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Electrochemical CO2 reduction driven by renewable electricity provides a promising strategy for the
ambient synthesis of CO. While great efforts were being devoted to developing highly efﬁcient catalysts
for electrochemical CO2 reduction reactions (CO2RRs), electrode improvement is another important direction for the real-world application of CO2 conversion. Toward a better understanding on the mechanism of the highly selective CO2RR catalyst on the electrode, an in-situ, high-resolution, and high-speed
microscale visualization techniques are applied to observe the generation and detachment of the CO2RR
products (CO and H2) on the electrode coated with molecularly dispersed electrocatalyst of methoxy
group functionalized nickel phthalocyanine (NiPc-OMe MDE). The catalyst exhibits superb selectivity
towards CO formation with Faradic efﬁciency above 98% from 0.56 V to 0.77 V vs. RHE and approaches
100% at 0.65 V vs. RHE. The CO and H2 bubbles are observed in CO2 and Ar atmosphere, which provide
direct evidence for the high selectivity of NiPc-OMe MDE. Additionally, the number of reaction regions
and their gas production rate increase as the applied cathodic potential increases. The in-situ optical
visualization method employed in the electrochemical test system contributes to better electrode design
of the CO2 electrolyzer to accelerate the transition from lab-scale investigation to industrialization.
© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction
Excessive carbon dioxide (CO2) emissions caused by the consumption of traditional fossil fuels have driven severe global
environmental problems [1e4]. The development of eco-friendly
and high-efﬁciency clean energy based on proton electrolyte
membrane electrolyzer cells is an urgent and prospective strategy
to break out the knotty problem [5e11]. Meanwhile, speeding up
the progress in the use of CO2 is essential for achieving sustainable
human activities through carbon recycling [12]. With the convenience and declined price of electricity generated from renewable
sources, e.g., biomass, geothermal, solar, tides, hydroelectricity, and
wind, electrochemical conversion of CO2 into fuels and value-added
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chemicals is a promising and signiﬁcant solution to relieve the
concentration of CO2 operated under ambient atmosphere [13e15].
The use of appropriate electrocatalysts could perform the electrochemical CO2 reduction reaction (CO2RR) to generate various
products, which include formate [16e18], carbon monoxide (CO)
[19e21], formic acid [22], C1 products (methane and methanol)
[23,24], C2 products (ethylene and ethanol) [25e27], C3 (n-propanol) [28], etc. CO was considered to be one of the most proﬁtable
feedstocks among the above potential products due to the advantages of the corresponding reaction requiring only two electrons
and two protons bringing up high yield and selectivity, as well as
the facilitated separation of gaseous and electrolyte during the
electrochemical synthesis process [29]. Additionally, the broad
applications of CO in energy, chemical, transportation, metallurgical, and pharmaceutical industries arouse plentiful attention and
prospect in large-scale synthesis technology [30]. Nevertheless,
developing cost-effective electrocatalysts affording low energy
losses and high efﬁciencies is still a major challenge to permit the
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extracted with dichloromethane for 3 times. The combined organic
layer was dried over MgSO4, ﬁltered, and concentrated. The crude
4-methoxyphthalonitrile was puriﬁed by silica gel ﬂash column
chromatography (elution with dichloromethane), to result in a
white powder. Then, 4-methoxyphthalonitrile (2.7 g) and nickel
acetate tetrahydrate (1.35 g) were dissolved in 50 ml of sulfonate.
After well mixing, 1,8-diazabicyclo[5.4.0]undec-7-ene (0.6 ml) was
added and the mixture was stirred at 160  C for 10 h. After the
reaction was completed, methanol was added to precipitate solid
products. The collected solid was puriﬁed by Soxhlet extraction.
Finally, the NiPc-OMe was obtained as a dark green solid.

