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Abstract: Electrochemical reduction of CO2 to value-added chemicals and fuels is a promising
approach to store renewable energy while closing the anthropogenic carbon cycle. Despite significant
advances in developing new electrocatalysts, this system still lacks enough energy conversion
efficiency to become a viable technology for industrial applications. To develop an active and selective
electrocatalyst and engineer the reaction environment to achieve high energy conversion efficiency,
we need to improve our knowledge of the reaction mechanism and material structure under reaction
conditions. In situ spectroscopies are among the most powerful tools which enable measurements of
the system under real conditions. These methods provide information about reaction intermediates
and possible reaction pathways, electrocatalyst structure and active sites, as well as the effect of
the reaction environment on products distribution. This review aims to highlight the utilization
of in situ spectroscopic methods that enhance our understanding of the CO2 reduction reaction.
Infrared, Raman, X-ray absorption, X-ray photoelectron, and mass spectroscopies are discussed here.
The critical challenges associated with current state-of-the-art systems are identified and insights on
emerging prospects are discussed.

Keywords: CO2 reduction reaction (CO2RR); in situ spectroscopy; infrared (IR); Raman; X-ray
absorption (XAS); X-ray photoelectron (XPS); mass spectrometry

1. Introduction

The increasing concentration of atmospheric carbon dioxide (CO2) is believed to contribute to
the anthropogenic climate change [1,2]. In response, considerable efforts have been devoted toward
reducing the CO2, among which, electrochemical (EC) CO2 reduction reaction (CO2RR) presents
promising potential, for it can produce value-added chemicals from CO2 to address the energy crisis
while mitigating CO2 emission [3–7]. Unlike water splitting where H2 and O2 are single products in
cathode and anode of the electrochemical cell, the process of CO2RR is more complicated because
different possible reaction intermediates/products are formed by multiple protons (H+) /electrons (e–)
transfer processes after the adsorption of CO2 (*CO2, * denotes the surface-coordinated state of the
ligand) [4,8,9]. Figure 1a depicts the representative possible reaction pathways. Moreover, CO2 is so
inactive that the CO2RR is quite unfavorable thermodynamically. Therefore, the application of CO2RR
in the industrial scale requires high activity and selectivity toward valuable products, which is often
determined by [10–13]: (i) structure and composition of the electrode surface, (ii) the catalytic chemical
transformations at the interfaces between the solid electrode and liquid electrolyte or gaseous reactants,
and (iii) the nature of the electrolyte components.
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indirect and incomplete information of the microscopic reaction mechanism. Theoretical quantum 
mechanics calculations, such as density functional theory (DFT), have been shown to correlate well 
with experimental results on simple and well-ordered catalytic systems. However, utilizing DFT to 
get information for less ordered catalysts and complicated reactions with multiple steps, is very 
challenging [15]. Ex situ (i.e., off-site) spectroscopic measurements are commonly employed for pre- 
and post-chemical states of electrocatalysts in a specific electrochemical reaction to deduce the 
possible active sites and stability. Electrochemical activation or exposure of samples to air during 
chamber-to-chamber transportation, however, introduces contamination and undesired surface 
functional groups to the surface of the electrocatalyst, thereby disturbing the interpretation of 
spectroscopic fingerprints. To overcome these shortcomings and accurately picture the physical and 
chemical processes, and to further develop efficient electrocatalysts for CO2RR with high 
performance and durability, we need to take advantage of additional characterization tools. 

  
Figure 1. (a) Possible CO2RR pathways. (b) Representative in situ characterization illustrated here to 
gain insight on reaction intermediates, active sites, preferred reaction pathways, the effect of the 
reaction environment on reaction pathways, and changes that a catalyst undergoes under reaction 
conditions. Dark circles represent powdered catalysts. The isolated molecule is a representative 
intermediate/production. 

In situ (i.e., on-site) spectroscopies study catalytic systems under reaction conditions and 
provide in-depth insights into the nature of active sites and reaction mechanisms [16–19]. In situ 
spectroscopic techniques have been applied on CO2RR systems with the goal of addressing five key 

Figure 1. (a) Possible CO2RR pathways. (b) Representative in situ characterization illustrated here
to gain insight on reaction intermediates, active sites, preferred reaction pathways, the effect of the
reaction environment on reaction pathways, and changes that a catalyst undergoes under reaction
conditions. Dark circles represent powdered catalysts. The isolated molecule is a representative
intermediate/production.

Measurement of electrochemical properties, such as Tafel slope, can provide models for reaction
kinetics and mechanisms [14], however, these models are mostly too macroscopic and provide
indirect and incomplete information of the microscopic reaction mechanism. Theoretical quantum
mechanics calculations, such as density functional theory (DFT), have been shown to correlate well
with experimental results on simple and well-ordered catalytic systems. However, utilizing DFT
to get information for less ordered catalysts and complicated reactions with multiple steps, is very
challenging [15]. Ex situ (i.e., off-site) spectroscopic measurements are commonly employed for pre- and
post-chemical states of electrocatalysts in a specific electrochemical reaction to deduce the possible active
sites and stability. Electrochemical activation or exposure of samples to air during chamber-to-chamber
transportation, however, introduces contamination and undesired surface functional groups to the
surface of the electrocatalyst, thereby disturbing the interpretation of spectroscopic fingerprints.
To overcome these shortcomings and accurately picture the physical and chemical processes, and to
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further develop efficient electrocatalysts for CO2RR with high performance and durability, we need to
take advantage of additional characterization tools.

In situ (i.e., on-site) spectroscopies study catalytic systems under reaction conditions and
provide in-depth insights into the nature of active sites and reaction mechanisms [16–19]. In situ
spectroscopic techniques have been applied on CO2RR systems with the goal of addressing five
key issues [5]: (1) capturing and identifying reaction intermediates; (2) identifying active sites;
(3) determining preferred reaction pathways; (4) clarifying the role of reaction environment; and (5)
investigating the state changes of catalysts under reaction condition. The insights gained here
sharpens our understanding of the electrocatalytic CO2RR system and enables rational design of
efficient electrocatalysts and electrolytes for this reaction. For instance, combining operando X-ray
absorption spectroscopy (XAS) and quasi in situ X-ray photoelectron spectroscopy (XPS), enabled
providing a correlation between the electrocatalyst’s structure and multi-carbon hydrocarbon (C2+)
production [20–22]. This finding further paved the way for designing a Cu catalyst with improved C2+

selectivity and production rate [23]. Numerous reports have theoretically proposed various possible
reaction pathways and active sites for specific CO2RR products, whereas they all lack experimental
verification under operando reaction conditions. Massive efforts have been made in recent years to
develop in situ spectroscopies to be compatible with CO2RR [20–22,24–30]. However, each of the
presented techniques has its own specific potentials and limitations to reveal details on the active
electrocatalyst surface.

