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ependent in situ Raman detection
in CO/CO2 electrolysis

Wen Yan,a Hangyu Bu,a Xinjuan Du,a Beining Xu,a Jia Liu*b and Ming Ma *a

In situ Raman spectroscopy has been widely employed in the CO2/CO electroreduction field to extract

mechanistic insights into reaction pathways toward product formation. However, most of the previous in

situ Raman studies are based on H-type spectroelectrochemical cells, which constrain the mass

transport to the catalyst surface, potentially affecting the coverage of key intermediates relevant to the

Raman signals and even distorting the mechanistic understanding. Here, we present a systematic

comparison for the in situ Raman detection of intermediates during CO2/CO reduction between an H-

type spectroelectrochemical cell and a GDE-type spectroelectrochemical flow cell. We found that cell

configurations exert a minimal influence on the in situ Raman detection and analysis of surface-

adsorbed intermediates during CO2 reduction, which is likely linked to the high solubility of CO2 in

aqueous media. In contrast, during CO reduction, the severe CO mass transport limitations in H-type

spectroelectrochemical cells significantly lower the formation and coverage of key intermediates,

resulting in in situ Raman detection and analysis results that are distinct from those obtained using GDE-

type spectroelectrochemical flow cells. Thereby, circumventing mass transport limitation is crucial for in

situ Raman tests to unveil the underlying mechanism of electrolysis.
Introduction

Electrocatalytic CO2/CO reduction to high-value fuels and
chemicals is widely recognized as a promising strategy for
achieving a sustainable carbon cycle.1–4 To date, Cu remains the
only monometallic catalyst that is capable of directly converting
CO2/CO into valuable oxygenates and hydrocarbons.5,6 However,
its limited selectivity toward specic multi-carbon (C2+) product
at commercially-relevant current densities poses a signicant
challenge for practical applications.7,8 Previous studies have
shown that the dynamic evolution of *CO intermediates on the
Cu catalyst surface, including adsorption congurations,9–11

surface coverage,12,13 and C–C coupling pathways,14,15 is crucial
in governing the selectivity for C2+ products. To better under-
stand the reaction mechanism of C2+ product formation and
achieve controllable C2+ selectivity, many attempts have focused
on the detection of the transient evolution of reaction key
intermediates and the dynamic restructuring of active sites
during electrocatalysis.16 In this context, in situ spectroscopic
techniques are urgently needed to monitor the microscopic
interfacial processes at the catalyst surface in real-time.9,17–22

In situ infrared (IR) and Raman spectroscopy, which are two
widely employed techniques for probing molecular vibrational
nology, Xi'an Jiaotong University, Xi'an
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characteristics, have been extensively used to investigate the
dynamic behavior of surface species and reaction mechanisms
in electrocatalysis.18,20,23–30 Among the two techniques, in situ IR
spectroscopy with its high signal-to-noise ratio and excellent
temporal resolution can precisely track the dynamic evolution
of reaction intermediates,18,25,27,28,30 but its low sensitivity in the
low-wavenumber region signicantly restricts the detection of
characteristic vibrational signals associated with key interme-
diates, such as adsorbed CO and metal–carbon bonds.10,31,32 In
contrast, in situ Raman spectroscopy is capable of overcoming
this limitation owing to its high sensitivity to low-wavenumber
vibrations, and it has been broadly applied to probe the key
intermediates and reaction paths associated with the formation
of nal products and to gain a better understanding of the
interfacial reaction processes during CO2/CO
electrolysis.23,24,29,33

In recent years, the CO2/CO electrolysis eld has progressed
from H-cells to ow electrolyzers with gas diffusion electrodes
(GDEs).14,34–36 However, to the best of our knowledge, the
majority of in situ Raman studies have still been performed in
H-type spectroelectrochemical cells.23,24,32,33,37–39 The thick mass
transfer boundary layer in H-type spectroelectrochemical cells
signicantly restricts reactant (i.e. CO2/CO) transport to the
catalyst surface, which may inuence the intermediates
coverage that is linked to the signal for in situ Raman spec-
troscopy experiments,40 particularly in the case of CO reduction
due to the extremely low CO solubility in electrolytes.36 Thereby,
the poor mass transport of reactants in traditional H-type
Chem. Sci.
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spectroelectrochemical cells may inadvertently inuence the
detection of key intermediates and the related mechanistic
analysis. To circumvent mass transport limitations and get
better mechanistic insights into the formation and coverage of
key intermediates, GDE-type spectroelectrochemical ow cells
should be employed for the measurement of in situ Raman
spectroscopy. However, the specic discrepancy in the in situ
Raman detection of CO2/CO reduction intermediates between
H-type spectroelectrochemical cells and GDE-type
spectroelectrochemical ow cells remains unclear.