practical application [31,32]. Thus, the profound and comprehensive understanding of the mechanism and application of electrochemical CO2 conversion to CO exhibits special importance to
design efﬁcacious catalysts [33].
As to the reaction schematic of CO2RR in aqueous electrolyte,
Hori et al. ﬁrstly proposed a rational electrochemical pathway of
CO2 conversion to CO based on the numerous experimental data
and electrode reaction dynamics [34e36]. The system deviations of
experimental results and many simpliﬁcations in the formulaic
derivation would limit the depth of the research method. Theoretical calculations on the pathways through various products formation for CO2RR employing the density functional theory (DFT)
formalism could not only provide a guidance on mechanism study,
and also inspire the rational design of novel electrocatalyst [37,38].
However, the related computational models assumed on a single or
ideal crystalline surface could not fully reﬂect the real reaction
processes, which was inﬂuenced by the microenvironments. With
the rise of in-situ infrared spectroscopy since the 1970s, this technique has been commonly used to monitor the interaction between
molecules of intermediates and products on the catalyst surface in
the solution [39e41]. Recent research efforts in the application of
in-situ infrared spectroscopy have been afforded to understanding
the underlying mechanism and kinetics of the CO2RR behind the
high activity and selectivity by tracking the reaction intermediates
in operando conditions [42e44]. Though in-situ infrared spectroscopy studies have been conducted in the electrode/electrolyte
system, there is a lack of deep understanding of the various inﬂuencing factors in a real-world application.
In this work, to investigate how electrocatalytic behaviors
including the generation and detachment of product (CO and H2)
bubbles occur at the electrode surface, the in-situ micro-scale
visualization technique is ﬁrst-time employed to directly observe
the electrochemical reduction of CO2 to CO on the signiﬁcantly
efﬁcient electrocatalyst of nickel phthalocyanine with methoxy
group functionalization (NiPc-OMe), which is synthesized via
molecularly dispersing on multi-walled carbon nanotubes (CNTs).
The performance towards CO formation of the as-researched
catalyst is investigated by electrochemical measurements, in-situ
gas chromatograph (GC), and ex-situ nuclear magnetic resonance
(NMR) analysis over the potential range from 0.56 V to 0.77 V vs.
reversible hydrogen electrode (RHE), exhibiting a signiﬁcantly high
Faradic efﬁciency (FE) and selectivity as well as CO generation rate.
The high-resolution and micro-scale visualization helps us directly
view CO generation at the electrode in the CO2-saturated 0.5 M
KHCO3 electrolyte. Additionally, it is revealed that the behaviors of
CO bubbles are inﬂuenced by the applied cathodic potential
analyzed via high-speed and micro-scale visualization system
(HMVS). Moreover, by comparison of the electrode in CO2- and Arsaturated electrode, the visualization results illustrate the high
selectivity of NiPc-OMe for CO2RR. This method of in-situ microscale visualization in the electrochemical test system also raises
the inspiration in the electrode design and development of the CO2
electrolyzer to accelerate the process to practical application.

2.2. Preparation of the NiPc-OMe molecularly dispersed
electrocatalyst (MDE)
Typically, 30 mg of puriﬁed CNTs were dispersed in 20 ml DMF
by sonication. Meanwhile, a calculated amount NiPc-OMe (~5 mg)
was dissolved in DMF with the assistance of sonication. The sonication procedure is essential to ensure the NiPc-OMe in single
molecule dispersion. Subsequently, the above two mixtures were
combined together and performed a continual sonication for 1 h.
Then the mixture was stirred for another 12 h at room temperature.
The solid was collected by centrifuged and washed with DMF,
ethanol, and water successively. After that, the obtained powder
was then lyophilized drying to yield the ﬁnal NiPc-OMe MDE
product.
2.3. Materials characterizations
Scanning electron microscope (SEM) imaging was conducted
using Gemini LEO 1525 microscopy. Transmission electron microscope (TEM) and energy dispersive X-ray spectroscopy (EDS) were
conducted using FEI Tecnai G2 F30 transmission electron microscope. Inductively coupled plasma mass spectrometry (ICP-MS)
was carried out using Agilent Technologies 7700 series instrument.
X-ray absorption spectroscopy (XAS) was collected by employing
synchrotron radiation light source at Beamline 12-BM of the
Advanced Photon Source in Argonne National Laboratory. The Ni Kedge of standard nickel foil was used for energy calibration.
Extended X-ray absorption ﬁne structure (EXAFS) spectra were
ﬁtted using the Athena and Artemis software packages.
2.4. Electrochemical characterizations
All electrochemical measurements were conducted in a threeelectrode system controlled by the electrochemical workstation
(Squidstat SUI v2.0). Graphite rod and KCl saturated Ag/AgCl electrode were applied as the counter electrode and reference electrode, respectively.
To prepare the catalyst ink, 2.0 mg hybrids were dispersed in
1 ml ethanol solution containing 0.0325 wt% Naﬁon with sonication
for 1 h. The NiPc-OMe ink was obtained in DMF (2.0 mg ml1).
Then, 100 ml ink was drop-casted on a carbon ﬁber paper (Toray,
TGH-H-060, 190-mm-thick) in the size of 0.50 cm (width) and
1.0 cm (length) to prepare the working electrode with a loading of
0.40 mg cm2. All electrochemical experiments were carried out at
room temperature. 0.5 M CO2-saturated KHCO3 solution (pH ¼ 7.2)
was used as the electrolyte solution. All current density in the unit
of mA cm2 was calculated from the electrode geometric (0.5 cm2),
and all potentials were converted to versus RHE with iR corrections.

