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Abstract

Molecular catalysts serve as ideal platforms for studying electrocatalytic reaction mechanisms. While current research
mainly focuses on modulating central metals or surrounding ligands, the influence of molecular spatial configuration re-
mains largely unexplored. Herein, we synthesized two cobalt complexes with similar ligand environments but distinct
spatial geometries, a planar cobalt hexaazamacrocyclic complex (CoHAM) and a non-planar acyclic Co(phen),Cl,, and
evaluated their performance in CO, reduction reaction (CO,RR). The planar CoHAM exhibited dramatically superior
CO,RR performance compared to the non-planar Co(phen),Cl,. Through a series of combined analyses using in-situ UV-vis
spectroscopy, high-resolution mass spectrometry (HRMS), and Raman spectroscopy, we elucidated the origins of this per-
formance gap by identifying key intermediates and reaction pathways. These findings underscore the critical role of the
spatial configuration of molecular catalysts in governing electrocatalytic performance and provide a strategic direction for
the rational design of efficient CO,RR catalysts.
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Catalytic mechanism

1. Introduction

Electrochemical CO, reduction reaction (CO,RR) is
a promising approach for achieving carbon emission
reduction and CO, re-utilization [1-3]. It can convert
CO, from industrial exhaust gases into value-added
fuels and chemicals using renewable electricity [4, 5].
However, CO,RR has long been plagued by issues
such as slow kinetic rates and low selectivity [6-8].
Understanding the catalytic structure-performance
relationship in CO,RR is of great significance for the
rational design of efficient catalysts and the improve-
ment of the selectivity of target products.

Molecular catalysts, represented by metal com-
plexes, have unique advantages in the study of elec-
trochemical catalytic structure-performance relation-
ships. Firstly, they possess well-defined molecular
structures, which facilitates the revelation of the re-
lationship between the structure of active centers
and catalytic performance [9-11]. Secondly, both the
metal centers and ligands can be precisely designed,

enabling the systematic investigation of changes in
catalytic performance and thus leading to a regular
understanding [11-13]. Numerous studies have at-
tempted to enhance CO,RR activity or selectivity by
designing the structures of molecular catalysts [14, 15],
and have explored catalytic mechanisms using in-situ
spectroscopy, theoretical calculations, etc [16-18]. For
example, N. Sakamoto et al. designed a dinuclear
copper-based complex. Compared to mononuclear
analogues, the dual-metal centers enhance the C-C
coupling in CO,RR, achieving a propanol selectivity
of 12%. Surface plasmon resonance spectroscopy was
employed to identify key intermediates involved in
propanol formation, which was combined with the-
oretical calculations to propose a plausible reaction
mechanism [19]. S. Sun et al. modified cobalt phtha-
locyanine (CoPc) with electron-withdrawing fluo-
rine groups, which altered the reaction pathway of
*COOH. The electron-withdrawing effect also en-
hanced the electron-accepting ability of the Co site,

Received 22 January 2026; Received in revised form 5 March 2026; Accepted 9 April 2026

Available online 9 April 2026

*Corresponding Author, E-mail: gwwang@whu.edu.cn (G.-W. Wang), Izhuang@whu.edu.cn (L. Zhuang).

https://doi.org/10.61558/2993-074X.3610

1006-3471/© 2026 Xiamen University and Chinese Chemical Society. This is an open access article under the CC BY 4.0 license

(https://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-3248-1270
https://orcid.org/0000-0002-5642-6735

Journal of Electrochemistry, 2026, 32(6), 2601221 (2 of 12)

effectively suppressing the hydrogen evolution re-
action (HER) and improving CO,RR activity [20].
Furthermore, even with identical ligands and metal
centers, structural distortion of the metal complex
can also lead to notable and intriguing variations in
catalytic performance. L. Wang et al. investigated the
CO,RR performance of molecularly CoPc on carbon
nanotubes (CNTs). The study revealed that under ca-
thodic potential, the interaction between CNT defects
and CoPc induces an out-of-plane distortion of the
planar CoN, center. This structural change facilitates
the formation of bridging *CO, thereby significant-
ly enhancing the selectivity toward methanol [21].
Therefore, besides modifying the metal centers and
organic ligands, a deeper investigation into how the
spatial configuration of molecular catalysts affects
the CO,RR is crucial, as this facet remains poorly
understood.

