The reaction routes presented here are by no means exhaustive. See Supplementary Note 1for more details.

but have good potential to provide fresh insight to accelerate CO,RR
catalyst discovery and development.

Optical characterization techniques

Optical spectroscopy includes various techniques utilizing non-ion-
izing radiation, ranging from the deep ultraviolet to the far infra-
red. These techniques exploit inelastic light scattering, which can be
used to investigate processes such as electron/proton transfer and
bond formation at excellent sensitivity and rate. Optical spectros-
copy has become the mainstream tool for catalytic investigation, as
the wavelength range is relevant to the vibrational frequency of the
adsorbed intermediates'".

Infrared spectroscopy. Taking advantage of the specific absorp-
tion of molecular vibrations and the dynamic configuration of the
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infrared (IR) beam, IR spectroscopy is apt for monitoring adsorbed
species on metallic electrode surfaces (as they are likely to contain
IR-active modes), but less so for observing catalyst state due to com-
plications in measurements on oxide surfaces'”. It is a suitable tech-
nique to address issues (2), (4) and (5).

Four configurations are accessible to in situ or operando IR
spectroscopy measurement of solid samples: transmission, dif-
fuse reflectance, attenuated total reflection (ATR) and reflec-
tion-absorption (Fig. 3a-d). As electrocatalytic CO,RR typically
involves submerged and immobilized electrode surfaces, the
ATR-IR operating mode is more frequently used as it minimizes
the electrolyte layer interference. In this mode, the incoming IR
beam is positioned near the critical angle of a specially constructed
ATR crystal, such that an evanescent wave formed above the crys-
tal is interacting with adsorbed molecules. The presence of a thin
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Fig. 2 | Analytical tools commonly applied in the characterization of catalyst materials. Characterization of catalyst materials typically involves multi-
faceted ex situ examination using various analytical tools illustrated here to gain insight on their structural, morphological, compositional, chemical and
physical properties. A more relevant picture of the catalyst-reactant interaction can be obtained by devising strategies to employ these characterization
techniques in real catalytic operando conditions. The typical probe size range and atomic detection limit are indicated. Credit: Electron microscopy and

tomography micrographs are adapted from ref. "®, Springer Nature.

metallic layer atop the reflecting crystal plane, also effective as the
electrode, enhances the absorption signal due to enhanced electro-
magnetic field resonance from surface enhancement effects. This
technique is often referred to as surface-enhanced infrared absorp-
tion spectroscopy (SEIRAS)".

SEIRAS is particularly sensitive to adsorbates containing C-O
bonds due to their high IR absorption cross-section'’. In fact, the
majority of studies based on operando ATR-SEIRAS on CO,RR
have identified *CO as a common intermediate'’. However, care-
ful calculation and interpretation is required, as recent operando IR
found that bridge-adsorbed *CO is inert to reduction and may not
be the sought-after CO,RR intermediate’.

924

Beyond *CO, SEIRAS has been instrumental in demonstrating
preferred reaction pathways on various catalysts. For example, a
carboxyl intermediate (*COOH) on the surface of a Pt cathode and
pyridine redox mediator has been detected under CO, purging'e.
Interestingly, the *COOH disappears under CO purging (Fig. 3e),
suggesting that *COOH is likely to form through a proton-coupled
electron transfer (PCET) step on Pt, distinct from the decoupled
steps proposed for Pd surfaces'”. The presence of *COOH has also
been observed on a Ag electrode'®. However, the appearance of a
COO~ symmetric stretch at 1,386 cm™ (Fig. 3g) upon higher over-
potential application suggests a mechanism change where the PCET
pathway becomes less favourable at this potential.
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Fig. 3 | IR spectroscopy for operando measurements. a-d, IR spectroscopy is the go-to tool for molecular identification of various sample conditions

with four measurement configurations: transmission (a), diffuse reflectance (b), ATR (¢) and reflection-absorption (d). e, More recently, operando IR
spectroscopy has enabled the detection of CO,RR reaction intermediates, specifically change of surface intermediate species from *COOH on CO, purging
to *CO on CO purging on Pt with pyridine. f, Evidence of C-C coupling on (100), in the presence of ?CO, purging in 0.1 M LiOH-D,0 electrolyte. The
highlighted band at 1,584 cm™ is assigned to ?C=0 stretching of the *OCCOH intermediate. g, Rise of the COO" intermediate at more negative potential
on CO,RR over a Ag catalyst. Credit: Figure adapted from ref. ', RSC (a-d); ref. '>, American Chemical Society (e); ref. ¢, Wiley (f); and ref. ', American

Chemical Society (g).