2. Experimental section
2.1. Catalyst synthesis
The NiPc-OMe was synthesized referring literature with some
modiﬁcations [45,46]. Speciﬁcally, 4-nitrophthalonitrile (4.0 g) was
dissolved in a mixed solvent of methanol (10 ml) and dimethylformamide (60 ml). Subsequently, K2CO3 (8.0 g) was added to
the solvent under Ar atmosphere, stirring at 70  C for 3 h. The
mixture was diluted with water (150 ml) and dichloromethane
(150 ml) to obtain separated layers. Then, the aqueous layer was

2.5. In-situ visualization system
A high-speed and micro-scale visualization system (HMVS) was
developed to capture the electrochemical reactions on the
2
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the square-planar metal-N4 moieties with distorted D4h symmetry
[48]. The EXAFS spectra (inset of Fig. 1c) showed only a dominant
peak at 1.45 Å (NieN bond) and the absence of a peak at 2.15 Å
(NieNi bond), conﬁrming the Ni atoms are isolated in NiPc-OMe
MDE. Furthermore, Fig. 1d revealed the homogenous distribution
of C, N, and Ni elements over the entire NiPc-OMe MDE.
The activity of the NiPc-OMe MDE was evaluated in CO2-saturated 0.5 M KHCO3 in a two-compartment electrochemical cell.
Notably, beneﬁting from the well-dispersed NieN active sites and
superb conductivity of hybrids, NiPc-OMe MDE could show
outstanding catalytic properties. As shown in Fig. 2a, the current
density of NiPc-OMe MDE was up to 34.6 mA cm2 at 0.73 V,
which was signiﬁcantly higher than those of pure CNTs, suggesting
the true catalytic performance comes from NiPc-OMe molecules.
Additionally, the current density at 0.73 V of NiPc-OMe MDE
under CO2 atmosphere was 23 times higher than that under Ar
atmosphere, and the corresponding applied voltage shifted
from 0.65 V to 0.52 V at 1 mA cm2. It was certiﬁed that the
additional increase in current density is attributed to the occurrence of electrochemical reduction of CO2. Besides, it was noted
that the as-prepared NiPc-OMe MDE exhibited extremely poor
performance to hydrogen evolution reaction (HER) at a large range
from 0.5 V to 0.77 V, where the catalyst showed excellent activity for CO2RR, demonstrating the high selectivity of the NiPcOMe MDE for CO2RR instead of the competing reaction.
To analyze the electroreduction products, chronoamperometry
(CA) measurements (Fig. 2b) were performed at several potentials
for 1 h in CO2-saturated 0.5 M KHCO3 aqueous solution. The gas and
liquid products were quantiﬁed by GC and NMR spectroscopy,
respectively. As shown in Figure S1, the results from NMR showed
that the main reduction products are CO and H2 across a broad
voltage range and no liquid reduction product was detected.
Notably, the NiPc-OMe MDE was highly selective towards CO formation with FE above 98% from 0.56 V to 0.77 V (Fig. 2c).
Especially at 0.65 V, the maximum FE(CO) was approaching 100%.
Additionally, the CO partial current density was 32 mA cm2
at 0.78 V (Fig. 2c), signiﬁcantly higher than most reported nickelbased catalysts as compared in Table S1. Moreover, long-term