In this study, we investigated the influence of the
spatial configuration of the metal-ligand coordina-
tion geometry on CO,RR. Two cobalt complex cata-
lysts, planar CoHAM and non-planar Co(phen),Cl,,
were synthesized using the similar phenanthroline
ligand and cobalt center. Comparative studies re-
vealed that the planar CoHAM exhibited excellent
catalytic performance for CO production via CO,RR,
whereas the non-planar Co(phen),Cl, showed very
poor activity. To elucidate the origin of this perfor-
mance disparity, we employed in-situ UV-vis ab-
sorption spectroscopy, in-situ high-resolution mass
spectrometry (HRMS), and in-situ Raman spectros-
copy. The results clearly elucidate the CO,RR path-
ways catalyzed by CoHAM, and demonstrate that
Co(phen),Cl, readily undergoes reductive decom-
position and active-site poisoning under the same
conditions.

2. Experimental Section

2.1. Chemicals and materials

Chemicals and materials used in this work include:
2,9-Dichloro-1,10-phenanthroline (Shanghai Aladdin
Biochemical Technology Co. Ltd, 97%), 1,10-phenan-
throline (Shanghai Aladdin Biochemical Technology
Co. Ltd, 99%), Co(Ac),-4H,0 (Sinopharm Chemical
Reagent Co., Ltd, AR), CoCl,-6H,O (Shanghai Mack-
lin Biochemical Technology Co., Ltd., 99.9%), KHCO,
(Shanghai Macklin Biochemical Technology Co., Ltd.,
99.99%), LiClO, (Shanghai Aladdin Biochemical Tech-
nology Co. Ltd, 99.99%), CNTs (Beijing Bellingwei
Technology Co., Ltd., 0.5-2 pym), ferrocene (Shang-
hai Aladdin Biochemical Technology Co. Ltd, 99%),
Nafion-117 (Dupont, 183 pm), Nafion D520 solution
(Dupont, 5%), D,O (Anhui Senrise Technologies Co.,

Ltd, 99.8%D), carbon paper (Ballard, AvCarb GDS
3250), quaternary ammonia poly N-methyl-piperi-
dine-co-p-terphenyl (QAPPT) membrane (Alkymer,
25+3 um, EVE Energy Co., Ltd, China). All solvents
and reagents were at least of analytical grade and
used as received without further purification. Ultra-
pure water (18.25 MQ)-cm) was prepared by Advance-
dII-16 (Tang’s Kangning Technology Development
Co., Ltd.).

2.2. Synthesis of CoOHAM

2,9-dichloro-1,10-phenanthroline (200 mg) was
loaded into a ceramic boat and positioned within a
quartz tube reactor. The reaction was conducted under
acontinuous ammonia flow (10 mL-min™!) with the fol-
lowing thermal program: firstly maintained at 250 °C
for 8 h, and then raised to and held at 300 °C for an
additional 4 h to ensure complete reaction. After cool-
ing naturally to room temperature, the resulting solid
was collected and thoroughly washed with methanol
to yield the hexa-aza-macrocycle ligand (H,HAM)
as a pure product. For the metallation step, H,HAM
(50 mg) was dissolved in nitrobenzene (10 mL)
and refluxed at 190 °C for 1 h under a nitrogen at-
mosphere. Concurrently, Co(Ac),-4H,O (42 mg) was
dissolved in benzyl alcohol (5 mL) in a separate
flask with stirring, and the temperature was grad-
ually raised to 170 °C. The hot cobalt solution was
then added dropwise to the refluxing ligand solution
over a period of 10 min. After complete addition, the
reaction was allowed to proceed for an additional
10 min to ensure complete complexation. The mix-
ture was subsequently cooled to room temperature.
The resulting precipitate was collected and washed
sequentially with nitrobenzene, acetone, and deion-
ized water to afford the target Co complex (CoHAM)
in high purity.