Although there are several excellent reviews on spectroscopic methods, to the best of our
knowledge, this review is the first of its kind which summarizes the in situ spectroscopies for the CO2RR.
In this perspective, we highlight the significant in situ spectroscopies applicable for electrochemical
CO2RR and how they can assist to address key issues described above. Remarkable cases, including in
situ infrared spectroscopy (IR), Raman spectroscopy (RS), XAS, XPS, and mass spectrometry (MS) are
summarized. The advantages, limitations, and applications of these characterizations are analyzed.
Additionally, challenges and future directions for developing in situ techniques in the electrochemical
CO2RR are discussed to provide fresh insights into the development of CO2RR.

2. In Situ Spectroscopic Techniques

In situ spectroscopy requires measuring the properties of a system continuously under practical
working conditions. The challenge, however, is to propose a strategy that allows CO2RR to occur
while satisfying the measurement conditions. The most convenient in situ characterization techniques
applied in CO2RR, are IR and RS, as the wavelength range is relevant to the vibration frequency of the
adsorbed intermediates in this reaction. However, these optical-based techniques are limited in probing
catalyst surfaces. With the development of third-generation synchrotron radiation sources, in situ
X-ray techniques, such as XAS and high-resolution XPS, can be the complements by offering element-,
state-, coordination- sensitive probing capabilities. In addition, to realize in-depth understanding of
the underlying CO2RR mechanism, direct identification of reaction intermediates/products is crucial.
In this regard, MS has been used for qualitative identification of unknown compounds and quantitative
analysis of the amount of known compounds. An illustration of these relevant in situ spectroscopies
applicable for CO2RR, along with their known lateral resolution and atomic detection limit range,
is shown in Figure 1b. Individually, they can capture the information of the structural, physical,
and chemical properties of materials to address the key issues discussed above.

2.1. Infrared Spectroscopy (IR)

IR spectroscopy exploits the specific absorption of molecular vibrations at resonant frequencies of
IR radiation [31], which could be used to in situ monitor functional groups, molecular symmetry, as well
as the interaction between a catalyst and molecules in solution [32]. The first application of in situ IR in
the electrode/electrolyte interface goes back to the 1970 s [33]. In recent years, extensive applications
of IR spectroscopy were witnessed in exploring various interfacial phenomena in electrochemical



Catalysts 2020, 10, 481 4 of 27

CO2RR, which features the low cost, facile optical design and operation, simple surface selection
rule, and broad applicability to electrodes [34]. Four major configurations are accessible to in situ IR
spectroscopy measurement: transmission [35], diffuse reflectance (DRIFTS) [36], reflection-absorption
(RAS-IR), and attenuated total reflection (ATR-IR). Osawa and co-workers combined ATR-IR geometry
with surface-enhancement of the IR absorption (SEIRA) [37–40]. The CO2RR process is based on
catalytic chemical transformations at the interface of electrode and electrolyte. To minimize the light
absorption by the electrolyte, the path length of IR light needs to be reduced. RAS-IR (external
reflection) and ATR-IR modes (internal reflection), which are both suitable for flat model surfaces [41]
and characterization of solid/gas and solid/liquid interfaces [42], are more frequently used to minimize
the path length of the IR light. In RAS-IR (Figure 2a), the beam passes through an IR-transparent
window and crosses a thin electrolyte layer before being reflected from the electrode surface. RAS-IR
allows the measurement of a wide range of materials and distinguishes gas-phase and adsorbed
species [43–45]. However, RAS-IR is restricted by its weak signal and the test requirement of a very thin
electrolyte layer (<100 µm) [46]. This latter restriction often introduces a high concentration gradient
at the electrode surface which complicates spectroscopic measurements, especially for gas-evolving
reactions. Conversely, ATR-IR (Figure 2b) overcomes these problems [40,47–49] by utilizing a metal
thin film deposited on an IR-transparent material with a high refractive index as the working electrode.
When the incident IR beam is positioned near the critical angle of the specially constructed ATR crystal,
an evanescent wave is formed above the crystal that interacts with the adsorbed molecules (internal
reflection phenomenon). This minimizes the electrolyte layer interference with high surface sensitivity,
free mass transport, and insusceptibility to gas evolution [34]. Notably, in the surface-enhanced ATR-IR
absorption spectroscopy (ATR-SEIRAS) [40,50], molecules reside on the thin metallic layer deposited
on various ATR prisms (e.g., Si and ZnSe), and the absorption signal enhances tens of times due to
electromagnetic field resonance from the surface enhancement effect [40].
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(RAS) and (b) internal attenuated total reflection (ATR) configurations.

IR spectroscopy is particularly vital for the direct observation of intermediate species of
CO2RR [19,51–55]. Notably, the adsorption configuration of certain reaction intermediates could be
identified through IR, which would be otherwise very difficult to detect through electrochemical
techniques. Molecules and species such as CO, CO2, CO3

2−, HCOO−, COO−, and further-reduced
products (such as CH4, CH2CH2) typically exhibit molecule-specific and highly IR active vibrational
modes that allow for their monitoring during the CO2RR electrocatalysis. For instance, intense
vibrations at 1288, 1386, and 1660 cm−1 were observed on a silver electrocatalyst over a potential
range of −1.4 to −1.6 V (vs. Ag/AgCl) in 0.1 M KCl electrolyte, which have been assigned to C-OH,
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C-O, and C=O stretches of an adsorbed, carbon-bound *COOH intermediate [56]. Unlike Au and
Ag that primarily generate CO, among various reaction intermediates on Cu electrocatalyst [39,57],
chemisorbed CO (*CO) is the most frequently reported intermediate due to the high IR absorption
cross-section of the C-O bond [58–64]. The *CO is well-known to have various adsorption configurations
on metal surfaces with different vibrational frequencies. For instance, it is usually detected as a
broad and asymmetric band located between 2100 and 1900 cm−1 during the cathodic scan of a
Cu electrode [58,60,65]. Note should be taken that *CO is not always reactive intermediate [66].
Unlike atop-bonded *CO (*COatop) active intermediate, bridge-bonded *CO (*CObridge) is irreversibly
adsorbed and electrochemically inert, and can only be removed from the surface by oxidizing the
Cu electrode. Except for the commonly detected *CO, other intermediates such as *CHO, *COOH,
and bidentate COO− (Figure 3a), were identified with much lower band intensities [65]. Nevertheless,
hydrogenated CO dimers (*OCCOH) were observed on Cu (100) for the first time via RAS-IR, which
proposed the reductive dimerization of carbons (i.e., C-C coupling) as a critical step for C2 species
production [25].
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Figure 3. (a) Real-time ATR-SEIRAS spectra recorded on Cu thin film. Reprinted with permission
from Ref. [65]. Copyright 2017 American Chemical Society. (b) ATR-IR traces at −1.4 V vs. Ag/AgCl
under various chemical conditions and acid treatments. Reprinted with permission from Reference [67].
Copyright 2015 American Chemical Society. (c) ATR spectra and (d) proposed reaction mechanisms on
the Ag thin film; (c,d) are reprinted with permission from Reference [56]. Copyright 2016 American
Chemical Society. (e–g) In situ SEIRAS study of CO produced in the 13CO2 purged 0.5 M NaH12CO3

electrolyte in real-time. Reprinted with permission from Reference [26]. Copyright 2017 American
Chemical Society.
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IR spectroscopy played an essential role in identifying active sites. For example, bands located at
1500, 1385, 1100 cm−1 were detected on indium and tin films, which correspond to surface-bound tin
carbonate species (Figure 3b) [67,68]. While after further removing the surface SnOx/Sn6O4(OH)4 by
chemical etching, these bands disappeared, indicating that the surface oxide is the real active site for
the formation of tin carbonate and subsequent formation of formic acid. In comparison, no carbonate
intermediates were detected on Pb and Bi [68], indicating that the CO2RR likely proceeded directly on
metal surfaces rather than oxide species.

