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Abstract 

Using multiple operando characterisation techniques to elucidate the structure-
reactivity correlations of electrocatalytic systems is becoming more desirable. In this 
review article, we primarily employed the electrocatalytic CO2 reduction reaction over 
nanocatalysts as a model reaction to discuss the recent advances in the use of 
operando characterisation techniques. The synergy between various techniques can 
circumvent, to a great extent, the limitations of using one sole technique. For instance, 
the advances in using a combination of operando powder X-ray diffraction and Raman 
spectroscopy are discussed, which enables the complementary characterisation of 
nanocatalysts in both bulk and surface levels. Under operando conditions, the 
adsorbate and intermediate species, as well as the structural parameters of the 
catalyst can be simultaneously tracked for an extensive understanding of the reaction 
mechanisms. 

Introduction 

Deciphering the relationship between the structure of catalytic materials and catalytic 
reactivity is pivotal to designing new-generation catalytic materials with superior 
performance [1–5]. Rational design-driven catalysts with high selectivity towards 
target products could fundamentally alleviate the current harsh energy demand and 
environmental issues [6–9]. In recent years, with the rapid development of 
instrumentations, numerous advanced characterisation techniques have continuously 
refreshed our understanding of catalytic reactions. These state-of-the-art 
characterisation techniques, especially those that allow operando characterisation, 
have offered us special perspectives (i) to reveal the dynamic structural change of the 
catalysts [10–12], (ii) to unveil the catalytic mechanism occurring at the interface of the 
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solid catalyst via tracking of preferential adsorbate species or reaction intermediates 
[13,14], or (iii) both combined [15,16]. At this point, we should first clarify the difference 
between two commonly misused adjectives – operando and in-situ. First, ‘operando’ 
can be considered as a subset of ‘in-situ’. The former refers to ‘under operating 
conditions’; in the context of the electrocatalytic CO2 reaction reduction (‘eCO2RR’, 
which is used as one of the model reactions in this short review), operando 
characterisation generally should be conducted under (i) applied voltage, (ii) flowing 
CO2, and (iii) immersed in electrolytes. In some cases, reasonable deviations from the 
‘real’ operating conditions of electrocatalysis are unavoidable, e.g., dilution of the 
electrolyte, because of various intrinsic limitations of the system. Product analysis is 
desired to ensure the behaviour of the operando catalytic system. In contrast, in-situ 
characterisation is the study of the catalyst at various applied stimuli. A typical example 
can be studying the structural evolution during the calcination process. Understanding 
the intermediate alternation and the structural evolution of catalysts can offer a step 
closer towards an actual realisation of the ‘chemical/molecular movies’ [17–19]. Every 
‘frame’ could be employed to form a complete data chain, which provides valuable 
information for guiding scientists towards further materials engineering and system 
optimisation.  

Despite the capability of individual in-situ and operando characterisation techniques 
has been well discussed in some recent articles *[5], this review will focus on 
discussing the combination of using powder X-ray diffraction (PXRD) and Raman 
spectroscopy in studying electrocatalytic reactions, considering the eCO2RR over 
various Cu-based catalysts for example, under operando conditions. As shown in 
Figure 1, whereas PXRD can detect the change in the bulk structure, such as phase 
change, Raman spectroscopy, by applying a suitable laser, can reveal the surface and 
interface chemistry. These two core characterisation techniques can be applied 
together to offer complementary information about the catalysts, thereby elucidating 
the structure-reactivity correlations with a more multifaceted perspective.    

 
Figure 1. Major operando characterisation techniques discussed in this article, where both the bulk and surface 

properties of electrocatalysts, such as in the form of nanoparticles, can be simultaneously studied.  