2.3. Synthesis of Co(phen),CI,

CoCl,-6H,0 (300 mg) was placed in a 50 mL three-
neck round-bottom flask and dissolved in ethanol
(3 mL). The solution was heated to 80 °C under reflux
in an oil bath. Separately, 360 mg of phen was dis-
solved in ethanol (3 mL) by ultrasonication, and the
resulting solution was transferred via syringe into the
CoCl, solution. The mixture was refluxed for 3 h. Af-
ter completion of the reaction, the hot solution was fil-
tered to remove any unreacted solids. Approximately
two-thirds of the solvent was then removed from the
filtrate by rotary evaporation. Acetone (2 mL) was
added to the concentrated solution, which was left
standing to allow precipitation of the target prod-
uct. The precipitate was collected by centrifugation,
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washed with diethyl ether under ultrasonication, and
dried under vacuum to obtain the final product.

2.4. Characterizations

Scanning electron microscopic (SEM) images
were captured using a scanning electron microscope
(Zeiss Merlin Compact) with energy-dispersive X-ray
spectroscope (Inca X-Max, Oxford Instruments).
Transmission electron microscopic (TEM) and ener-
gy-dispersive X-ray spectroscopic (EDS) elemental
mapping images were obtained by JEM-F200 (JEOL).
The UV-vis absorbance of samples was measured us-
ing UV-vis spectrophotometer (Mapada UV-6100PC)
on a range of 350-800 nm. Inductively coupled plas-
ma-atomic emission spectroscopic (ICP-OES) analy-
sis was performed with an Agilent 5110 instrument.
High-resolution mass spectrometric (HRMS) data
were acquired by LTQ Velos Orbitrap Elite mass spec-
trometer (Thermo Fisher Scientific Co., Ltd., USA).
X-ray photoelectron spectroscopic (XPS) analyses
were performed on an ESCLAB 250 Xi photoelec-
tron spectrometer (Thermo Fisher Company, USA).
Raman spectrum was acquired by a XPLORA PLUS
confocal microscope Raman system.

2.5. Preparation of catalysts

CNTs were first calcined in air at 500 °C for 5 h.
After cooling to room temperature, the product was
transferred into an aqueous solution of HCI (5 wt%)
and subjected to ultrasonication for 30 min. The pu-
rified CNTs were collected by centrifugation, washed
with deionized water, and dried under vacuum. Sub-
sequently, a CNT suspension was prepared by dis-
persing 10 mg of the purified CNTs in 10 mL of DMF
under ultrasonication. Then, 1.0 mg of CoHAM and
1.1 mg of Co(phen),Cl, were separately dissolved in
DMF, and each solution was added to the CNT sus-
pension separately. The resulting mixture was soni-
cated for 0.5 h and then stirred at room temperature
for 20 h. After the reaction, the solid product was col-
lected by centrifugation and washed repeatedly with
DMF and ethanol. Finally, the product was dried
under vacuum at 60 °C to obtain the final catalyst
(CoHAM/CNT and Co(phen),CL,/CNT). As a blank
control, a controlled catalyst was prepared following
the identical procedure using CNTs without the addi-
tion of molecular catalysts.

2.6. Electrochemical performance measurements

The electrochemical CO, reduction reaction
(CO,RR) performance in an aqueous electrolyte was
evaluated using a custom-made H-cell, wherein the

cathode and anode compartments were separated by
an alkaline polymer membrane (QAPPT). The cata-
lyst ink was prepared by dispersing 2 mg of hybrid
material (CoHAM/CNT, Co(phen),Cl,/CNT, or pris-
tine CNT) in 2 mL of ethanol containing 6 uL of 5 wt%
Nafion solution, and followed by 1 hour of ultrason-
ication. Then, 250 uL of the ink was drop-cast onto
a glassy carbon electrode (0.75 cm?), and the as-pre-
pared electrode was thoroughly dried under an in-
frared lamp to serve as the working electrode. The
electrolyte was a CO,-saturated 0.1 mol-.L" KHCO,
aqueous solution (pH = 6.8). A titanium (Ti) plate coat-
ed with iridium oxide (IrO,) was used as the counter
electrode, and a Hg/Hg,SO, electrode served as the
reference electrode. The counter electrode was pre-
pared by coating a paste of IrO, catalyst and 10 wt%
Nafion ionome onto a porous Ti substrate, followed
by drying under infrared lamp irradiation.