Herein, we demonstrate a systematic comparison for the in
situ Raman detection of intermediates in CO2/CO electrolysis
with and without mass transport limitations. We found that
Fig. 1 Morphology characterization and cell design. SEM images of (a) m
coated on a GDE. (c) Schematic illustrations of an H-type spectroelectr
(right) for in situ Raman spectroscopy. (d) Comparison of mass transport in
cell (left) and a GDE-based flow cell (right). The thickness of the mass-tran

Chem. Sci.
although cell congurations do not play an important role in
the in situ Raman detection and analysis of surface-adsorbed
intermediates in CO2 reduction, CO electrolysis in commonly
used H-type spectroelectrochemical cells provided in situ
Raman detection and analysis results that are signicantly
distinct from those acquired in GDE-type spectroelectro-
chemical ow cells, which include intermediates related to C2+

products. Further analysis reveals that the CO mass transport
constraints during CO reduction in H-type spectroelectro-
chemical cells signicantly reduce the formation and coverage
of key intermediates, inadvertently inuencing in situ Raman
detection results.
icroporous layers of a GDE (Sigracet 39 BB) and (b) Cu catalyst layers
ochemical cell (left) and a GDE-type spectroelectrochemical flow cell
two representative spectroelectrochemical configurations: an H-type
sport boundary layer in the two cells was obtained from ref. 34 and 42.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Catalyst characterization and in situ Raman tests

The Cu catalysts were deposited on the microporous layers of
GDEs (Fig. 1a) using direct current magnetron sputtering at an
argon pressure of 0.5 Pa (Fig. S1). The vacuum deposition
technique enables the fabrication of catalyst layers with high
purity and excellent reproducibility. Fig. 1b shows that the
deposited Cu electrocatalyst had a rough surface, consisting of
densely packed Cu nanoparticles with an average diameter of
Fig. 2 In situ Raman spectroscopy of electrochemical CO2 reduction o
configurations. (a–c) Raman spectra on Cu catalysts as a function of ap
spectroelectrochemical flow cell. (d–f) Raman spectra on Cu catalysts as
the H-type spectroelectrochemical cell.

© 2025 The Author(s). Published by the Royal Society of Chemistry
∼100 nm. The rough surface morphology can signicantly
enhance the local electromagnetic eld, thereby inducing
a surface-enhanced effect that substantially amplies the
intensity of the in situ Raman signal when using the incident
light with a wavelength of 785 nm.33,37 Additionally, all catalysts
used in this study were Cu lms with a uniform thickness of
approximately 200 nm (Fig. S2).

To explore the discrepancy in the in situ Raman detection of
CO2/CO reduction intermediates with and without mass trans-
port limitations, in situ Raman spectroscopy was performed
n Cu catalysts in 0.5 M KHCO3 using two representative in situ Raman
plied potentials (vs. RHE, no iR correction) collected in the GDE-type
a function of applied potentials (vs. RHE, no iR correction) collected in

Chem. Sci.
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using two spectroelectrochemical cell congurations (Fig. 1c, S4
and S5) with distinct mass transport characteristics: an H-type
spectroelectrochemical cell and a GDE-based spectroelectro-
chemical ow cell. Specically, the conventional H-type
spectroelectrochemical cell consists of two compartments (the
le scheme of Fig. 1c), namely the catholyte and anolyte
compartments, which are separated by an anion exchange
membrane (AEM). During in situ Raman experiments, CO/CO2