electrodes. With the help of Phantom v711 camera and micro-scale
lens, the HMVS can capture videos with a resolution of 1280  800
under recording fps of 7530. Through HMVS, Mo et al. ﬁrstly
discovered the real active sites across the entire catalyst layer in
water electrolyzer cell in microspatial and microtemporal scales
[5]. And then, the team utilized this novel system to in-situ investigate the electrochemical oxygen evolution reactions, revealing
that the OER reactions only occur on the anode catalyst layer
adjacent to the liquid/gas diffusion layer (LGDL) [10]. Further, Li
et al. investigated the inﬂuence of LGDL wettability on the oxygen
bubble dynamics and detachment process [47]. Coupling with the
HMVS, a three-electrode system with transparent cells was also
developed. In this system, the electrodes were ﬁxed vertically in the
electrolyte for observation. High-speed videos for bubble generation, growth, and detachment were recorded at the potential
of 0.65 and 0.7 V vs. RHE with iR correction.

3. Results and discussion
Metal phthalocyanine has been reported as a class of remarkable
molecular catalysts for CO2RR due to the well-deﬁned metal-N4
catalytical active sites [15]. NiPc-OMe with electron donating substituents was proved to have excellent and robust activity for
CO2RR [20]. Notably, the molecularly dispersed metal phthalocyanine on CNTs exhibits prominent catalytic activity [19]. The NiPcOMe MDE was constructed through attaching the molecule on
CNTs as shown in Fig. 1a inset. Ni content in NiPc-OMe hybrid was
~0.7 wt% conﬁrmed by ICP-MS measurement, corresponding 8.2%
of NiPc-OMe molecule in the hybrids MDE.
Electron microscopy images from TEM and SEM showed no
particle aggregations, indicating that NiPc-OMe molecules were
highly dispersed on the surface of CNTs (Fig. 1a and b). And it was
clearly observed in Fig. 1b that the structure of CNTs was well
maintained with a uniform interwall distance of 0.350 nm. X-ray
absorption near-edge structure (XANES) and EXAFS were used to
investigate the local atomic and electronic structures of chemical
constituents of NiPc-OMe MDE. As shown in Fig. 1c, pre-edge features appear at 8342 eV, assigning to the signature of Ni atoms in

Fig. 1. SEM (a) and high-resolution TEM (b) images of NiPc-OMe MDE; The inset shows a schematic illustration of the NiPc-OMe MDEs anchored on the CNTs. (c) Ni K-edge XANES
spectra (inset displays Fourier transform of the EXAFS spectra); (d) EDS element mapping of NiPc-OMe MDE.
3
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Fig. 2. (a) Cyclic voltammetry curves recorded in CO2- and Ar-saturated 0.5 M KHCO3 electrolytes at a scan rate of 20 mV s1. (b) CA curves of NiPc-OMe MDE for 1 h at various
potentials in CO2-saturated 0.5 M KHCO3 aqueous solution. (c) FE of CO and H2 and partial current density of CO at different applied potentials on NiPc-OMe MDE under CO2
atmosphere. (d) Schematic of the in-situ optical visualization system incorporating with electrochemical test system; The snapshotted images from Supplementary material Movie
S1 recorded on the electrode in Ar- (e) and CO2- (f) saturated electrolytes with a controlled potential of 0.65 V.