CO,RR on Sn proceeds slightly differently than with other met-
als. The observation of monodentate Sn—-CO, species using SEIRAS
on SnO, electrodes” suggests that CO,RR on SnO, occurs on par-
tially reduced Sn"-oxy-hydroxide to form a Sn-CO, intermediate
and finally formate. The presence of partially reduced Sn is also cor-
roborated using Raman spectroscopy®’, which we will discuss fur-
ther in the next section.

Additionally, SEIRAS also played a central role in uncovering
the important role of cations and anions during CO,RR (issue (5)).
Although the influence of ionic species has been investigated”', only
the effect on the potential distribution at the outer Helmholtz plane
based on the different cation hydration and local pH was consid-
ered. Recently, two separate studies pieced together compelling
spectroscopy and isotope-labelling evidence that the majority of
CO, reactant near the catalyst surface originates from an equilib-
rium reaction with HCO," (refs *>*°). The finding is significant, as it
changes our perspective on how CO, is transported to the catalyst
surface, triggering a new wave of theoretical and experimental works
to re-examine the role of ions and solvent in CO,RR (refs -%7).

Another significant demonstration of IR spectroscopy for ope-
rando CO,RR is the observation of hydrogenated CO dimers
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(*OCCOH) on (100)., using external reflection configuration
(Fig. 3f)*. This observation is important as it suggests that the
CO-CO dimerization mechanism prevails on (100), surfaces,
which leads to high ethylene selectivity”.

Raman spectroscopy. This method detects the inelastically scat-
tered light due to changes in the rotational or vibrational state of the
sample during the scattering event from incoming monochromatic
light. As different molecules have varying rotation/vibration states,
Raman spectroscopy is sensitive to both the type and configura-
tion of most organic species®. In this sense, Raman spectroscopy is
complementary to IR spectroscopy and suitable to address issue (2),
(4) and (5), but with an added advantage as water has a low Raman
scattering cross-section and can be used as the solvent. Additionally,
Raman spectroscopy is useful to address issue (3) to some extent as
it can monitor the catalyst surface in higher oxidation states.
Widespread use of Raman spectroscopy began when the sur-
face-enhanced Raman scattering (SERS) effect was observed from
molecules with weak scattering cross-sections when on top of cer-
tain roughened metals®. As the inelastic scattering signal must be
collected from the illuminated spot, the geometry of an operando
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Fig. 4 | Various modifications of Raman spectroscopy setup to enable operando electrochemical measurements and improve detection sensitivity.

a, Schematics of operando Raman setup with water droplet in between the cover glass and lens to minimize the refractive index difference in the optical
pathway. b, Demonstration of immersed-tip enhanced Raman measurement, enabling real-time measurements in liquid electrolytes. CCD, charge-coupled
device. ¢, Alternative configurations for TERS that would allow operando measurement on opaque catalysts: (i) side excitation and collection and (ii) top
excitation and collection. d, Simulated electric field distribution showing confined plasmonic fields in spectrally matched STM-TERS, leading to fine spatial
resolution. e, Time-resolved Raman spectra monitored on a SnO, surface during CO,RR at different applied cathodic voltage (as marked). Persistence

of the SnO, A,, band (for over 1h) was observed up to -1.1 V. Credit: Figure adapted from ref. *, American Chemical Society (a); ref. **, Wiley (b); ref. %,
American Chemical Society (c); ref. ©3, SNL (d); and ref. ?°, American Chemical Society (e).

Raman cell usually features a viewing window above the catalyst
surface. Compromise of excitation beam energy and flux must be
made to optimize intensity while avoiding specimen damage. This
viewing window is shared with incoming illumination in a confo-
cal configuration. To achieve the best detection sensitivity, without
distorting the electrochemistry, two different configurations are
adopted. The first utilizes a high-numerical-aperture long-working-
distance water-immersion objective’’. The long-working-distance
lens allows sufficient electrolyte and cover glass to be placed over
the catalyst to avoid contamination. A water droplet is introduced
between the lens and the cover glass to eliminate the air refractive
index (n,, Fig. 4a). The second solution utilizes a high-numerical-
aperture short-working-distance lens wrapped and protected by
an optically transparent thin Teflon film (n,q,, = 1.33, similar to
water), allowing the lens to be immersed in electrolyte near the cata-
lyst surface®.