Operando PXRD 
PXRD is a conventional technique that is often present in most laboratories and 
extensively used by most researchers working on solid materials [20–22]. By 
observing Bragg’s law, PXRD is typically used for fingerprint identification of materials, 
and characterisation of the structural parameters, such as lattice type, unit cell 
parameter, and lattice strain [23]. Ex-situ PXRD measurements of solid samples are 
generally measured in reflection or transmission mode, where the samples are well-
aligned between the X-ray beam and detector to yield accurate and precise 
information. However, when it is applied to operando (or most in-situ) settings, a series 
of limitations should first be noted [24]. The major limitation is the intense absorption 
issue of X-ray when the X-ray beam passes through the electrolyte. Even using 
synchrotron X-ray, with much higher X-ray brilliance (photons s−1 mm−2 
mrad−2/0.1%BW), the electrolyte issue is also a major hurdle for the design of a 
suitable reactor cell. As noted in our recent study on the hydrogen evolution reaction 
over NiSe2 (which will be later discussed), 1.0 M KOH electrolyte with a thickness of 5 
mm was required to be diluted substantially (to 0.1 M) for reasonable transmission 
mode measurements [25]. Even still, the background signal of the diluted electrolyte 
can be extremely high which could interfere with the detection of Bragg’s peaks. Both 
water and salt present in the electrolyte are strong X-ray absorbers. When designing 
a reactor cell that uses a conventional laboratory X-ray source (3 kW, or even 9 kW), 
the presence of trace electrolytes will be detrimental which can severely hamper the 
detection of the scattered X-ray. Based on our experience, the Bragg’s peaks are 
barely observable simply with a drop of water on top of the electrode (catalyst). We 
should ensure minimal contact between the X-ray beam and electrolyte to achieve a 
high signal-to-noise ratio.  

As shown in Figure 2, we show an illustration of an example eCO2RR reactor cell 
where the stringent requirements of both CO2 conditions (gas flow, electrode contact, 
etc.), electrochemical (comparable current densities), and diffraction environments 
(sample and optical alignments, etc.) can be simultaneously met **[26]. Another major 
limitation is that PXRD is only suitable for the detection (and quantification) of the 
crystalline phase(s), it is extremely challenging to exclude the possible presence of 
metastable, short-lived, amorphous oxidised species in the sample under such 
dynamic measurement. 



 
Figure 2. Schematic illustration of an operando PXRD reactor cell (reflection mode).  

In recent years, operando PXRD has been employed to study dynamic changes, such 
as phase transition [27–29] and lattice strain [30–32] under electrochemical 
environments. In another matter, operando studies using grazing incidence X-ray 
diffraction-based technique can also be done to yield information on the dynamic 
structural change on the surface and sub-surface species of the catalyst by limiting 
the penetration of X-ray to the bulk structure [33]. In this section, we have selected two 
examples to illustrate the application of operando PXRD in the study of the dynamic 
change of the electrolyte.  

Ni-based chalcogenides have been regarded as a promising class of electrocatalysts 
for efficient hydrogen evolution reaction (HER) in an alkaline environment. It is often 
understood that metallic Ni, as reduced from NiS2 or NiSe2, is the actual ‘active species’ 
for HER [34]. Unaltered Ni-based chalcogenides, morphologically and compositionally, 
should not long remain upon applied potentials. In the work by Zhai et al., operando 
synchrotron PXRD was employed to characterise the phase transition of the NiSe2 
catalyst for HER (Figure 3) **[35]. Initially, the identity of the pristine sample NiSe2 was 
first confirmed by the characteristic Bragg peaks at 10.7° (210), 13.6° (220), and 15.9° 
(311). Under the applied voltage at –0.18 V in diluted 0.1 M KOH electrolyte), a gradual 
decrease of these Bragg peaks (of NiSe2) was noted. The Bragg peaks characteristic 
of NiSe gradually appeared and became more dominant after two hours of time-on-



stream, while the Bragg peaks of NiSe2 disappeared completely, which was 
accompanied by an increase in the current density by 27.3%. No further phase 
evolution was observed beyond two hours based on a 24-hour chronoamperometric 
measurement. This hence confirmed that NiSe acted as the ‘active species’ in their 
catalyst system. It suggests the introduction of compressive forces on the b-c surface 
and drawing forces on the a-b surface, which could be related to the electric stress 
and interaction with neighbouring NiSe2 domains or nanocrystallites.  