For the organic-phase CO,RR, a commercial glass
H-cell was employed with a Nafion membrane as the
separator. The electrolyte consisted of a CoHAM-sat-
urated mixture of DMF and H,O (v/v 39:1) with
0.1 mol-L™" LiClO, as the supporting electrolyte. The
working and counter electrodes were both 1 x 5 cm?
carbon paper sheets, and a silver (Ag) wire was used
as the quasi-reference electrode. A continuous CO,
flow of 5 sccm was maintained throughout the elec-
trolysis process.

The electrolysis experiments were performed us-
ing a Gamry 600 potentiostat. Gaseous products were
analyzed by gas chromatography (INFICON Micro
GC Fusion), and liquid products were quantified via
'H NMR spectroscopy (WNMR-I spectrometer).

The turnover frequency (TOF) for the electrochem-
ical CO, reduction was calculated in accordance with
the following formula:

i FECO / 2F
Meatalyst X WCo /M Co

TOF(s )=

where i and FE_, are the current density and Fara-
daic efficiency for CO production, respectively; F is
the Faraday constant (96485 C-mol™); w,, is the cobalt
loading (0.46%) determined by ICP-OES; m_, _ is the
mass of catalyst loaded on the electrode; and M., is
the molar mass of cobalt. The TOF was calculated to
be 2.02 s at —0.9 V vs. RHE.

2.7. Cyclic voltammetric measurements of COHAM

The cyclic voltammetric (CV) measurement was
performed using a standard three-electrode system in
a five-neck electrochemical cell. The solution compo-
sitions were as follows: approximately 0.1 mmol-L™
CoHAM in a mixture of DMF and H,0 (v/v 39:1)
containing 0.1 mol-L™ LiClO,. The CV experiments
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were conducted at room temperature. A glassy car-
bon electrode with a geometric area of 2 cm x 2 cm
was used as the working electrode, and a carbon pa-
per of the same size served as the counter electrode.
The cathode potential was controlled using an Ag
wire quasi-reference electrode. The potential of the
Ag wire was calibrated by adding ferrocene as an in-
ternal standard.

2.8. CV Measurements of Co(phen),Cl,

3 mmol-L™" Co(phen),Cl, was dissolved in an aque-
ous solution of 0.1 mol-L™" KHCO, as the test solution.
The Hg/Hg,SO, electrode served as the reference
electrode. The remaining test conditions were consis-
tent with the above CV measurement.

2.9. In-situ UV-Vis measurements

The electrochemical reaction was conducted in a
thin-layer spectroelectrochemical cell with an optical
path length of 2 mm. A copper (Cu) mesh with a di-
mension of 0.9 x 3 cm? was selected as the working
electrode. Prior to use, the Cu mesh was immersed
in a dilute nitric acid solution and subjected to ul-
trasonic cleaning for 20 min. Subsequently, it was
rinsed thoroughly with deionized water and dried
for standby application. An Ag wire was employed
as the quasi-reference electrode, while a platinum (Pt)
wire served as the counter electrode. The electrolyte
was the saturated CoHAM solution prepared using
the method described above, and CO, was continu-
ously purged through the solution throughout the
experiment. During chronoamperometric tests, ab-
sorption spectra were continuously acquired until
no significant further changes were observed in the
spectral features at the applied potential.