IR spectroscopy is also powerful for demonstrating the possible mechanisms and preferred
reaction pathways. CO2 molecule adsorbed to the surface of Ag thin film in the form of *COOH was
detected using ATR-Fourier-transform IR (FTIR) (Figure 3c) [56]. At most of the applied potentials
(−1.4 V to −1.55 V vs. Ag/AgCl), Ag-COOH (1288, 1386 and 1660 cm−1) and Ag-CO were the only
detected intermediates. This observation suggests the proton-coupled electron transfer (PCET) step
[CO2(g) + * + H+(aq) + e− ↔ *COOH] as the dominant reaction pathway on silver electrocatalyst
which is consistent with product measurements and theoretical studies [69]. However, at a more
negative applied potential (−1.6 V vs. Ag/AgCl), both *COO− (1559 cm−1) and *COOH intermediates
were observed, indicating the electron transfer step [CO2(g) + * + e− ↔ *COO− and *COO− + H+

↔ *COOH] as the preferred CO2RR mechanism. Liu et al. used potential-dependent ATR-IR to
investigate the reaction pathway of CO2RR on non-metallic electrocatalysts, namely an N-doped
nano-diamond/Si nanorod array [70]. A strong band at 1307 cm−1 was assigned to a surface-bound
OOC−COO intermediate species, which is a likely precursor to CH3COO−.

Moreover, IR spectroscopy provides insights into the influence of the reaction environment,
such as an electrolyte [65]. Recently, the role of accessible bicarbonate (HCO3

−)-based electrolyte on
the CO2RR was studied with the combination of IR [26] and isotopic labeled reactants (Figure 3e–g).
It was found that the observed *CO band was not the dissolved 13CO2 but more from H12CO3

−

in the electrolyte. It means that HCO3
− enhances the CO2RR rate by increasing the reducible CO2

concentration in solution through rapid equilibrium, rather than merely acting as pH buffer [71] or
proton donor [72]. Similar phenomena were also observed on Cu surfaces [65].

In summary, in situ IR spectroscopic techniques are powerful tools for direct observation of several
reaction intermediates of CO2RR. This technique is suitable for qualitative analysis and to prove the
existence of functional groups in a molecule. But the maximum absorption peak can also be used
for quantitative analysis under specific conditions, such as keeping the reaction environment (e.g.,
temperature, pressure, voltage, etc.) unchanged with time to avoid any changes in the optic properties
of the electrolyte. However, there are some limitations for its application though, such as the limited
IR transmission at low wavenumbers on Si prisms (below 1200 cm−1). Recently, a micromachined
Si wafer was developed to access wavenumber down to 725 cm−1 [73] by minimizing the travel
path of the IR beam in the internal reflection element. Modification of the prism structures with
better IR penetration, such as ZnGe and Ge, maybe another solution. However, ZnSe suffers from
low electrochemical stability during potential cycling, preventing its direct application as a working
electrode. To solve this problem, a thin Si wafer was pressed against the ZnSe prism for the ATR
window [74,75]. Another limitation is that regular SEIRAS occurs due to the plasmon resonance
of randomly oriented nanoparticles, while their absorption range is mainly in the visible spectrum.
Therefore, depending on the nanoparticle’s sizes and shapes, the enhancement varies a lot at different
spectrum range. In 2008, Neubrec et al. [76] applied metal nano-antennas on dry samples and
demonstrated higher enhancements (5-orders of magnitude). Although the increase happens in a
narrow IR region, it was found that the spectral range can be tuned by controlling the aspect ratio and
geometry of nano-antennas [77]. It is herein possible to make the enhancement range compatible with
the interest spectral region of CO2RR. The only concern about these metal nano-antennas is that they
are isolated. To overcome the issue of discontinuity and conductivity of the metal layer, one could
consider creating nano-slits [78], which has been predicted to feature strong nanorod-like resonances
in the IR spectral range.
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2.2. Raman Spectroscopy (RS)

RS is used to detect inelastically scattered lights due to changes in sample rotational and vibrational
state after the interaction between the electron cloud of a sample and the external electric field of
the monochromatic light typically in the visible frequency range. In this sense, RS is complementary
to IR, but with the additional advantage that water can be used as a solvent due to its low Raman
scattering cross-section. As a scattering-based technique, RS offers a significant advantage over similar
absorption-based methods since the incident light is not absorbed by the electrolyte solution adjacent
to the electrode surface. By measuring energy differences between the incident and scattered photons,
RS peaks with different intensities and Raman shifts provide a “fingerprint” of the subject molecule
or material. Therefore, combined RS and electrochemical measurement—that already provides
information about the charge transfer—present real-time spectroscopic information on the reaction.
To realize the in situ (EC)-RS setup, three central components are required: a potentiostat, an EC-RS cell,
and a Raman spectrometer. A key challenge for in situ RS measurements is to increase the spectroscopic
limits of detection, while not distorting the electrochemical responses [79].

There have been several generations of in situ RS cells since the first generation was reported
by Fleischmann [80]. The cell needs to operate in an aqueous environment and reduces light losses.
A confocal mode where a working electrode is illuminated from a microscope objective positioned
overtop [29] and a long working-distance air-objective were usually used [79,81]. A representative
EC-RS cell is made of Teflon or polychlorotrifluoroethylene (commonly referred to as Kel-F) with a
facing up working electrode, where an electrolyte layer, a quartz windows (ca. 1.0 mm in thickness)
and a water droplet were sandwiched between the objective [numerical aperture (NA) = 1] and the
electrode surface [79] (Figure 4a). The value match of the refractive indices of water (n = 1.33), quartz
(typical crown glass n = 1.52; fused quartz n = 1.46), and electrolyte (n = 1.33) helped to reduce the
attenuation of signals. This long working-distance (2.8 mm) lens also allows the utilization of a thick
electrolyte layer (2.0 mm) to avoid severe diffusion hindrance. However, the presence of the quartz
window in this design adversely affects the detection limits of the setup. Instead of using the quartz
window, a 13 µm thin Teflon film was applied to wrap the water immersion objective [82,83]. The same
refractive index of Teflon film (n = 1.33) as water ensures light losses being attenuated to a minimum,
and the high numerical aperture (NA = 1.23) allows the laser light to focus tightly, thereby increasing
the signal collection. However, this setup suffers from the short working distance (0.21–0.31 mm) to
maintain normal electrochemical responses. Furthermore, it is challenging to wrap the Teflon film with
optical quality but no electrolyte leakage. To increase the Raman signal, surface-enhanced RS (SERS,
Figure 4b,c) was developed. SERS increases RS signals several orders of magnitude with plasmonic
interfaces by primarily stem from enhanced local electromagnetic fields upon light excitation [84].
The sharp decay of enhanced local electromagnetic field distance from the interface makes SERS highly
surface-selective and suitable for the investigation of interfacial reactions. Ag, Au, and Cu are the most
largely investigated electrocatalysts with SERS because these nanostructured surfaces give rise to a
strong surface-enhancement upon laser excitation at wavelength ∼500 nm for Ag and >600 nm for Au
and Cu.