 
Figure 3. (a) Current curve at −0.18 V for 6 h and the corresponding operando synchrotron PXRD patterns of the 
NiSe2. (b–g) Enlarged fingerprint peaks and corresponding intensity evolution. (Reprinted with permission from 

ref.[35]. Copyright © 2020, American Chemical Society) 

Similar phase evolution observations, but at faster reduction rates, were also noted 
under higher biased potentials at –0.38 V and –0.58 V. Potentially due to electron 
transportation and environmental issues, the authors found that the peaks of NiSe at 
–0.58 V were much broader, indicative of smaller lattice domains. The author further 
correlated the structure-reactivity pattern between catalysis and phase evolution. By 
density functional theory calculations, the NiSe2 to Ni transition upshifts the d-band 
centre to closer to that of Pt (–1.93 eV), which made it much more suitable for HER. 

Nevertheless, sample oxidation should not be excluded, as hydroxide formation (such 
as due to ambient exposure) has also been commonly reported by various ex-situ 
post-catalytic measurements [36]. The identification of the NiSe phase was successful 
as the operando characterisation effectively circumvented the subtle reactions if the 
sample were measured ex-situ post reactions. However, it should also be noted the 
limitation of using reactor cells – a transmission cell in this case, where the sample 
was fully immersed in KOH electrolyte. The concentration of the KOH electrolyte was 
specifically diluted to 0.1 M from 1.0 M to reduce the X-ray absorption issue for 
enhanced counting statistics. 



Lei et al. investigated the origin of the difference in the eCO2RR catalytic selectivity 
over nano Cu catalysts when different Cu precursors, CuO, Cu(OH)2 and 
Cu2(OH)2CO3, were used [26]. Unlike the previous transmission mode reactor cell 
used by Zhai et al., an eCO2RR reactor cell optimised for PXRD measurements in the 
reflection mode was designed. The reflection mode was specifically needed because 
of laboratory-grade X-ray source was used, with a much lower X-ray brilliance 
compared with synchrotron X-ray. It has also been particularly noted that the catalytic 
behaviour of the reactor cell was corrected using a standard sample to eliminate liquid-
induced effects.  

The Bragg peaks characteristic of the Cu precursors gradually vanished upon an 
applied potential, while those characteristics of metallic Cu species (e.g., Cu(111) at 
2θ = ~ 43.3° and Cu(200) at 2θ = ~ 50.3°) emerged after 15 minutes of time-on-stream. 
All three Cu precursors were subsequently reduced to metallic Cu, but with different 
electrochemical reduction kinetics. Comparable domain/grain sizes of ~ 11 nm were 
observed. The observed domains were notably smaller than the parent Cu precursor 
materials, which was attributed to the combined effect of the lattice shrinkage and 
fragmentation of the nanocrystallites. It was concluded that the formation of these as-
reduced metallic Cu species, with less relevance to the identity of the Cu precursors, 
was pivotal to explaining the enhanced and comparable C2+ selectivity in the eCO2RR.  

Lei et al. also discovered the presence of tensile strain (measured by peak shift of the 
Bragg peaks) only in the metallic Cu species derived from Cu(OH)2 and Cu2(OH)2CO3 

precursors by > 0.4% [26]. Such tensile strains could only be probed using the 
operando technique, as the shifts of the Bragg peaks were not observed in their ex-
situ PXRD measurements.  

Operando Raman Spectroscopy 
Compared with PXRD (bulk technique), Raman spectroscopy is more inclined to the 
study of the surface adsorbate and intermediate species, as well as tracking the 
structural parameters of the catalyst surface [37–40]. When a single-wavelength laser 
is irradiated on the surface of the nanocrystallites, inelastically scattered light is 
generated depending on the spin and vibration of the species with molecular 
behaviours. In addition to the well-known (ex-situ) capabilities of Raman spectroscopy, 
the laser can penetrate through a thin layer of typical electrolytes with low Raman 
scattering cross sections [41]. Low Raman scattering cross sections enable the 
characterisation of the electrode/electrolytes interface, where electrolysis takes place, 
with higher accuracy and reliability. Also, this warrants more ‘realistic’ operando 
conditions to be met for the design of Raman reactor cells. However, Raman 
spectroscopy is not intrinsically surface (more specifically interface) active. The 
surface-enhanced Raman spectroscopy (SERS) has been accordingly designed to 
allow the identification of the interface adsorbate and intermediate species, as it can 
enhance the interface-related signals by 1010-1011 times [42,43]. But still, there are 
some intrinsic limitations when in-situ/operando conditions are applied, such as most 
dynamic information is lost after removing the catalyst from electrocatalysis conditions 
due to thermodynamic relaxation of the materials during preparation for analysis, and 
the difficulty in conducting measurements with high reproducibility under various 