2.10. In-situ HRMS measurements

The temperature of the ion transmission tube was
set to 275 °C; the energy of the S-lens was set to 60%;
the number of micro scan was set to 1. MS/MS data
were acquired by setting isolation window at 1.0 Da
and normalized collision energies from 20 to 35
(units were defined by the instrument manufacturer,
the collision gas was helium). The resolution of MS
was set to 60000. The FE-ESI (floating electrochemical
electrospray ionization) device was used to achieve
real-time monitoring of the reaction process. The
spray voltage was supplied by a high voltage pow-
er supply (Dongwen High Voltage Power Supply
Co., Ltd., Tianjin). Both the mass spectrometer and
the external high voltage power supply were well
grounded.

The ESI source emitter was a borosilicate glass tube
with a tip diameter of approximately 20 pm. The po-
tential controller could provide a broad output volt-
age range from —12 V to +12 V under floating con-
ditions, with a voltage regulation precision reaching
1mV. Ag/AgCl was used as the reference electrode
and counter electrode, and a platinum wire (with a
polyimide capillary tube (I.D. 150 um, O.D. 365 ym) to
prevent a short circuit) as the working electrode. The
distance between the working electrode, reference
electrode, and counter electrode was maintained at
2 mm. We had placed the working electrode very close
(= 200 um) to the exit of the emitter (O.D. = 20 um)
to ensure electrode reaction products transferred to
MS quickly. The spray voltage was set at 2.5 kV. All
mass spectrometric measurements were performed
in positive ion mode.

The application of the electrochemical method and
data collection began 0.2 min after the initiation of
mass spectrometric data acquisition, with the poten-
tial scanning from 0 V to -2.0 V at 20 mV's™. Chem-
ical structure of the intermediate was verified by us-
ing high resolution tandem mass spectrometry.

2.11. In-situ Raman measurements

In-situ electrochemical Raman measurement was
performed with a home-designed electrochemical
cell and a HORIBA Raman microscope equipped
with a 638 nm laser and a 50 x objective lens. The
grating parameter was 600 (750 nm), and the laser
intensity was 10%. The catalyst ink was prepared by
ultrasonicating a mixture of 0.5 mg CoHAM, 5 mL
ethanol, and 6 pL of a 5 wt% Nafion solution for 0.5 h.
The working electrode was fabricated by applying
a total of 30 pL of the catalyst ink onto an Au disk
electrode in three equal aliquots, followed by drying
under an infrared lamp. A Pt wire counter electrode
and an Hg/Hg SO, reference electrode were em-
ployed in a three-electrode configuration. The Raman
spectra were collected at open-circuit potential (OCP)
conditions and each constant potential from —0.1 V
to —1.1 V vs. RHE. Each spectrum was obtained with
a ten-second collection and three times integration.
The solutions under CO, and Ar atmospheres were
0.1 mol-L™" KHCO, and KOH, respectively. The solu-
tion was circulated between a glass container and the
electrochemical cell during the test.

3. Results and Discussion

Fig. 1a-1b show the synthetic procedures for the
two cobalt complex catalysts with distinct structures,
CoHAM and Co(phen),Cl, (Details in Experimental
Section). Briefly, the planar macrocyclic CoHAM was
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Fig. 1. Scheme of the synthesis routes for COHAM (a) and Co(phen),CL, (b).

prepared via a two-step reaction: firstly, a macrocy-
clic HHAM ligand was synthesized by reacting 2,9-
dichloro-1,10-phenanthroline with ammonia; subse-
quently, it reacted with cobalt(Il) acetate tetrahydrate
(Co(Ac),-4H,0) to incorporate the Co center [22, 23].
In contrast, the non-planar Co(phen),Cl, was ob-
tained through a simple coordination reaction be-
tween 1,10-phenanthroline and cobalt(I) chloride
hexahydrate(CoCl,-6H,0) [24].