Thus far, in situ RS has been employed for the identification of reaction intermediates. The majority
of studies based on in situ EC-RS have observed *CO as the most common CO2RR intermediate on
Cu and Ag surfaces [63,85,86]. For instance, in situ RS was performed on CuSx electrocatalyst and
peaks at 275, 356, and 2080 cm−1 were ascribed to C≡O frustrated rotation, Cu-CO vibration, and C≡O
stretching vibration of *CO intermediate adsorbed on Cu surface [87]. The increase in band intensities
indicates a buildup of *CO intermediates on the Cu surface. A broad band at 2890 cm−1 also appeared,
which could be from the C-H stretching vibration [ν(C–H)] of adsorbed formate (HCOO−). In addition
to the *CO intermediate, *CHx adsorbates and formate signals were also observed (broad 2900 cm−1

and weak 1450 cm−1 bands) in the study of Smith et al. [88], but with a less-intense signal. Smith’s
group employed in situ RS on a roughened Cu surface in 0.1 M NaHCO3 electrolyte to provide evidence
for the first common reaction intermediate for CO and formate production [89]. The surface-bound
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*COO− intermediate was detected over a wide potential window with vibrational fingerprints at 1540
and 350 cm−1 (Figure 5a), purportedly bound by the carbon and oxygen atoms, which correspond
to η2(C, O)(CO2

−). Very recently, a bidentate O-bound *OCHO intermediate on a polycrystalline Ag
surface in 0.05 M Li2B4O7 aqueous electrolyte was indicated by RS, which has a crucial influence on
the *H coverage on the surface, inhibiting the formation of HCOO− and H2, and providing a higher
selectivity to CO [89].Catalysts 2020, 10, x FOR PEER REVIEW 9 of 27 
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In situ RS helps to understand the influence of the reaction environment. For instance, Schmitt and
Gewirth performed in situ SERS measurements to investigate the beneficial impact of 3,5-diamino-1,2,4-
triazole (DAT) on the CO2RR to CO on a silver electrode (Figure 5b) [90]. In the absence of DAT, Raman
bands of adsorbed *CO were recorded at∼1880 and 1945 cm−1 at−0.05 V vs. Ag/AgCl, corresponding to
*CO adsorbed on a 3-fold hollow and bridge sites on Ag surface [91–93], respectively. With the addition
of DAT, the 1880 cm−1 band is no longer observable. The band associated with the bridge-bound *CO
was still observed, but the wavenumber (red) shifted to 1924 cm−1. Two new *CO adsorption peaks
appeared at 2049 and 2099 cm−1, attributed to atop-bound and weakly-bound/physisorbed *CO on the
Ag surface [91–94]. These results imply that in the presence of DAT, *CO intermediate will desorb
rather than stay on the surface, and thus CO production enhances as a consequence.

In situ RS is also powerful for the determination of active sites on the electrocatalyst surface.
Dutta et al. performed in situ RS on SnO2 (Figure 5c) [30]. At a moderately negative potential of
−1 V vs. Ag/AgCl (pH = 9.7), a high Faradaic efficiency (FE) of ∼80% for formate was obtained.
In the RS investigation, the intensity of the marker band of SnO2 at 623 cm−1 only slightly decreased,
indicating the electrocatalyst was just partially reduced. When a more negative potential of −1.5 V
was applied, the peak at 623 cm−1 disappeared, indicating SnO2 was entirely reduced to metallic
Sn. The accompanied significant decrease in FE identifies SnO2, as the active surface for CO2RR to
formate [30].

In situ RS also contributes to probing the state changes of electrocatalysts. Metal-oxide and
oxide-derived CO2RR electrocatalysts have been extensively characterized with RS because their
metal−oxygen vibrational modes could indicate the metal’s coordination and oxidation state. In this
context, RS could provide information such as potential-induced transformations of the electrocatalyst
structure, which may not be detected with common ex situ methods, such as XPS. For example,
Raman spectra were collected on oxide-derived Cu-Zn electrocatalyst (Figure 5d) [95]. It was found
that the as-deposited Cu showed Raman bands corresponding to Cu2O (142, 216, 525, 630 cm−1),
the Zn electrode showed ZnO (430, 560 cm−1) phases, and the Cu4Zn showed both Cu2O and ZnO
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characteristic peaks [96,97]. At −0.85 V in CO2-saturated 0.1 M KHCO3 electrolyte, Cu2O, and ZnO
bands disappeared, indicating that Cu2O and ZnO were sufficiently reduced to the Cu and Zn
metallic state, respectively. Notably, three new bands (280, 365, and 2060 cm−1) belonging to adsorbed
CO intermediates [98] observed on Cu and Cu-Zn electrocatalyst after all signals from oxides had
disappeared, indicating that the metallic sites, other than oxides, were the active sites for the CO2RR to
CO. Ren et al. followed a similar approach to investigate the Cu2O film [99]. The Cu-O marker bands
at 47, 218, 526, and 624 cm−1 disappeared under cathodic potentials in 0.1 M KHCO3, accompanied
by the rise of bands at 365 and 502 cm−1, indicating the reduction of Cu2O to metallic Cu. Beyond
the transformation of materials, the interface can also be monitored. For instance, the local pH at
different locations on Cu foam surface was monitored by tracking the marker bands associated with
the pH-dependent HCO3

− (1015 and 1365 cm−1)/CO3
2− (1065 cm−1) equilibrium [27].
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Figure 5. (a) In situ Raman spectra of rough Cu surface in CO2-saturated in 0.1 M NaHCO3 (pH = 6.8).
Reprinted with permission from Reference [89]. Copyright 2018 the National Academy of Sciences
of the United States of America (NAS). (b) In situ RS spectra during cathodic polarization without
and with DAT. Reprinted with permission from Reference [90]. Copyright 2014 American Chemical
Society. (c) The overall shape of Raman spectra on SnO2 surfaces. Reprinted with permission from
Reference [30]. Copyright 2015 American Chemical Society. (d) In situ RS of Cu4Zn catalysts during the
electrochemical reduction of CO2 at −0.85 V in 0.1 M KHCO3 (inserts show the simultaneously acquired
chronoamperograms). Reprinted with permission from Reference [95]. Copyright 2016 American
Chemical Society.