saturated electrolytes were continuously circulated through
both the catholyte and anolyte compartments using two peri-
staltic pumps. The extremely thick diffusion layer for gas reac-
tants in H-type spectroelectrochemical cells leads to
signicantly sluggish mass transport in the electrolyte (the le
scheme of Fig. 1d).34,41 In contrast, a custom-designed
spectroelectrochemical ow cell with a GDE, where the mass-
transport of gas reactant can be accelerated signicantly, was
employed for in situ Raman experiments. As shown in the right
scheme of Fig. 1c, the GDE-based spectroelectrochemical ow
cell is composed of a catholyte and an anolyte chamber, sepa-
rated by an AEM, and a gas chamber that allows gas ow into
and out of the ow cell during electrolysis. The gas diffusion
layer of the GDE, positioned between catholyte and gas cham-
bers, allows gas reactants to access the catalyst surface via an
extremely short diffusion layer (the right scheme of Fig. 1d).34,41

Additionally, all the CO2/CO reduction tests in both cells
were based on a three-electrode conguration, in which a GDE
loaded with Cu catalysts served as the working electrode, while
an Ag/AgCl or Hg/HgO electrode and a graphite rod were used as
the reference electrode and the counter electrode, respectively
(Fig. 1c). To ensure reliable comparison of peak areas in the in
situ Raman detection, all of the Raman spectra were acquired on
the identical cathodic GDE under a constant electrolyte ow
rate (14 mL min−1).
In situ Raman spectroscopy measurements during
electrochemical CO2 reduction

To explore the impact of mass transport on the analysis of
species adsorbed on Cu surfaces during electrocatalytic CO2

reduction, we performed in situ Raman spectroscopy in an H-
type spectroelectrochemical cell and a GDE-type
spectroelectrochemical ow cell, respectively. Additionally, it
should be noted that when conducting CO2 electrolysis in GDE-
type ow electrolyzers, carbonate formation near the cathodic
GDE/catholyte interface could lead to a rapid variation in the
composition, concentration and pH of the electrolyte for most
commonly used electrolytes.35,42,43 The electrolyte variation over
electrolysis may inuence the formation and coverage of
intermediates related to CO2 reduction. Herein, in order to
circumvent the electrolyte variation over electrolysis and to
readily compare the difference in situ Raman detection caused
by the two distinct cell congurations, all the CO2 tests were
carried out in 0.5 M CO2-saturated KHCO3 electrolyte (the ionic
species and pH of the electrolyte can be maintained using
a CO2-saturated bicarbonate electrolyte36,43).

Fig. 2 presents a comparison of the in situ Raman spectra of
surface species on Cu catalysts obtained from two
Chem. Sci.
spectroelectrochemical congurations with distinct mass
transport conditions. In the low-frequency region, two charac-
teristic peaks at 525 and 621 cm−1 attributed to surface Cu2O
were observed in both cell congurations at the open-circuit
potential (OCP),23,24 indicating the presence of a native oxide
layer on Cu surfaces upon exposure to ambient air (Fig. 2a,
d and S7). Once applying negative potentials (even as low as
−0.3 V), the Raman peaks associated with the Cu2O layer di-
sappeared, which is due to the electroreduction of Cu oxides to
metallic Cu.44 This result suggests that all the in situ Raman
spectra in this work were acquired on the metallic Cu surface at
negative potentials.

When using the GDE-type spectroelectrochemical ow cell,
the broad band centered at ∼506 cm−1 (Fig. 2a) was observed in
the low-frequency region under an applied potential of −0.3 V,
which is attributed to Cu–C related intermediates.45–47

Regarding the Cu–C peak, there are two different theories: (i)
the Cu–C peak reects the complex C-related intermediates
during CO2 conversion on the Cu surface;45 (ii) the Cu–C peak is
likely correlated with the surface coverage of bridge-bonded CO
(CObridge) at ∼1914 cm−1 (Fig. 2c).46,47 In this study, we found
that the integrated area of the Cu–C peak initially increased
when lowering the potentials from −0.3 V to −0.8 V, and
subsequently diminished at more negative potentials than
−0.8 V (Fig. S8). This trend directly follows the variation in the
CObridge peak intensity as a function of potential (Fig. S9), which
may suggest that the Cu–C peak is likely linked to the coverage
of CObridge. As a comparison, we also found an obvious Cu–C
peak under the use of an H-type spectroelectrochemical cell
(Fig. 2d). Additionally, the variation trend of the Cu–C peak area
as a function of potential also follows CObridge peak area in the
H-cell (Fig. S9). These ndings reveal that while there is a debate
regarding the Cu–C peak in the eld, both cells can provide the
similar detection results of in situ Raman for the Cu–C peak and
CObridge when performing CO2 electroreduction.