Thus far, the application of operando SERS in CO,RR is con-
fined to two categories: (a) monitoring the catalyst state and (b)
identification of intermediate species. The high-speed data acquisi-
tion accessible to Raman spectroscopy helps in identifying meta-
stable catalyst states and intermediates®. For example, operando
Raman spectroscopy identifies SnO,, not Sn(0), as the active sur-
face for CO,RR to formate (Fig. 4e)*. At -1.1'V, the A,, mode of
SnO, crystallites persist over 1 h, whilst formate is produced with a
Faradaic efficiency greater than 80%. Operando SERS is also used
to determine the catalyst state on oxide-derived Cu, Zn and mixed
Cu-Zn catalysts™*. It appears that the surfaces of these catalysts are
reduced, within minutes, at CO,RR-relevant potentials.

*CO is the most commonly observed CO,RR intermediate using
SERS on Cu and Ag surfaces®~, although less-intense carbonate
and formate signals have also been observed****. Operando SERS
is used to attribute the enhanced CO,RR to CO on Ag surfaces to
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the weakening of the Ag-CO bond when 3,5-diamino-1,2,4-triazole
(DAT) is added®. Isotope labelling can be used to confirm the peak
assignment in Raman spectroscopy, as the harmonic oscillator
model can predict the shift in the mode’s frequency. For example,
deuterium isotope labelling helped in confirming the C-H stretch-
ing vibration of the adsorbed formate (*HCOO) intermediate dur-
ing operando Raman spectroscopy on Cu (ref. *').

The development of tip-enhanced Raman spectroscopy (TERS)*
significantly improved intensity and spatial resolution of Raman,
while allowing the probing of adsorbates at nanometre resolution.
When coupled with a scanning tunnelling microscopy (STM) tip,
the plasmon resonance can be tuned to match the downward tran-
sitions of the Raman scattering (Fig. 4d)*, resulting in an intense
enhancement factor at smaller incident photon flux. A tip and
confocal arrangement is available for economical adaptation of an
existing Raman setup (Fig. 4c). Most relevant to CO,RR is prob-
ably the demonstration of TERS on an atomic force microscopy
(AFM)-based tip in liquid through bottom illumination (Fig. 4b)*.
An alternative strategy of stabilization and cryogenic trapping of
intermediate phase approach was suggested”, where Fe-CO, and
Fe-CO,H intermediates were isolated and probed at cryogenic tem-
perature during the CO,RR to CO on Fe(0)-porphyrin.

Overall, operando optical spectroscopy has largely succeeded in
identifying intermediate species containing C-O, and has contrib-
uted significantly in refining reaction pathway selection for DFT
calculations. Although simple and highly accessible, it has limited
spatial resolution and is less sensitive to changes on the catalyst sur-
face, therefore other techniques are required to complement it.

X-ray characterization techniques
Optical-based techniques can be complemented by X-ray tech-
niques to overcome their limitations in probing catalyst surfaces.
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With recent advances in current third-generation synchrotron
radiation sources, operando hard and soft X-rays become increas-
ingly applicable to catalysis, offering element-, orientation- and
state-sensitive probing capabilities. Although direct demonstrations
of operando X-ray techniques for CO,RR are still limited, possibly
due to setup complication or limited access to central facilities, they
hold huge potential to solve issues (1) and (3) in the catalyst discov-
ery process.

X-ray absorption spectroscopy. Probably one of the most widely
used X-ray techniques for catalytic studies, X-ray absorption spec-
troscopy (XAS) allows for the examination of gas, liquid and solid
samples. XAS spectrum collection is a relatively straightforward
process, where the X-ray intensities are compared before and after
interacting with specimens. Although XAS is generally insensitive
towards lighter elements (for example, carbon), adsorbing species
can be indirectly detected through monitoring minute changes in
the catalyst state and coordination.