environments **[44]. Figure 4 illustrates the design of a typical commercial operando 
Raman reactor cell. 

 

 
Figure 4. Schematic illustration of an operando SERS reactor cell. A thin layer of water can be allowed above the 
catalyst surface because of laser can penetrate through the electrolyte at a reasonable electrolyte concentration. 

The benefits of oxides on metal copper surfaces have been recognised by the 
community as they can enhance the catalytic efficiency of multicarbon C2+ products 
[45–47]. However, the lack of powerful characterisation tools and the inability to control 
these oxygen-containing species hinder understanding the role of these oxide species 
in the eCO2RR.  

Inspired by this, He et al. employed operando SERS spectroscopy to probe the Cu 
surface speciation in H2O2-contained electrolytes as a function of voltages **[48]. As 
shown in Figure 5, in 0.1 M KHCO3 + 5 mM H2O2, the fingerprint peaks of Cu2O at 146, 
412, 528, and 619 cm-1 remained until –0.3 VRHE, compared to without H2O2, Cu2O is 
more prone to reduction reduced even at 0 VRHE. It suggested that the stabilisation of 
the surface oxide species by H2O2. They also found that the peak at 1070 cm-1 
appeared after the reduction of Cu2O and remained visible at a more negative voltage 



with the addition of H2O2, which is likely attributed to the favourable adsorption of CO32- 
on the as-reduced metallic copper.  

 
Figure 5. Potential-dependent operando SERS. Shell-isolated nanoparticle-enhanced Raman spectra of 

electropolished Cu foil acquired at different potentials in (a) 0.1 M KHCO3 and (b) 5 mM H2O2 + 0.1 M KHCO3. 
The electrolyte was continuously purged with CO2 during electrolysis. (Reprinted with permission from ref.[48]. 

Copyright 2022, American Chemical Society) 

Furthermore, the time-dependent operando SERS results (Figure 6) suggested that 
the presence of H2O2 could guide the formation of oxygen-containing species on the 
copper surface under the eCO2RR condition. The peak at 525 cm-1, which was 
assigned to CuOx(OH)y, appeared after 10 min and increased in intensity until the 
addition of 20 μL H2O2 after 50 minutes. This peak disappearance was resulted from 
the CuOx(OH)y species being oxidised to Raman inactive Cu oxide species by H2O2, 
which could further stabilised on the copper surface for an extended time. From the 
results of the DFT calculations, the authors found that the *CO hydrogenation was 
more thermodynamically and kinetically favourable on the Raman inactive Cu oxide 
species compared to bare metallic copper. 



 
Figure 6. Time-resolved in-situ SERS at −1.0 VRHE. (a) Representative SER spectra acquired before and after 

H2O2 addition (at 50- and 60-min electrolysis, respectively) in 0.1 M KHCO3, (b) time-resolved SER spectra 
acquired in 0.1 M KHCO3 with 20 mM H2O2 added to the electrolyte at 55 min, (c) time-resolved SER spectra 
acquired in 5 mM H2O2 + 0.1 M KHCO3 with an additional of 20 mM H2O2 added to the electrolyte at 105 min. 
The electrolyte was constantly purged with CO2 during electrolysis. (Reprinted with permission from ref.[48]. 