It is well-known that CO is the key intermediate in the
formation of hydrocarbons and oxygenates on the Cu
surface.14,36,48 As expected, we found that the C–O stretching
peak from 2098 cm−1 to ∼2096 cm−1 in the ow-cell (Fig. 2c)
and the H-cell (Fig. 2f) at −0.3 V corresponds to adsorbed CO in
the atop conguration (COatop).10,36 Meanwhile, the Cu–CO
rotation (∼290 cm−1) and the Cu–C stretching (∼350 cm−1)
features were also detected in both cell congurations (Fig. 2a
and d). Importantly, it has been demonstrated that the COatop

(Fig. 3a) contributes to the further conversion of CO interme-
diates into hydrocarbons.10,31 Thus, to uncover the mass trans-
port effect, it is essential to compare the coverage of COatop

during CO2 electroreduction between the ow-cell and the H-
cell. Previous work has indicated that the integrated band
area is directly proportional to the CO coverage on the Cu
surface.9,49 Thus, to better illustrate the COatop coverage in the
two cases, the peak area of the COatop at various potentials was
quantied by integrating the Gaussian-tted Raman spectra
(Fig. 3b). As shown in Fig. 3b, we found the roughly equal
integral area of the COatop peak between the H-type
spectroelectrochemical cell and the GDE-type spectroelectro-
chemical ow cell when applying a xed potential. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Intensity of the C^O stretch band of COatop as a function of applied potential in CO2-saturated 0.5 M KHCO3. (a) Schematic view of the
C^O stretchingmode of COatop and CObridge on a Cu surface. (b) Effect of potential on the intensity of the COatop band on Cu catalysts collected
in a GDE-type spectroelectrochemical flow cell and an H-type spectroelectrochemical cell. The data were obtained by Gaussian peak fitting of
the Raman spectra from Fig. 2c and f. The error bars represent the standard deviation from at least three independent measurements.
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observation implies that the cell conguration has a minimal
effect on COatop coverage during CO2 reduction.

In addition to the intermediates related to CO2 reduction
products, the symmetric stretching mode of the C–O bond in
carbonate was observed as a strong band of∼1071 cm−1 in both
cell congurations (Fig. 2b and e) under relatively less negative
potentials. The carbonate band redshied from 1071 to
1065 cm−1 as the applied potential decreased from −0.3 to
−0.9 V. This redshi corresponds to a Stark tuning rate of
10 cm−1 V−1 (Fig. S10), which is in reasonable agreement with
the previous work (12 cm−1 V−1).33 Additionally, the Cu–OH
stretching mode at ∼532 cm−1 (Fig. 2a and d) suggests the
presence of surface-adsorbed OH species.47,50

Based on the above results in this section, we therefore
conclude that cell congurations could not signicantly affect
the in situ Raman detection and analysis of surface-adsorbed
intermediates during CO2 electroreduction, and even an H-
type spectroelectrochemical cell should be able to provide
a reliable detection of in situ Raman for CO2 reduction, partic-
ularly for the relatively low reaction rates. This conclusion is
likely linked to the relatively high solubility of CO2 in aqueous
media and relatively low reaction rates.51
In situ Raman spectroscopy measurements during
electrochemical CO reduction

CO2 generates carbonate or bicarbonate through a buffering
reaction in alkaline electrolytes, resulting in substantial alter-
ations in ionic composition and pH of the electrolyte.35,42,43 In
contrast, CO does not participate in buffering reactions with
OH− and thus does not affect the ionic composition or pH of the
electrolyte. Additionally, CO serves as a key intermediate for C–
C coupling toward C2+ products. Thereby, CO reduction has
been widely utilized as a signicant method for gaining mech-
anistic insights into the formation of C2+ products.14,36,48 In
recent years, to get better understanding of the reaction
mechanisms of C2+ product formation, adsorbed surface
© 2025 The Author(s). Published by the Royal Society of Chemistry
species on Cu surfaces from CO reduction have been intensively
explored via in situ Raman spectroscopy.24,31,36–39,52 However, to
the best of our knowledge, all of the previous in situ Raman
studies based on CO reduction have been operated in H-type
spectroelectrochemical cells (with the one exception of CO
reduction36).24,31,37–39,52 The extremely low solubility of CO in
electrolytes further exacerbates the CO mass transport limita-
tions in H-type spectroelectrochemical cells,36 which severely
constrains CO supply to the catalyst surface, signicantly
inuencing the formation and coverage of intermediates that
lead to reaction pathways toward nal products. The variation
in the coverage of intermediates is closely correlated to the
detection and analysis of Raman signals during CO reduction,
whichmay inevitably affect the understanding of the underlying
reaction mechanisms.