molecular desorption energy, beneﬁting to improving FE of CO
[49e51].
To further certify the results concluded from the electrochemical test, an in-situ micro visualization system with the
micrometer resolution was applied to investigate the bubble generation in the electrolyte under ambient conditions. The schematic
of the in-situ visualization system, which consisted of a high-speed
and micro-scale visualization camera and three-electrode electrochemical test system, was illustrated in Fig. 2d. As shown in Fig. 2e,
the electrode was vertically soaked in Ar-saturated 0.5 M KHCO3 at
the potential of 0.65 V and no bubble was detected. Once
replacing Ar with CO2 as the purging gas, large amounts of bubbles
were observed on the electrode surface (Fig. 2f). Combined with the
above analysis of GC and NMR for the products, it could be
conﬁrmed that the bubbles in Fig. 2f were indeed CO, which was
the main product at the 0.65 V in 0.5 M KHCO3 for CO2RR. The
obvious difference on the electrode under different gas atmospheres for bubble generation indicated that the NiPc-OMe MDE
exhibits high selectivity for electrochemical conversion of CO2 to
CO. The NiPc-OMe MDE also presents an extraordinary inactivity
for HER at the cathodic potential in 0.5 M KHCO3 electrolyte, the
phenomenon of which is consistent with the comparison results
from LSV in Fig. 2a. Additionally, the high-resolution video provided in Movie S1 showed that the CO bubbles continuously
generated, detached and moved on the electrode surface at a high
frequency.
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.mtphys.2021.100427.
To acquire detailed information in the extremely rapid electrochemical reaction, we used a high-speed camera to capture the
bubble behaviors in the electrochemical CO2 reduction process. The
CO bubble generation and detachment locations at the potential

durability is an important merit for electrocatalyst evaluation. We
conducted the durability test by controlling the current density at
10 mA cm2 on NiPc-OMe MDE as shown in Figure S2. It was
indicated that NiPc-OMe MDE showed outstanding stability for
CO2RR according to the constant potential and non-degradation FE
for 20 h. Therefore, the NiPc-OMe MDE is an excellent electrocatalyst for the reduction of CO2 to CO with extraordinary activity,
high selectivity, and stability.
Blank sample prepared by dropping neat CNTs on the carbon
paper was applied under CO2 atmosphere at different applied potentials. As shown in the Figure S3, the electrode of CNTs/CP
exhibited approximately 100% of FE for H2 generation at the potential range from 0.5 to 0.68 V, demonstrating the high FE(CO)
of NiPc-OMe MDE/CP was entirely attributed to the molecularly
dispersed NiPc-OMe rather than CNTs and carbon paper. In order to
further clarify the mechanism of NiPc-OMe MDE enhancing the
CO2RR performance, the electrode prepared by directly dropping
NiPc-OMe without CNTs on carbon paper was tested. As shown in
the Figure S4a-b, the electrode of NiPc-OMe/CP exhibited the lower
current density than the one of NiPc-OMe MDE/CP under the same
conditions. The signiﬁcant FE decrease and poor selectivity of NiPcOMe/CP without CNTs in Figure S4c indicated that CNTs could not
only facilitate the highly uniform dispersion of NiPc-OMe to expose
the active sites, but also prevent the molecule aggregation due to pp interaction to low the resistance of the charge transfer from the
electrode to the catalyst, thereby improving the catalytic activity
and selectivity. Additionally, as explained in the literature based on
theoretical calculations, the energy of *H intermediate formation
for HER is larger than the one of *COOH intermediate for CO2RR on
the NiPc-OMe [20]. Thus, the NiPc-OMe MDE is more prone to
CO2RR and exhibits high selectivity. And NiPc-based molecular
catalysts have appropriate CO2 molecular adsorption energy and CO
4
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of 0.65 V, which were deﬁned as the reaction regions different
from reaction sites in nanoscale for electrocatalysis, were shown in
Fig. 3a-d. The bubble was marked in a yellow circle. The gas bubbles
nucleated at certain locations in the carbon paper (CP), and then
held on the electrode surface by strong surface tension, until they
grew into a larger size that was able to detach. Once the bubble
grew into a sufﬁcient size, it detached and moved along the electrode surface. Initially (Fig. 3a), there was no bubble in the yellow
circles. At t0, the bubble appeared at the site in the yellow circle,
then grew with the reaction progressing. The bubble began to
detach from the CP at t0 þ 0.277 s (Fig. 3b). Finally, the bubble
moved along the direction noted by the yellow arrow under the
dominance of the buoyancy force. For the second bubble, a similar
detachment process was also captured as shown in Fig. 3c and d.
The detachment time of the second bubble was around 0.288 s,
which was similar to the ﬁrst one. The bubbles moved in the same
direction as shown in Fig. 3b and d. The bubble transport and
detachment processes at the same location and different times are
similar. These visual experiment results clarify that the behaviors of
the bubble growth, detachment, and transport occurred as regular
periodic events, which means the reaction rate is relatively stable.
Moreover, the locations of reaction regions are ﬁxed, indicating that
the reaction regions do not change with the going of reaction.
Combined with the impact of applied potential on current
density as presented in Fig. 2b, the HMVS was performed to capture
the bubble behavior under another potential of 0.7 V to facilitate
the understanding of the potential inﬂuence for CO2RR in a microscale. The sequence of bubble generation was shown in Fig. 3eeh.
The location was selected in yellow cycle under the same microenvironment with the one tested at 0.65 V to eliminate the inﬂuence from the system. The detachment time for the ﬁrst and
second bubbles was very close, 0.262 s and 0.264 s, respectively,
which were shorter than the ones tested at 0.65 V. Additionally, it
was noted that the interval between the ﬁrst and second detachments in Fig. 3f and h was 0.653 s, which was shorter than the
one (0.891 s) tested at 0.65 V. The visualization results showed
that the higher overpotential induced the larger detachment frequency of bubbles It can be attributed to the higher current density
at more negative potential (Fig. 2b), which accelerates the reaction
rate. According to the analysis of bubble size from each cycle at the
same potential, it was observed a little diameter difference in