X-ray absorption near edge structure (XANES) focuses on the
features within +1% of the absorption edge, providing characteris-
tic information on electron transition from occupied to unoccupied
states. Pre-edge peak(s) can be present due to orbital hybridiza-
tion induced by coordinating species (for example, ligands). The
edge position is a primary indicator of the element’s oxidation state
because of its correlation to the effective nuclear charge. The oscillat-
ing intensity in the extended X-ray absorption fine structure (EXAFS)
originates from interference effect between ejected and backscattered
photoelectrons surrounding the absorbing atom, thus local structural
information can be extracted*. Theoretical particle sizes can also be
estimated from treated EXAFS data as the observed coordination
number declines with decreasing size. Molecular dynamics simula-
tion analyses of EXAFS data have demonstrated accurate determina-
tion of Pt nanoparticles in the range 17-70 A (ref. 7).

The larger penetration depth of hard X-rays required to match
K-absorption edges allows flexible and real-time operando mea-
surement of working electrocatalysts®. Figure 5a displays a typi-
cal operando X-ray electrochemical cell setup, where the catalyst
is deposited onto an X-ray transparent support (for example, SiN,)
and signals can be measured in a fluorescence yield counter or
through a spectrometer.

One key advantage of XAS is the ability to probe atom-specific
structural information, even on extremely small and complex cata-
lysts. For example, operando EXAFS has confirmed the atomic
dispersion of single-atom Ni on N-doped graphene and shown its
stability during CO,RR (ref. *). Operando EXAFS measurement
also reveals direct electronic modulation between the Co centre
and the COF-367 covalent organic framework, allowing Co** to be
partially reduced to Co* (ref. *°). Operando EXAFS is also sensi-
tive to structural change, it can capture the complex restructuring
of Cu(r)phthalocyanine to 2 nm Cu nanoclusters during CO,RR
(ref. *'). Intriguingly, the nanoclusters revert back to Cu(ir)phtha-
locyanine when the voltage is removed, suggesting reversibility for
this process.

The hydrogen evolution reaction (HER) competes with CO,RR
in aqueous electrolyte, limiting the search for CO,RR catalysts to
those with minimal HER activity. However, the idea of producing
syngas (CO-H, mixture) from CO,RR expands the range of candi-
date materials, for example, Pd. In this case, background knowledge
of Pd characterization using XAS (in conventional catalysis) helps
the operando XAS interpretation of CO,RR on Pd. The gradual peak
shift to lower energy and white line intensity increase (sharp peak
arising from the absorption edge) with increasing cathodic overpo-
tential were immediately recognized as reversible H uptake, leading
to p-PdH formation and longer Pd-Pd bond length'’. What is inter-
esting is that the presence of §-PdH during CO,RR lowers the bind-
ing energy of both *CO and *H, and guard against CO poisoning.
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The result improved theoretical modelling and understanding of
how Pd, perceived as a proficient HER catalyst, can be a CO,RR
promoter as well.

We note that the use of XAS is not limited to structural investi-
gation. With the aid of computer post-processing, XAS signals can
be used to construct 3D chemical tomography of working catalysts
during electrochemical reactions. An operando computer tomogra-
phy (CT)-XANES has been developed to investigate the degradation
of a polymer electrolyte fuel cell. The root cause was pinpointed to
migrating Pt catalyst into the proton exchange membrane, causing a
short circuit (Fig. 5b)*. We envision that similar measurements can
be extended to CO,RR systems, providing insights on the catalysts’
dynamic 3D spatial distribution and stability during catalysis.

X-ray photoelectron spectroscopy. When an electron gains enough
energy from an incoming photon to be ejected to the continuum,
a photoelectron is created and examinable by X-ray photoelectron
spectroscopy (XPS). Both kinetic energy and the number of escaped
electrons can be measured simultaneously from the sample surface
of a few nanometres in depth, providing elemental composition,
chemical and electronic state information of the catalyst. Due to the
photoelectron’s short inelastic mean free path (IMFP) in ambient
conditions and to keep the analysed surface clean, XPS is typically
performed in an ultra-high vacuum (UHV) environment, making
the analysis of solid-liquid interface central to operando electro-
chemical study extremely difficult.

Basic analysis may be done by carefully transferring the catalyst
under vacuum to an adjacent XPS chamber after electrocatalysis.
Recently, this type of experiment was conducted on oxide-derived
CO,RR catalysts™*, revealing a possible presence of surface and
subsurface oxygen after catalysis. However, the measurement could
be affected by rapid interaction between the catalyst, electrolyte and
oxygen during sample transfer in ambient conditions where electro-
chemistry is absent™, limiting its usefulness.