In summary, in situ EC-RS is an accessible powerful tool to detect the surface structural changes
and adsorbed intermediates on the electrocatalyst surface. The high-speed (in the order of seconds)
acquisition of spectrum (200−4000 cm−1) allows the real-time analysis of the activity of an electrocatalyst.
However, this exciting field faces challenges as it moves forward. Typically, the Raman peak intensity
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depends on the type and power of the laser, the exposure time, the scanning speed, the type and
concentration of the electrolyte, and the morphology and structure of the catalyst surface. In this
regard, it is difficult to use RS for direct quantitative analysis for CO2RR. Likewise, in situ EC-RS
has not been frequently used for the detection of surface absorbed molecules in aqueous CO2RR.
The spatial resolution of conventional RS is approximately half the wavelength of the incident light
(Rayleigh criterion). For instance, the best spatial resolution of incident visible light at 633 nm is around
300 nm. To surpass this limit, the development of tip-enhanced Raman spectroscopy (TERS) [100]
significantly improved the intensity and spatial resolution of Raman, while allowing the probing of
adsorbates at nanometre resolution (<20 nm). However, the signal is generally derived from a hot
spot where the electromagnetic field is particularly intense, so it is difficult to obtain information
representative of the entire electrode surface. Besides, RS cannot detect the intermediates with low
scattering cross-sections, such as *COOH. To overcome this challenge, the catalyst could be deposited
on a SERS-active substrate such as Au or Ag. On the other hand, as highlighted in a recent review by
Van Duyne and co-workers [101], the combination of RS with high-resolution chemical imaging of
electrochemical interfaces would be the next major step, which will enable us to correlate interfacial
properties with surface topography at the nanoscale and ultimately with local atomic structure.

2.3. X-ray Absorption Spectroscopy (XAS)

XAS is a powerful spectroscopic technique that provides local (4−5 Å) geometric and electronic
structure information on materials. The fast development of synchrotron X-ray sources, especially the
continuous tunable hard X-ray (energy higher than 5 keV) has enabled operating in situ measurements
at ambient conditions. XAS can be employed on both amorphous and crystalline materials, for it is
element-specific and sensitive to very minimal concentrations (such as 10−100 particles per mol) [102].

XAS is based on photon absorption, and the fine structure of the X-ray absorption coefficient
is energy-dependent. If the energy of X-ray is lower than the binding energy of the electron in the
orbital of an element, electrons do not excite to higher unoccupied states, resulting in a flat region as
shown in Figure 6a. An intense peak below the absorption edge (pre-edge peak) presents due to orbital
hybridization. It has been recognized that the pre-edge peak is strongly influenced by the coordinating
species, such as ligands. When the energy of incident X-ray is at and above the absorption edge of the
desired element, core electrons excited to unoccupied states and X-ray is strongly absorbed, resulting
in a significant jump in the spectrum which is called the X-ray absorption near edge structure (XANES).
XANES is sensitive to electronic transition, site symmetries, and changes in the oxidation state of
the probed element, because the energy of core electrons is affected by the electron distribution in
the valence state [102,103]. When the X-ray energy further increases, the core electrons excite to the
continuum state. The consequent constructive or destructive interferences of outgoing and scattering
waves with adjacent atoms in the extended X-ray absorption fine structure (EXAFS) form the oscillation,
which reflects the local environment of an element regarding its coordination number, bond length and
the chemical species of the nearest atoms [104–106]. Thanks to the high precision range (10−2

−10−3 A)
of EXAFS, it is an efficient tool for studying the transient structure of reaction intermediates [102].

There are three XAS modes for testing the specimen (Figure 6b,c). Transmission mode detects
the difference between the incident and transmitted X-ray after the X-ray interacts with the specimen.
The attenuation of X-ray intensity can be characterized by the X-ray absorption coefficient [103,107],
according to Beer’s law [108]. From the data quality point of view, the sample should be concentrated
and homogenous [108]. Fluorescence mode collects the emitted X-ray from an element. This mode is
more suitable for dilute specimens since the emission intensity is also affected by the self-absorption
apart from the absorption of the element. Electron yield mode measures the emitted photoelectrons.
Different from the above bulk sensitive modes, electron yield mode is surface-sensitive due to the
relatively short mean free path of photoelectrons (~10 Å) [107].
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different XAS detection modes: transmission mode, fluorescence mode, and electron yield mode.

In situ XAS is suitable for the identification of active sites. In a recent work conducted by
Wu et al. [109], a transition-metal-based zinc-porphyrin complex was developed for the CO2RR to
CO, with a Faradaic efficiency as high as 95%. Interestingly, in situ XAS revealed that Zn (II) center
maintains its oxidation state under reaction conditions, which means that the Zn center does not
experience a redox reaction. Combining these observations with the result of cyclic voltammetry (CV),
the porphyrin ligand was found to be active for the CO2RR. In other work, using in situ XAS, Sargent’s
group demonstrated the preferential exposure of highly active Bi (110) facets on BiOBr− electrocatalyst
caused achieving a high selectivity toward formate over 90% [110].

In situ XAS also provides information on the coordination environment. For example, XAS was
explored to study the influence of surrounding covalent organic frameworks (COF) on the electronic
structure of incorporated catalytic cobalt porphyrin units. The additional pre-edge peaks indicated the
direct electronic modulation of Co coupled into extended lattice [111]. Figure 7a shows the XANES
spectrum of the Ni K-edge in the material, where atomically dispersed Ni atoms coordinated in
graphene vacancies [112]. The pre-edge peak position of Ni-coordinated N-doped graphene (Ni-NG)
located between Ni metal and NiO, indicates that Ni free electrons are partially depleted by the
neighboring atoms (C or N). No apparent changes were observed in Ni XANES under different applied
potentials, showing the high stability of Ni-NG. To further investigate the possible coordination
environment around Ni single atoms, k2-weighted Fourier transforms analysis of EXAFS (Figure 7b)
was performed. The Ni-Ni bonding was dominant in Ni nanoparticles loaded graphene nanosheets
(Ni NPs/G), which generate H2 exclusively. The Ni-Ni bonding was weakened in the Ni-coordinated
graphene (Ni-G) with the coexistence of Ni–C, where nearly 40% selectivity of CO2 reduction was
observed. The Ni-Ni bonding was further eliminated, and Ni–C/N peak dominated in the Ni–NG,
which presents more than 95% CO selectivity. It also proved that Ni single atomic sites are active for
the CO2RR. In another similar work, the EXAFS fitting revealed that Mn center is coordinated with one
Cl atom (Mn-Cl mean bond distance: 2.39 Å) and four N atoms (Mn-N mean bond distance: 2.08 Å) in
the Mn-Cl-N-doped graphene catalysts [113]. On the other hand, in situ XAS was used for tracking the
coordination number of Cu clusters [114].