between Fig. 3b and d as well as Fig. 3f and h, indicating the stable
bubble generation.
As shown in Fig. 4aef, the bubble sizes were measured to
further analyze the effect of electrolysis potential. Speciﬁcally, we
choose three reaction regions and compared their bubble size at
different applied potential. In Fig. 4aec, the bubble size was
90.3 mm, 187.6 mm, and 243.9 mm, respectively, which were smaller
than the ones of 96.5 mm, 195.2 mm, and 262.6 mm in Fig. 4def,
respectively. It was noted that these three locations were in the
same microenvironment thus the size increases could be ascribed
to the potential change. As statistics the bubble size in Fig. 4g, the
bubble size on the electrode was mainly distributed in 120e200 mm
range. However, at the potential of 0.7 V, partial bubbles’ size
moves from less than 120 mm to the range between 120 and 200 mm
gradually. The average bubble sizes counted from the electrode at
the potential of 0.65 V was 158.8 mm, which was smaller than the
one of 166.9 mm at 0.7 V. With the increase of applied cathodic
potential from 0.65 to 0.7 V, larger bubbles indicated the higher
volume of products. The combination of varied detachment rates
and bubble sizes provides a visible evidence for the inﬂuence of
applied potential on product yield rate, which is consistent with the
trend of turnover frequency for CO generation (TOFCO, based on all
the molecules loaded on the electrode) in Figure S5. These visualization results provide kinetic information to the catalyst in the
process of electrochemical reduction of CO2 and CO generation.
Moreover, the detachment of bigger bubbles has a larger impact on
the reactant/product transport in the reaction regions. As the
bubbles covering the reaction regions, the transport of reactant
impeded the reaction to some extent. Hence, the periodic detachment could induce the more frequent and severe ﬂuctuation of
current density with the applied potential increases as certiﬁed in
the CA curves in Fig. 2b.
To further explore the origin of electrochemical reduction of CO2
on the electrode, the electrochemical reactions under different
conditions were captured, as recorded in Movie S4. On one hand, at
the electrolysis potential of 0.65 V, Fig. 5a showed that there were
only 3 reaction regions observed in an Ar-saturated electrolyte,
while there were 12 regions in the CO2-saturated electrolyte in
Fig. 5b. The comparisons of the samples conducted in the electrolyte with and without CO2 directedly indicate additional bubble
generation sites were produced. The newly emerged activated

Fig. 3. Sequence of images captured from Movies S2 and S3 recorded via high-speed camera showing the visualization of a single bubble's behaviors in a CO2-saturated electrolyte
with a controlled potential of 0.65 V (aed) and 0.7 V (eeh).
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Fig. 4. The images captured from Movies S2 and S3: (aec) At 0.65 V in CO2-saturated 0.5 M KHCO3; (def) At 0.7 V in CO2-saturated 0.5 M KHCO3; (g) The statics and summarization of bubble sizes at the electrolysis of 0.65 V and 0.7 V.