An alternative strategy implementing a photoelectron-transpar-
ent graphene membrane as a pressure barrier has been proposed™.
With a membrane-sealed cell, flow-cell electrochemistry may be
performed while in UHV, paving the way for new techniques like
operando photoemission electron microscopy (PEEM)™".

Another reasonable approach is to separate the sample cell
chamber and electron analyser via differential pumping and an elec-
trostatic lens system®. This approach allows the sample chamber to
be kept near atmospheric pressure and an unsealed electrochemical
cell to be placed inside (Fig. 5¢)*. The use of a synchrotron radiation
source is recommended for ambient pressure X-ray photoelectron
spectroscopy (APXPS) of the solid-liquid interface, as the incom-
ing photon energy needs to be tuned to balance the photoelectron
IMFP and photo-ionization cross-section. Even so, the electrolyte
layer still needs to be thin enough (<20 nm) for meaningful mea-
surement®.

The dip-and-pull method (Fig. 5e) is a good strategy, where
electrodes are pulled halfway through to the APXPS analysis
chamber from the electrolyte reservoir®. The presence of a 10-30
nm electrolyte overlayer allows electrochemical bias to be applied
during APXPS. However, the dip-and-pull strategy is not without
weakness: it is difficult to get consistently thin electrolyte film,
inevitably causing poor signal-to-noise ratio. Additionally, the thin
layer of electrolyte is likely to induce concentration difference due
to mass transport limitation®. The dip-and-pull strategy has been
used to detect adventitious oxygen in reduced Cu catalysts®’. Data
fitting, assuming several flat overlayers of water, determined that
most of the adventitious oxygen was Cu-bound. While the mea-
surement was done completely inside APXPS chamber without air
exposure, the proposed sub-surface oxygen interpretation should
be taken with care, as rapid interaction between Cu and O in elec-
trolyte was reported™.
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Oxide-derived catalyst case study. Obtained from electrochemical
reduction of a higher oxidation state precursor, oxide-derived cata-
lysts show significantly higher CO,RR activity than the bare metal-
lic variants®*®*, The reason behind the enhanced performance has
become the subject of contentious debate in recent years. We rec-
ognise that many operando CO,RR studies are aimed at detecting
residual oxygen or oxidized metal centres in oxide-derived catalysts,
as the revelation of rapid interaction between electrolyte and cata-
lyst* renders non-operando approaches less meaningful.

We previously discussed the detection of SnO, at CO,RR poten-
tial using operando Raman spectroscopy*’. However, such detection
may be restricted to highly conductive oxides that allow efficient
electron transfer while remaining in oxidized form. On non-con-
ductive oxide-derived catalysts, like CuO,-derived Cu, residual sur-
face oxides were not observed™.
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Using operando EXAFS, persistent Cu* signal has been detected
on oxide-derived Cu under CO,RR conditions*>**. Higher oxida-
tion states of Fe and Co have been found stable using operando
EXAFS during CO,RR on greigite (Fe,S,; ref. ©) and COF-367-Co
framework™, respectively. Additionally, the presence of adventitious
oxygen, proposed to be Cu-bound, was also detected using oper-
ando APXPS (ref. ©*). These observations brought forth the idea that
residual oxides can persist in the sub-surface instead. Several DFT
calculation studies ensued; describing ways that residual oxygen
could enhance the CO, chemisorption and thus CO,RR (refs “-%°).

However, the premise to the residual oxide benefit to CO,RR
is its stability under cathodic conditions. Most recent DFT studies
indicate that sub-surface oxygen is unlikely to survive under CO,RR
conditions™”!, although it has been suggested that it can be stabi-
lized on a reduced Cu-nanocube model™.
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The complex issue of oxide-derived catalysts highlights the chal-
lenges faced in interpreting operando measurements, as assump-
tions drawn from a very controlled environment may not reflect the
complex CO,RR condition. To resolve this issue, we believe that new
operando approaches beyond the conventional IR, Raman, XPS and
XAS are required to provide experimental evidence on sub-surface
oxygen that is capable of influencing intermediate binding”".

Emerging opportunities from contemporary X-ray techniques.
We have elaborated the importance of operando X-ray techniques in
addressing basic questions in CO,RR. However, conventional XAS
techniques suffer from intrinsic broadening of the core-hole lifetime,
which can be as much as 5-10 eV for metal L-edges™. Spectra over-
lap from multiple scatterers often leads to poor atomic and energy
resolution, as XAS only gives averaged structural information.