To uncover the inuence of mass transport on the spectral
signals of surface species during electrocatalytic CO reduction,
we conducted in situ Raman spectroscopy on Cu catalysts in an
H-type spectroelectrochemical cell and a GDE-type
spectroelectrochemical cell, respectively. Here, in order to
circumvent the effect of electrolyte variation and to maintain
the ionic species and pH of electrolyte over electrolysis,43 0.5 M
CO-saturated KOH was employed in both cell congurations.
From the in situ Raman spectra, the presence of a surface Cu2O
peak was observed at OCP in both cell congurations; however,
the Cu2O peak disappeared upon applying the negative poten-
tials (Fig. 4a, c and S13). These observations are consistent with
the discoveries during CO2 reduction, indicating that all the in
situ Raman spectra in CO reduction were also obtained on the
metallic Cu surface at negative potentials.

In light of the critical role of *CO in the C–C coupling
process, further investigation into the Raman band of *CO was
conducted in both cell congurations. When employing the
GDE-type spectroelectrochemical ow cell for in situ Raman
measurements, a weak C–O stretching band centered at
∼2099 cm−1 was observed in the high-wavenumber region
Chem. Sci.
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Fig. 4 In situ Raman spectroscopy of electrochemical CO reduction
on Cu catalysts in 0.5 M KOH using two representative in situ Raman
configurations. (a and b) Raman spectra on Cu catalysts as a function
of applied potentials (vs. RHE, no iR correction) collected in the GDE-
type spectroelectrochemical flow cell. (c and d) Raman spectra on Cu
catalysts as a function of applied potentials (vs. RHE, no iR correction)
collected in the H-type spectroelectrochemical cell.
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under an applied potential of −0.2 V (Fig. 4b). As the potential
decreased from −0.2 to −0.7 V, we found that the C–O
stretching peak in the high-wavenumber region intensied,
indicative of an increased CO coverage on the Cu surface. When
a more negative potential (<−0.7 V) was applied, the intensity of
the C–O stretching peak weakened, which is likely linked to
signicant consumption of adsorbed CO on the Cu surface
caused by the accelerated CO reduction rate. As a comparison,
the C–O stretching band was only observed at relatively less
negative potentials in the H-type spectroelectrochemical cell
(Fig. 4d), but disappeared at more negative potentials, which
reects a low CO coverage on the Cu surface. To obtain a better
Chem. Sci.
analysis of the discrepancy in CO coverage between the two cell
congurations, the area of the C–O stretching peak at various
potentials was quantied by integrating the Gaussian-tted
Raman spectra (Fig. S15). Notably, we found that a substan-
tially higher CO coverage on the Cu surface when using the
GDE-type spectroelectrochemical ow cell compared to the H-
cell (Fig. S15). These ndings show that the difference in
mass transport between the GDE-type spectroelectrochemical
ow cell and the H-type spectroelectrochemical cell (Fig. 1d) has
a signicant effect on CO coverage on the catalyst surface when
performing CO electrolysis. Additionally, the discrepancy in the
line shape of the C–O stretching peak was observed between the
GDE-type spectroelectrochemical ow cell (Fig. 4b) and the H-
type spectroelectrochemical cell (Fig. 4d), which may be due
to distinct CO mass transport that leads to different distribu-
tions of CO adsorption sites on the catalyst surface (Fig. S16).