Copyright 2022, American Chemical Society) 

An et al. employed operando SERS to study the reaction mechanism of eCO2RR on 
the Cu metal surface and by tracking *CO intermediates **[49]. Taking advantage of 
the sub-second detection capability of this approach, the vibration peaks at 524 and 
614 cm-1 disappeared immediately (within the first few seconds), even at a low voltage 
of –0.4 V (Figure 7). This suggested that the copper oxide species was stripped from 
the Cu metal, and the reaction site activation was also completed at once.  

These catalysts showed higher selectivity at more negative operation voltage at –0.8 
VRHE and −0.9 VRHE. As shown in Figure 7a, the characteristic peak of low-frequency 
band liner CO at 2060 cm-1 gradually increased, while the relative intensity of high-
frequency band liner CO at 2095 cm-1 decreased, with the peak shifted to a lower 
wavelength. The time-dependent changes in the peak positions indicated that the CO* 
intermediates on the catalyst surface were highly dynamic and actively participated in 
surface reactions rather than static steady-state adsorption (Figure 7b-d). The lower 
Raman wavelength suggested a weaker C=O bond, which could promote the 
dimerisation of CO* intermediates and play an essential role in the subsequent 
formation of multi-carbon C2+ products (Figure 7e). It is almost impossible to record 
this dynamic state and peak shift with conventional Raman spectroscopy as the 
lifetime of *CO intermediates is relatively short under ex-situ conditions.  

 



 
Figure 7. (a) Comparison of steady-state Raman spectra (15 min after reduction) of anodised Cu-MP during 

reduction at −0.7 V, −0.8 V and −0.9 V. Collection time is 5 s. Time-resolved surface-enhanced Raman 
spectroscopy heatmap of (b) anodised Cu-MP during reduction at −0.8 V and (c) −0.9 V in the CO region (Raman 
shift between 1900-2150 cm−1). (d) Fitted result of (c), (e) FE of anodised Cu-MP during eCO2RR at −0.7 V, −0.8 

V, and −0.9 V.  (Reprinted from ref. [49], with permission from Wiley, copyright 2021) 

Summary  
In this review, we discussed the advantages of using operando PXRD and Raman 
spectroscopy for the characterisation of electrocatalytic reactions (primarily using 
eCO2RR as a model reaction). They can extensively complement each other and can 
characterise nanocrystalline catalysts from both bulk and surface levels. Under the 
conditions of real-time monitoring, the adsorbate and intermediate species, as well as 
the structural parameters of the catalyst can be simultaneously tracked. It offers a 
combined perspective for a thorough understanding of the catalytic system, and 
subsequently, aids the rational design of more efficient catalysts.  

Although combining these two techniques can help us study the principles of 
electrocatalytic reactions from a deeper perspective, it is still impossible to fully 
understand the effects of all parameters on the catalytic reactions. Most current 
laboratory operando PXRD reactor cells adopt the indirect connection method, which 
extracts water onto the carbon paper (electrode) to form a closed-loop circuit to avoid 
water suppression of X-ray. It is challenging to make catalysts fully immersed in the 
electrolyte, even with the use of synchrotron X-ray with a much higher beam brilliance. 
The time resolution is also limited by the duration of each PXRD scan, which causes 
more issues in operando PXRD measurements as a quick non-synchrotron scan 
require at least a few minutes for acceptable-quality data collection.  



Laser-induced sample damage is common from overexposure in Raman spectroscopy 
(which could be alleviated by developing a more sensitive detector to lower the laser 
power). It thus limits ultra-long measurements where a high volume of data 
acquisitions is involved. In addition, many intermediate species on the catalyst surface 
cannot be characterised by operando Raman spectroscopy. A possible solution is to 
adopt complementary operando infrared spectroscopy to track those intermediate 
species of interest. Another limitation is the lack of quantification ability by Raman 
spectroscopy as the peak intensity does not fully reflect the population of the species 
of interest. In brief, when designing operando reactor cells, particularly for junior and 
less-experienced researchers, one should expect at least a couple of months for 
proper cell optimisation. But once a cell is optimised and commissioned, it would offer 
you an extremely powerful tool to understand your catalytic system(s). 
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