In this regard, it is desirable to use a high-resolution monochro-
mator to discriminate finer energy resolution in inelastic X-ray
scattering (IXS). An excellent example of this technique’s strength
is the in situ observation of changing Pt valence d-band originat-
ing from newly formed bonding and antibonding orbitals as CO
is adsorbed onto Pt (Fig. 5d)’™. Such a feat is only achievable by
consecutive measurements of X-ray emission at different energies
while the excitation X-ray is at resonance with the Pt L, edge. This
subset is termed resonant inelastic X-ray scattering (RIXS). RIXS
measurement, especially near the metal L-edge, allows element-
selective probing of d-d excitations and reliable determination of
the metal-ligand field and chemical processes™. This technique has
strong potential to address issues (1), (2) and (3), especially when
coupled with careful theoretical analysis to de-convolute polariza-
tion and momentum transfer information.

The low intensity of RIXS signal has mostly been overcome by
the recent development of third-generation synchrotron facilities
and advanced cell construction that allows low-energy photon-out
measurements’®”’. Recently, a new wavelength dispersive setup con-
sisting of analyser crystal and position sensitive detector setup has
been used to perform operando K-edge IXS on mixed MnNiO, oxy-
gen evolution reaction (OER) catalyst (Fig. 5f)”*. The experiment
was able to determine that the MnO, and NiO, do not share the
same atomic environment, and the presence of Ni appears to stabi-
lize MnO, by inducing earlier oxidation on the latter. We foresee that
(R)IXS experiments could help to determine the presence of resid-
ual oxide in CO,RR, as compatible setups have been developed®.

Another relevant technique for CO,RR is surface X-ray scattering
(SXS), which can provide information about the abrupt termination
of crystalline surfaces as well as adsorbed groups. For example, the
oxidation and reduction behaviour of Pt(111) surfaces under electro-
chemical conditions have been investigated in situ using SXS (ref. ).
Pt(111) experienced surface buckling at the top layer due to oxygen
and hydroxyl adsorption at 0.95 V versus reversible hydrogen elec-
trode (RHE), causing attenuation in the scattered intensities.

Diffraction anomalous fine structure (DAFS) is a relatively
recent technique that combines crystallographic X-ray diffraction
with spectroscopic XAS. When combined, DAFS can provide XAS
with a set of atoms in a specific site/phase on the catalyst (as con-
trolled by the diffraction signal). Bouldin et al. described this tech-
nique more elegantly as an “(E)XAFS with virtual photoelectrons™.
The typical beamline setup involves a second X-ray detector that
can rotate around the sample, providing 26 resolution. DAFS is
extremely useful in distinguishing contributions for the same type
of atom existing in inequivalent sites within the unit cell, as well as
in different phase, or detect changes in the cell lattice. An excel-
lent example would be the identification of the Ni atom aggregates
within a Li, Ni,, O, interlayer during lithium battery electrode
charge-discharge cycling, which cannot be distinguished from
NiO, host otherwise®. Although DAFS has only been demonstrated
on bulk samples, grazing incidence measurement can enable surface
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measurements. We believe that DAFS has the potential to shed light
into the short-medium range environment of a specific atom on a
particular catalyst phase (for example, in the case of alloys*?) or dif-
ferent orientation.

Electron-based characterization techniques

Electron-based techniques encompass electron microscopy and
detection of electronic signals by static or scanning probes. These
are important characterization tools that can track minute changes
in catalyst (down to unit cell level), localized electrochemical activ-
ity and electron transfer processes at the catalyst surface, potentially
elucidating issues (1), (3) and (4).

Liquid phase-transmission electron microscopy. In situ liquid
phase-transmission electron microscopy (LP-TEM) techniques are
very useful in tracking real-time physical migration, morphological
evolution and, sometimes, compositional change under modulated
environment in synthetic or catalytic processes. Modern LP-TEM
holders allow the introduction of larger amounts of flowing elec-
trolyte around the main observation microcell while maintaining
compatibility with the UHV chamber (Fig. 6a,b). The back electro-
lyte contact effectively provides a larger counter electrode to enable
higher current density to be applied on the working electrode. This
setup provides some respite for examining diffusion-limited reac-
tions like CO,RR. SiN, is the current prime choice for TEM win-
dows due to its electron transparency and high flexural strength.