Catalysts 2020, 10, 481 12 of 27

Theoretical EXAFS dynamic simulation could also estimate particle sizes because the coordination
number declines with the decreasing size [115], as shown in Figure 7f. Although the coordination
number calculations are highly dependent on the particle shape, EXAFS is becoming a premier method
to estimate the small nanoclusters, such as Pt nanoparticles, which were estimated in the range of
17–70 Å [116] through analyses of EXAFS data.

In situ XAS is also useful to probe changes in the structure and oxidation state of
electrocatalysts [3,115,117–121]. For instance, Weng et al. performed XANES (Figure 7g) and
EXAFS (Figure 7h) on copper (II) phthalocyanine (CuPc) to obtain complex structural and oxidation
state changes during the CO2RR [115]. Under the initial condition of XANES, a characteristic peak
of Cu (II) appeared at ~8985 eV. With the applied potential decreased to −0.86 V vs. RHE, a small
absorption peak corresponding to Cu (I) appeared at ~8981 eV and Cu (0) started to dominate the
XANES when the applied potential further decreased to −1.06 V. It is consistent with the characteristic
metallic Cu–Cu bond at R = ~2.2 Å in the corresponding EXAFS spectrum. The Cu (II) peak remained
existence at all applied potentials in the XANES spectra and peaks features to CuPc persisted in the
EXAFS, indicating that Cu (II) is not totally converted into lower oxidation states during the CO2RR.
Interestingly, when the applied potential was switched back to positive 0.64V, Cu (0) peak of CuPc
electrocatalyst disappeared and the XANES spectrum was almost recovered, suggesting the state
changes of CuPc were reversible.

In summary, XAS is a relatively straightforward process to monitor changes in the catalyst state,
structure, and coordination regardless of the state of the sample (gas, liquid, or solid). It is also useful to
quantify the oxidation states of species, binding distance, coordination number, and electronic structure
properties. Its resolution is very high (up to 0.05 angstrom for the binding distance) since it is capable of
gathering information from even a very small number of atoms (down to tens of atoms). Nevertheless,
XAS investigation of light elements remains challenging, and their edges can only be observed in
the tender (S, P, Cl) or soft (B, C, N, O) X-ray energy range [122]. Moreover, the intrinsic core-hole
lifetime broadening [full width at half maximum (FWHM), e.g., 5−10 eV for metal L-edges [123]]
results in the spectra overlap from multiple scatters, leading to poor atomic and energy resolution.
Alternatively, X-ray Raman (also known as Inelastic X-ray Scattering) can probe light elements using
hard X-rays by a photon-in-photon-out energy-loss process [124]. Such an experimental setup also
allows for performing Resonant Inelastic X-ray scattering measurements, which provides a more
comprehensive picture of localized and delocalized electronic states of a material [125]. For instance,
the Pt valence d-band change was observed as CO adsorbed onto Pt [126], which originated from newly
formed bonding and antibonding orbitals. In addition to the common in situ XAS which measures the
thermodynamic steady states, there is emerging XAS with the temporal resolution, namely ultrafast
XAS (or pump-and-probe spectroscopy). In this technique, a stronger pump beam is used to excite the
sample to generate a non-equilibrium state. A weaker probe beam is applied to observe the relaxation
dynamics in the femtosecond or picosecond time regime by testing changes in the optical constants
with a time delay between pump-and-probe pluses [102,127]. Therefore, ultrafast XAS may be a useful
tool to investigate the intramolecular dynamics, such as the in situ observation of valence electron
motion that controls the physical and chemical properties of CO2RR electrocatalysts [128].
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atomic configurations in a graphene matrix for Ni–NG catalyst; (a–c) are reprinted with permission
from Reference [112]. Copyright 2018 Royal Society of Chemistry. (d) Photo of a real electrochemical
cell for in situ XAS experiment setup. Reprinted with permission from Reference [129]. Copyright
2019 Springer. (e) A five-shell cuboctahedral Cu nanocrystal model and (f) its size-dependent Cu–Cu
CNs for the first three shells of nearest neighbors. (g) In situ Cu K-edge XANES spectra and (h)
Fourier-transformed Cu K-edge EXAFS spectra for CuPc; (i) Atomic structures of CuPc; (e–i) are
reprinted with permission from Reference [115]. Copyright 2018 Royal Society of Chemistry.

2.4. X-ray Photoelectron Spectroscopy (XPS)

Similar to XAS, XPS is also an element-specific technique (Figure 8a), where the electrons are
ejected from the surface of a material due to the direct excitation or relaxation of core holes in
response to incident X-ray excitation (the photoelectric effect theory). By detecting the number
and characteristic kinetic energies of escaped electrons from the surface of materials (top 10 nm),
the elemental composition, empirical formula, chemical state, and electronic state of the target material
could be obtained. Traditional XPS requires a high vacuum (HV, at least 10−8 millibar) because of the
strong scattering of photoelectrons by gas molecules and short inelastic mean free path of electrons
under ambient conditions. Working under a high vacuum condition creates a lot of limitations for
employing in situ XPS at solid-liquid interfaces during the CO2RR. Synchrotron facilities providing
tunable and high-brilliance X-rays have enabled the development of near-ambient-pressure XPS
(NAP-XPS). There are several different setups to realize NAP-XPS. One is to expose the sample at
pressures close to ambient (up to 20 mbar) while maintaining the high vacuum (<10−9 bar) in the
analyzer and detector area by incorporating several differential pumping stages with electrostatic
lenses between the sample surface and the photoelectron detection [130], as shown in Figure 8b (up).
The small aperture of a cone placed close to the sample area reduces the gas flow into the analyzer.
The smaller the aperture, the more reduced gas flow to the analyzer and the higher pressure at the
sample. However, it should be noticed that the reduction in aperture size decreases the acceptance angle
of the analyzer and lessens the photoelectron collection as a consequence. Moreover, to minimize the
photoelectrons attenuation arising from the inelastic scattering with gas-phase molecules, the sample
should be placed close to the aperture. An alternative NAP-XPS setup is to cover the sample tightly
with a photoelectron-semitransparent but gas/liquid/solid impermeable membrane, which acts as a
pressure barrier between the reaction cell and the analyzer, as shown in Figure 8b (down). This design
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allows the testing of liquid samples and rules out the pressure heterogeneity effect at the sample.
Different membranes have been developed in the last 20 years, such as thin carbon foils [131,132],
graphene sheets [133], and silicon nitride membranes [134]. In addition to the mechanical strength of
the membrane, its low-kinetic-energy electron permeability is crucial. In this regard, two-dimensional
materials, such as graphene oxide and graphene [135–137] were developed as membranes [138].
However, few groups have utilized the graphene membrane for NAP-XPS because it is still challenging
to achieve the synthesis of a single layer graphene membrane with a large area (µm range). Besides,
the dip-and-pull strategy (Figure 8c) has been developed to perform in situ XPS investigation [139].
By pulling the electrodes halfway from the electrolyte to the XPS chamber, a thin electrolyte layer
(10–30 nm) was produced, allowing the EC bias to be applied.