Previous studies suggest that dynamic dipole coupling of CO
can introduce a nonlinear relationship between integrated
intensity and adsorbate coverage.36,53 Thus, to more accurately
track changes in CO coverage associated with C2+ products, the
intensity ratio between the Cu–C stretching and Cu–CO rotation
peaks was monitored in prior work.12,36 Herein, we also further
analyzed the intensity ratio between the Cu–C stretching and
Cu–CO rotation peaks (Fig. S17). When employing a GDE-type
spectroelectrochemical ow cell (i.e. without mass transport
limitation) for in situ Raman measurements, the application of
−0.1 V resulted in the emergence of weak bands at ∼286 and
348 cm−1 (Fig. 4a), attributable to the restricted rotation of
adsorbed CO and Cu–C stretching of adsorbed CO,12,45,54

respectively. As the applied potential decreased from −0.1 to
−0.7 V, the integrated area of the Cu–C stretching of adsorbed
CO increased progressively, reaching a peak at −0.7 V (Fig. 4a
and S18). Notably, we found that the potential-dependent
evolution of the intensity ratio between the Cu–C stretching of
adsorbed CO and Cu–CO rotation (Fig. S18) closely parallels the
variation in the C–O stretching peak (Fig. S15), suggesting that
the intensity of the C–O stretching peak may serve as a reliable
indicator of CO coverage associated with C2+ products on the Cu
surface. In contrast, when conducting CO electrolysis in the H-
type spectroelectrochemical cell, we did not observe any signals
for Cu–C stretching of adsorbed CO and Cu–CO rotation bands
across all tested potential ranges (Fig. 4c). This result indicates
that COmass transport limitation in the commonly used H-type
spectroelectrochemical cell could signicantly inuence the
detection and analysis of Raman signals related to C–C bond
formation. Specically, CO mass transport limitation results in
extremely low CO coverage, which signicantly lowers the
formation of intermediates that leads to C–C bond formation.
Notably, the distinct Raman signals observed in the GDE-type
spectroelectrochemical ow cell and the H-type spectroelectro-
chemical cell are fully consistent with the corresponding
differences in electrocatalytic CO reduction performance on Cu
surfaces operated in the two different cell congurations
(Fig. S19).

Additionally, in the H-type spectroelectrochemical cell,
a more pronounced Cu–OH stretching peak was observed
compared to that in the GDE-type spectroelectrochemical ow
© 2025 The Author(s). Published by the Royal Society of Chemistry
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cell (Fig. 4a, c and S20). This may be linked to the fact that only
a small amount of CO is adsorbed on the Cu catalyst surface
under CO mass transport limitation (H-cell), which results in
most of the active sites being occupied by OH species (i.e. high
OH coverage). This corresponds to a much stronger Cu–OH
stretching peak in the H-cell than that in the ow cell.

All the above results in this section manifest that cell
congurations could signicantly inuence the in situ Raman
detection and analysis of surface-adsorbed intermediates when
performing CO reduction. In particular, severe CO mass trans-
port limitation in the commonly used H-type spectroelectro-
chemical cells substantially reduces the formation and coverage
of intermediates related to C2+ products, which may signi-
cantly affect the detection and analysis of Raman signals during
CO reduction and the mechanistic insights for C2+ product
formation.
Conclusions

In summary, to uncover the impact of mass transport on the
spectral signals and analysis of surface species during electro-
catalytic CO2/CO reduction, in situ Raman spectroscopy was
performed using the commonly used H-type spectroelectro-
chemical cells and GDE-type spectroelectrochemical ow cells,
respectively. Our results show that cell congurations have
a negligible impact on the in situ Raman detection and analysis
of surface-adsorbed intermediates during CO2 reduction, which
indicates that even the commonly used H-type spectroelectro-
chemical cells can provide reliable in situ Raman results for CO2

reduction. However, when employing CO reduction, we found
that in situ Raman signals of surface-adsorbed intermediates in
H-cells are signicantly distinct from those acquired in GDE-
type ow cells (e.g., intermediates related to C2+ products).
Specically, the pronounced CO mass transport limitations in
commonly used H-type spectroelectrochemical cells markedly
suppress the formation and coverage of intermediates associ-
ated with C2+ products, thereby affecting in situ Raman detec-
tion results during CO reduction. This work highlights the
critical role of mass transport in the in situ Raman detection and
analysis of surface-adsorbed intermediates, particularly for CO
reduction, where mass transport limitations may signicantly
affect the mechanistic understanding.
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