In our view, in situ electrochemical-TEM measurements are
very much a work-in-progress, as the compromise needed to match
actual electrocatalysis conditions is too great for this technique to
be considered a fully operando measurement. For example, the
limited space and positioning of the electrodes inside can cause
non-uniform electric field distribution and create hot spots that
artificially enhance electrochemical activity near the electrode
tip¥. Further, the electron beam is known to induce radiolysis
and specimen damage®’. However, we see value in this technique,
as in situ LP-TEM can record atomic and morphological changes
under electrochemical condition almost instantly, at high resolu-
tion. This would provide valuable information on how the catalyst
surface is transformed or degraded during catalytic reaction, useful
to address issue (1).

Most in situ LP-TEM experiments are demonstrated on non-
CO,RR systems, taking advantage of electron-beam induced trans-
formation such as nanoparticle nucleation, growth, dissolution,
coalescence and so on®*. For example, numerous studies assess
the stability of OER catalysts upon contact with water and elec-
tron beam®. Often these studies report nucleation of oxygenated
species inside the in situ LP-TEM cell that would not be possible
without the presence of oxygen (radical) species believed to be OER
intermediates (Fig. 6¢,d)*. Another useful approach is the one-to-
one correspondence approach, where the trajectory, morphology
and chemical state of catalysts can be probed in 3D using electron
tomography after aging outside the UHV chamber?. In situ LP-
TEM is also suitable to observe catalyst degradation by dissolution
and mechanical dislodgement (Fig. 6e,f)™.

In situ TEM can also be utilized to study the surface oxidation
behaviour of a catalyst. For example, the surface oxidation of Pd
nanocrystals was found to initiate at the atomic steps or vertex site,
then proceed preferentially on the (111),, faces (Fig. 6g)*. These
surfaces also show significantly higher reactivity®, thus in situ TEM
may be used to look for catalytically active surfaces.

Though there is no direct example of studying CO,RR using
operando TEM so far, we see significant advantages in doing so.
A good example would be the use of electron tomography to get
a better estimate of active surface area/possible active sites, and to
study core-shell structures of bimetallic origin, with the possibility
of obtaining 3D, instead of the usual 2D, visualization®.
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Scanning probe microscopy. Scanning probe microscopy (SPM)
techniques were originally devised to probe surface information of
samples using a fine-tipped probe. Their initial form, scanning tun-
nelling microscopy (STM), allows imaging of a surface at the atomic
level from detection of quantum tunnelling current”. Modification
to the STM design allows the measurement of tunnelling electrons
in electrochemical condition”, potentially allowing the detection
of surface atom variation under catalytic condition and suitable
to address issues (1) and (3). In fact, operando EC-STM measure-
ments have detected Cu surface atomic reconstructions in electro-
chemical condition®.

AFM enables surface profiling by detection of the atomic force
interaction between the tip and the sample®. The imaging reso-
lution is poorer compared to STM, but the tip can now serve an
additional function as electrochemical potential or current sensor
while imaging. An excellent demonstration of this technique is
the operando observation of microscopic surface reconstructions
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during CO,RR catalysis (Fig. 7f)° and operando identification of
cobalt (oxy)hydroxide phosphate’s dual function as hole collector
and water oxidation catalyst in photoelectrocatalytic system®.
Scanning electrochemical microscopy (SECM) is a different vari-
ation of the SPM technique, where the scanning tip acts as a minia-
turized electrode to conduct investigation of local electrochemical
behaviour of liquid/solid/gas interfaces, suitable to address issues
(2) and (5), but without topographic imaging capabilities”. Seminal
work was performed by Bard and co-workers using SECM to dif-
ferentiate flat glass and Pt surfaces®. When combined with non-
linear a.c. electrochemical measurements such as electrochemical
impedance spectroscopy (EIS), it is possible to probe local environ-
ments of the catalyst surface immediately under the microelectrode,
addressing issue (5) (Fig. 7e). In particular, the electrochemical and
charge transfer behaviour of different exposing facets, an indication
of their reactivity, can also be revealed”'®. More recently, SECM
was used to probe the enhanced CO,RR activity on Au surfaces
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receiving different treatments'®’. Combined with Rutherford back-
scattering (RBS) electron micrograph imaging, clear indication of
increased CO,RR activity was found to occur near the grain bound-
ary (Fig. 7a—c).