In situ XPS provides an insight into the characterization at the electrode/electrolyte interface
(Figure 8d), where the most critical elemental processes take place [14]. The X-ray penetrates the solid
or liquid layer and generates signals solely from the interface layer (several nm) without interference
with the bulk solid or liquid. In this vein, in situ XPS helped the understanding of the interaction
between the CO2 and catalyst surface. For instance, Favaro performed in situ XPS on Cu electrocatalyst
and showed the critical role of subsurface oxides below the Cu surface for physisorbed linear CO2

(l-CO2) [140]. They showed that the presence of suboxide, aided by the water in the gas phase,
converted the CO2 from l-CO2 to the chemisorbed configuration (b-CO2), promoting the initial CO2RR
to formate as a consequence.

In situ XPS is also useful in identifying changes in the chemical state of electrocatalysts during the
CO2RR. For instance, the quasi in situ XPS was carried out on the Ag substrate supported dendritic
Cu electrocatalyst [141]. The Cu LMM Auger lines confirmed the initial existence of CuxO species
for all samples, and O2-plasma pretreated ones had fully oxidized CuO surface before the CO2RR.
No residual CuxO were found after the CO2RR (Figure 8e), indicating that the enhanced selectivity
of C2 and C3 products are not linked to residual Cu oxides, which was contrary to the previous
postulated results based on ex situ spectroscopic data [142,143]. Rosen et al. also applied in situ XPS
on a nanostructured Zn-dendrite electrocatalyst [144]. The oxidation state of Zn remained unchanged,
suggesting its excellent stability during CO2 electrolysis at potentials more negative than −0.7 V vs.
RHE. However, continuous changes of the oxidation state of Zn were observed under a less-negative
potential (−0.5 V vs. RHE), which was proposed as the origin of stability and selectivity issues
associated with Zn catalysts.

In summary, in situ XPS is a surface-sensitive quantitative technique, which is not only used to
measure the elemental composition (at parts per thousand range), chemical/electronic state, the empirical
formula of the elements, but also to generate empirical formulas thanks to its excellent quantitative
accuracy (80%–90% for each major peak). The opportunities for in situ XPS are enormous, especially
at the catalytic interfaces. The catalytic process lies within an essential time scale of a microsecond
to second range. Time-resolved studies, such as investigation of transient kinetics and the rapid
change in a catalytic structure is necessary. It requires the improvement of XPS in terms of the time
resolution. Moreover, more efforts should be devoted to decreasing the pressure gap between the
in situ XPS and real catalytic pressure. On the other hand, the fast development of nanomaterials
requires the corresponding understanding process at nanoscale, which calls for the improvement
of the spatial resolution. In 1990, Ade et al. [145] developed scanning photoelectron microscopes
(SPEM), which are capable of adding spatial resolution and imaging capabilities to XPS in a high
vacuum environment. Thanks to the efforts from the ESCA microscopy beamline research team at
Elettra [146,147], photoemission spectromicroscopy is capable of being performed under near-ambient
pressure in recent years. It will provide new insights onto the CO2RR by developing in situ XPS
towards photoemission spectromicroscopy measurement with a spatial resolution of nanometers and a
time resolution of sub-second, operational at atmospheric and/or higher pressure.
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Copyright 2017 PNAS. (e) Quasi in-situ Cu LMM XPS spectra acquired on Ag-supported Cu dendrites
before (left) and after 1 h of CO2RR at an applied potential of −0.9V vs. RHE (right). Reprinted with
permission from Reference [141]. Copyright 2019 American Chemical Society.

2.5. In Situ Mass Spectrometry (MS)

CO2RR produces both gaseous and liquid-phase products [8], which can be analyzed by gas
chromatography (GC)/MS and high-performance liquid chromatography (HPLC)/nuclear magnetic
resonance (NMR), respectively. Although GC is sensitive enough to quantify gaseous products from
the effluent of the electrochemical cell, HPLC or NMR requires constant-potential or constant-current
electrolysis performing for a longer time to collect enough products for the measurement [8]. MS collects
signals by ionizing the chemical species and measuring the mass-to-charge ratio of ions. It qualitatively
and quantitatively identifies the reaction intermediates, thereby enabling to predict reaction pathways.
Since the MS analysis time is on a second scale, volatile and gaseous products could also be identified
and quantified in real-time [149].

Tremendous efforts have been devoted to developing real-time MS for the CO2RR [28,150–152].
The gaseous hydrocarbon products of the CO2RR have been successfully detected with differential
electrochemical mass spectrometry (DEMS) [149,150,153–157], which utilizes pervaporation to separate
and collect electrochemical reaction products continuously [149]. However, the analysis of liquid
products in real-time is often complicated because ions get suppressed by the non-volatile salts in
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the electrolyte [158–160]. To alleviate this issue, Koper et al. [153] combined cyclic voltammetry with
an online fraction collection near the electrode. Through post-analysis, products such as hydrogen,
methane, ethylene, ethane, methanol, acetaldehyde, and ethanol, were detected in a time resolution
of about one minute. However, delineating all the CO2RR products through DEMS is hard because
sample molecules are not only ionized but often broken-down during the electron ionization process.
Moreover, the quantification of the products is also challenging as a consequence of the low and/or
ill-defined product collection [153,161]. Aim for solving these issues, Bell and team members [150]
used an innovative electrochemical flow cell for the DEMS system to extracts liquid and gaseous
products through a membrane (Figure 9c), enabling the quantitative product analysis, such as hydrogen,
methane, ethylene, 1-propanol and so on.
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Figure 9. (a) MS flow chart. (b) Schematic of the different sections of a selected-ion flow-tube (SIFT)
based MS. Reprinted with permission from Reference [151]. Copyright 2018 Wiley. (c) Schematic
of differential electrochemical mass spectroscopy (DEMS) cell. Reprinted with permission from
Reference [150] Copyright 2015 American Chemical Society. (d) Basic components of electrochemical
real-time mass spectrometry (EC-RTMS). A: scanning flow cell; B: gas-liquid separation; C: gas analyzer;
D: nebulizer; E: spray chamber; F ion source. (e) The EC-RTMS method used for the determination
of products. A: hydrogen; B: methane, C: methanol; D: ethylene; E: acetaldehyde; F: ethanol; G: allyl
alcohol; H: propionaldehyde or acetone, I: propanol. (f) CO2RR of pristine (in blue) and anodized
copper (in red). The applied potential sweep (A), measured current (B) and resulting mass signals for
different compounds are shown versus time: C: hydrogen; D: methane; E: methanol; F: formic acid; G:
ethylene; H: acetaldehyde; I: ethanol; J: acetate; K: glyoxal; L: allyl alcohol; M: propionaldehyde or
acetone; N: propanol. Q: denotes gaseous products; TOF+ or TOF-: liquid products determined with a
time-of-flight-MS direct analysis in real-time in positive or negative mode; (d–f) are reprinted with
permission from Reference [152]. Copyright 2019 Wiley.
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To realize the simultaneous real-time detection of both liquid and gaseous CO2RR products,
the Ager group [151] further explored selective-ion flow-tube (SIFT) based MS and nearly all of
the expected products can be quantified (Figure 9b). Very recently, an electrochemical real-time
MS (EC-RTMS) setup [152] was developed where the electrolyte and products are withdrawn from
a scanning flow cell [162] using a capillary and transferred continuously for analysis (Figure 9d).
By applying a hydrophobic membrane, the gas is extracted from the electrolyte stream and analyzed
through an electron ionization quadrupole MS. Then the degassed electrolyte is nebulized with the
aid of a high-flow gas stream. Large liquid droplets in the mist are separated into a spray chamber
and the fine mist is analyzed. To demonstrate its extraordinary potential, the EC-RTMS approach is
used to determine CO2RR products during potential step or sweep experiments on pristine and in situ
anodized copper [8]. The enhanced formation of several C2+ products over C1 products was tracked
directly after copper anodization, with unprecedented temporal resolution (Figure 9e,f). The most
important aspect of the EC-RTMS is its potential for real-time characterization of liquid products which
significantly expand the capacity for full analysis of CO2RR products, regardless of the vapor pressure
or the existence of salt.