Fig. 5. Images captured from Movie S4 under difference conditions: (a) At 0.65 V in Ar-saturated 0.5 M KHCO3; (b) At 0.65 V in CO2-saturated 0.5 M KHCO3; (d) At 0.7 V in Arsaturated 0.5 M KHCO3; (e) At 0.7 V in CO2-saturated 0.5 M KHCO3. The comparation of bubble sizes generated between the Ar- and CO2- saturated 0.5 M KHCO3 at the electrolysis
of 0.65 V (c) and 0.7 V (f). All tests operated under ambient atmosphere and corresponding CA curves plotted in Figure S10.

basis for the identiﬁcation of products [53]. Combined with the
results that the selectivity to CO approaching 100% at the potential
of 0.65 V in Fig. 2c, it was further indicated that all reaction regions in Fig. 5b are afforded to CO generation and the injection of
CO2 could suppress the occurrence of HER. The same phenomenon
can be observed at the electrolysis potential of 0.7 V. In Figs. 5d
and 6 reaction regions for HER were observed in an Ar-saturated
electrolyte, while additional 10 regions in the CO2-saturated electrolyte as shown in Fig. 5e. Summarizing from Figs. S8 and S9, Fig. 5f
showed that bubble size increased when the gas atmosphere
changing Ar to CO2, meaning that the product gas transferred from

regions marked in orange cycles were ascribed to electrocatalyze
CO2 reduction. To investigate the effect of gas atmosphere changes
on the products, the sizes of bubbles detached from the reaction
regions (marked in aqua cycles), where bubbles generated under
both Ar and CO2 atmospheres, were compared in Fig. 5c summarized from Figure S6 and S7. It was presented that bubble sizes
became larger as the CO2 injecting. Due to the impact of gas density
and buoyancy force, the heavier gas preferred to have a relatively
larger bubble size in the same solution [52e54]. Hence, the
generated bubble sizes of H2 are generally smaller than the one of
CO under the same locations and conditions, which provided a
6
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Appendix A. Supplementary data

H2 to CO. On the other hand, only one newly emerged reaction
region for CO2RR was presented in Fig. 5e, while there were 3 ones
for the HER in Fig. 5d. This difference indicated that the reaction
regions for CO2RR could almost fully activate the region of insufﬁcient conditioning for the HER at the same potential. The visualization results unveiled that the applied potential has a great impact
on the number of reaction regions. When the cathodic potential
increased from 0.65 V to 0.7 V, the number of reaction regions
increased from 12 to 16 under the CO2 environment. Combining the
results from Figs. 3 and 4, the high cathodic potential increases not
only the product yield rate of CO per single reaction regions, but
also the number of reaction regions.
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.mtphys.2021.100427.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mtphys.2021.100427.
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4. Conclusion
In summary, the molecular dispersion catalyst of NiPc-OMe
shows outstanding ability towards CO formation with Faradic efﬁciency (FE) above 98% over a wide potential range from 0.55 V
to 0.77 V vs. RHE due to the well-deﬁned NieN4 catalytically
active sites. Combining the high-speed and micro-scale visualization technique with the electrochemical test system provides a
directly optical view of the continued CO generation on the electrode in the CO2-saturated 0.5 M KHCO3 electrolyte. By the visualized comparisons of bubble generation under CO2 and Ar
saturated electrolytes, the highly selective catalytic ability of NiPcOMe for CO2RR are veriﬁed. Additionally, CO bubble behaviors can
be inﬂuenced by the applied cathodic potential. The increased
overpotential not only enhances the gas production rate of single
reaction region, but also increases the number of reaction regions.
This study provides a novel characterization method for the CO2
electrolyzer using high-speed camera for advancing the research of
electrocatalysts for CO2RR. This novel method also provides better
understanding for electrode design of the CO2 electrolyzer to speed
up the process from the lab-scale investigation into industrial
application.
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