Using a Hg/Pt ultramicroelectrode (UME) probe, it was possible

to detect the *CO,™ intermediate and its dimerization on the Au
UME substrate'””. *CO," is constantly being generated at the Hg/
Pt probe and, owing to the low binding energy, this intermediate is
transferred to the Au UME substrate (located 0.2-5 pm away) to be
analysed (Fig. 7d). The dimerization rate was assessed to be 6.0 X
10® M™! s7! with a half-life of 10 ns by fitting the experimental data
with a theoretical simulation, opening up the possibility of using
SECM to study the CO,RR mechanism.

Electrochemical techniques in catalysis are usually limited to
d.c., where a constant or variable field is applied on the surface of
catalysts. However, Fourier transform a.c. spectroscopy (FTAC)
is a powerful electrochemical technique that can interrogate fast
Faradaic processes within the double layer region, thus confronting
issue (4)'”. FTAC has high kinetic sensitivity — the current magni-
tude of the nonlinear higher harmonic components increases sig-
nificantly with faster electron transfer kinetics'’. Under d.c.-only
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voltammetry conditions, the low-level Faradaic process would have
been shrouded by other slower process (for example, redox) or dou-
ble layer charge-discharge behaviour.

FTAC has been used to confirm fast and reversible charge trans-
fer in [a-SiW,,0,,]*"", confirming its role as redox mediator in the
reduction of CO, to CO on Ag nanoclusters capped with bovine
serum albumin in DMF (ref. '°). More recently, this technique has
shed some light into the electron transfer during CO,RR. A sharp
(two-step, shown as a doublet and triplet) fifth harmonic of the FTAC
indicates that the CO,RR onset (-1.2 V versus Ag/AgCl; Fig. 7g)
involves a two-electron transfer process. This could point to the
reduction of either *CO, or *H,CO, intermediates during CO,
conversion to formate on SnO, surfaces'. We propose that, when
combined with SECM-based microelectrodes, FTAC is a powerful
technique that can discern fast processes in different facets or less-

defined active areas (for example, roughened Cu).

Prospects and outlook
Operando measurements have contributed tremendously to our

understanding of CO,RR. Most recently, new waves of theoretical
studies aimed at fully decoupling the electric field and ionic effects
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have been inspired by findings from operando measurements*'"’.
However, more can be done to further the capabilities of currently
available techniques. Recently discovered graphene-enhanced
Raman spectroscopy (GERS) offers the promise of molecular-selec-
tive Raman enhancement'®. This may prove interesting for CO,RR
as intermediates may be transferred from the active sites onto gra-
phene for subsequent GERS measurement.

Another intriguing possibility is the use of in situ LP-TEM
with more-precise control over the radiolysis process. Recently,
it has been proposed that the problematic radiolytic process can
instead be a way to generate relevant reaction intermediates dur-
ing in situ LP-TEM measurements'”. This means that, the elec-
tron beam can be viewed as a very fine ionizing radiation source
that provides rational chemical perturbation of a material system.
The radiolytic species and radicals generated in water are simi-
lar to the water splitting intermediates (He, H,, H,0,, OHe and
0,), and altering the electron dose can control their concentra-
tion''’. With more understanding of radiolytic generation on vari-
ous solvents and intermediates, we envision that in situ LP-TEM
will be of particular interest in understanding CO,RR where the
photolytic generation of intermediates can be reproduced using
an electron beam.

We also predict the rising importance of RIXS as the field of
CO,RR moves beyond single transition metal catalysts, to explore
non-metal catalysts like doped carbon'"’ or multi-metallic hybrid
structures like Cu;Y-Ni, Cu,Sc—Ni (ref. %) or Ni-Ga alloys'"”. High
resolution RIXS is probably the only technique capable of providing
direct experimental proof on the preferred adsorption geometry of
adsorbates'*.

We believe data collected through operando techniques can be
added into bulk structure databases to feed into machine-learning-
aided prediction of adsorption energy, which can reduce the number
of single point DFT calculations required to identify viable candi-
dates''>'">. Future investigation of these new catalyst materials using
advanced operando techniques is crucial in addressing the scientific
challenge and closing the catalytic discovery loop. Overall, we hope
that these concerted efforts will bring us closer towards creating a
closed-loop anthropogenic carbon cycle and a more secure energy
future for humanity.
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