In situ MS provides a solution for understanding reaction pathways of complex reactions by
directly monitoring the formation of gaseous/liquid intermediates and final products in real-time.
Moreover, the local reaction environment can be observed and quantified using an MS cell, where the
catalyst is deposited directly onto the pervaporation membrane [163]. To ensure the capabilities of MS,
one should carefully design the cell, which should achieve product quantification, rapid response time,
and high product collection efficiency [156,164].

3. Summary and Outlook

This review is focused on the recent development of in situ spectroscopically probing tools
employed for the electrochemical CO2RR and unique information obtained from experiments. It is
demonstrated that in situ spectroscopic characterizations are powerful tools to shed light on the CO2RR
mechanism through capturing the reaction intermediates, identifying the active sites, understanding
the possible reaction pathways, clarifying the effect of reaction environment, and investigating the
electrocatalysts changes. The most significant advantage of these in situ techniques is the real-time
information that they provide. For instance, in situ IR and RS are sensitive to the vibration mode of
the molecules, in situ XAS/XPS probe the element-specific structural information, while in situ MS
is robust in identifying the reaction intermediates. However, there are still several key challenges to
be addressed.

As shown in Table 1, each technique has strengths and limitations. For example, in situ IR
is powerful to detect reaction intermediates, while it is restricted by the limited IR transmission.
In situ RS is complementary to in situ IR, but it cannot detect intermediates with low scattering
cross-sections. In situ XAS is powerful to collect geometric and/or electronic structure information of
electrocatalysts, but it is hard to detect light elements. In situ XPS can provide an insight into catalytic
interfaces, however, it suffers from the pressure gap between the XPS operation and the real catalytic
process. In situ MS can illustrate direct qualitative/quantitative information about the intermediate,
while achieving all product/intermediate quantification with high collection efficiency and rapid
response time are challenging. The CO2RR is complicated and looking at data from a respective
technique in isolation could lead to incomplete conclusions. Combining two or even more spectroscopic
characterizations would provide a more realistic picture of the reaction mechanism. For instance,
a combination of in situ IR, RS, XAS, and XPS might obtain surface-specific chemical information,
including local coordination environment, structure, and oxidation state of an electrocatalyst during
catalytic processes. With the further integration of in situ MS, the evolution of intermediates produced
over the CO2RR process could be provided. The additional combination of theoretical calculation
should achieve a more comprehensive understanding of the fundamental processes and offer more
in-depth insights into the reaction mechanism.
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Table 1. Summary of selected in situ spectroscopies for CO2RR.

Technique Probed Information Merits Limitation

IR Absorption of molecular
vibrations

Non-destructive sampling
Useable from ultrahigh vacuum to
atmospheric pressures
Useable in vacuum, gaseous, liquid and
even solid phases

Limited IR transmission
Indirect information
Macroscopic information

RS Inelastically scattered light Non-destructive sampling
Easy sample preparation
Fast spectra acquisition within seconds
Not interfered by water
Wide spectra region (4000–50 cm−1)

Low spatial resolution
Macroscopic information
Fluorescence interference
Unable to detect the
intermediates with low
scattering cross-sections

XAS Absorption coefficient Element specific
Metal site sensitive
Not limited by the sample state (powder,
solution, frozen solution)

Average information
Hard to detect light elements

XPS Kinetic energy and number
of electrons that escape from
the material

Nondestructive
Surface sensitive (10–200 Å)
Almost all elements (except H, He)
High information content

Low atomic resolution
Pressure gap
Limited time resolution
Limited spatial resolution

MS Mass-to-charge ratio of ions High accuracy (<1 ppm)
Consume little sample

Limited product collection

To capture more conclusive information to recognize the real-time CO2RR reaction, the future
direction relies on the suitable design of electrochemical cells with high reproducibility [165],
and state-of-the-art techniques with enhanced signal quality and high time and spatial resolutions.
The emerging free-electron lasers [166] present enormous potential to work as a laser source in optical
spectroscopies because they produce X-rays with brightness nearly ten-times higher than conventional
synchrotron sources and pulse duration from 500 to 10 fs. These beam characteristics can be helpful to
reveal the structure of the material at the atomic size and to investigate the dynamics under higher
time resolution.

To this end, a quantitative analysis of in situ spectroscopic data would be useful to monitor
the CO2RR mechanism more accurately. We also believe that the data collected through in situ
spectroscopies could be added in the structure databases for machine learning, which could be useful
to design new electrocatalysts for the CO2RR.
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Abbreviations

ATR attenuated total reflection
ATR-SEIRAS surface-enhanced ATR-IR spectroscopy
CO2 carbon dioxide
CO2RR CO2 reduction reaction
COF covalent organic frameworks
CuPc copper (II) phthalocyanine
CV cyclic voltammetry
DEMS differential electrochemical mass spectrometry
DFT density functional theory
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DRIFTS diffuse reflectance infrared Fourier-transform spectroscopy
EC electrochemical
EC-RTMS electrochemical real-time mass spectrometry
EXAFS extended X-ray absorption fine structure
FTIR Fourier-transform infrared spectroscopy
FWHM full width at half maximum
GC gas chromatography
HPLC high-performance liquid chromatography
HV high vacuum
IR infrared spectroscopy
MS mass spectrometry
NAP-XPS near-ambient-pressure XPS
Ni-G Ni-coordinated graphene
NMR nuclear magnetic resonance
Ni-NG Ni-coordinated N-doped graphene
Ni NPs/G Ni nanoparticles loaded graphene nanosheets
PCET proton coupled electron transfer
RAS-IR reflection-absorption infrared spectroscopy
SEIRA surface-enhancement of the infrared absorption
SIFT selective-ion flow-tube
SPEM scanning photoelectron microscopes
XAS X-ray absorption spectroscopy
XANES X-ray absorption near edge structure
XPS X-ray photoelectron spectroscopy
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