Through scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-
EDS) characterization, there was no Co element
presented in the original ligands (H,HAM and
1,10-phenanthroline, Figures S1a-S1b). However, for
both CoHAM and Co(phen),Cl,, the presence of the
Co element was clearly observed, and its distribution
was highly consistent with those of C and N elements,
indicating the successful introduction of the Co center
(Figs.2a-2b). UV-vis absorption spectra wererecorded
by dissolving the obtained samples in DMF solution.
The H,HAM ligand exhibited three characteristic ab-
sorption peaks (A__) at 301 nm, 312 nm, and 392 nm
(Figure S2), which are consistent with previous litera-
ture observations [25]. After Co-coordination (Fig. 2c),
the UV-region remained largely unchanged, with
two maximum absorption peaks (A__ ) at 302 nm and
311 nm, while the visible-region underwent signifi-
cant changes. Specifically, the absorption band ex-
hibited a red shift, showing a main peak at 425 nm
with a shoulder at approximately 403 nm [25]. For the
non-planar Co(phen),Cl, (Fig. 2d), three absorption
peaks appeared around 500, 602, and 676 nm, which
are also consistent with the previous report [24].

HRMS was employed to confirm the successful
synthesis of cobalt complex catalysts. For the H, HAM

ligand, a high-intensity ion peak at m/z 387.1315 was
observed in the HRMS under the positive ion mode
(Figure S3), corresponding to the proton adduct of
H,HAM ([H,HAM + H]J*). After complexation with
Co* ions, two highly characteristic proton-adduct
peaks emerged at m/z 444.0526 ([CoHAM + HJ*) and
m/z 222.5297 ([CoHAM + 2H]*), directly verifying the
formation of COHAM. Regarding the Co(phen),Cl,, a
highly distinct signal at m/z 209.5333 corresponding
to [Co(phen),]** was detected in the HRMS. Addition-
ally, a peak with slightly lower intensity appeared at
m/z 299.5680, which could be attributed to the forma-
tion of [Co(phen),]** with three 1,10-phenanthroline
ligands in the synthesis or HRMS ionization process-
es. As the synthesized CoHAM is a neutral molecule,
the oxidation state of the Co center could not be de-
termined by HRMS. Therefore, X-ray photoelectron
spectroscopy (XPS) was utilized for further character-
ization. The Co 2p spectrum of the complex is highly
similar to Co(Ac),-4H,O (Figure S4). A typical shake-
up satellite peak existed at 786.4 eV, corresponding
to the Co(Il) oxidation state with a 3d” electron con-
figuration [26], indicating a similar chemical state
of the central Co sites in the two obtained catalysts.
Therefore, the above results confirm the successful
synthesis of the planar macrocyclic COHAM and the
non-planar Co(phen),Cl, catalysts with similar chem-
ical states of the central Co sites.

The CO,RR performance of the two cobalt complex
catalysts was assessed using a homemade H-cell with
a CO,-saturated 0.1 mol-L™* KHCO, electrolyte. To en-
hance molecular catalyst utilization and increase the
catalytic current for precise product quantification,
the catalysts were supported on CNT (Figure S5)
and drop-cast onto a glassy carbon electrode to
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Fig. 2. Characterizations of the CoHAM (a, c, e) and Co(phen),Cl, (b, d, f): (a, b) SEM and EDS elemental mapping images, (c, d) UV-vis spectra,

(e, f) HRMS spectra.

serve as the working electrode [21, 27, 28]. The bare
CNTs exhibited remarkably low CO,RR selectivi-
ty, with HER being predominant (Figure S6). After
the introduction of CoHAM, a substantial improve-
ment in CO,RR selectivity was observed (Fig. 3a).
CO emerged as the primary product within the po-
tential range of —0.7 to —1.1 V vs. RHE, achieving a
high Faradaic efficiency (FE) of 97.6% and a turnover
frequency (TOF) of 2.02 s at —0.9 V (Fig. 3a). NMR
analysis of the electrolyte post-potentiostatic testing
also revealed trace methanol formation (Figure S7).
Furthermore, the COHAM/CNT catalyst demonstrat-
ed stable performance at —0.9 V for over 5.5 h, main-
taining a high CO FE above 97% (excluding the initial

two data points, which are likely associated with
catalyst activation), indicating excellent operational
stability (Fig. 3c). For the Co(phen),Cl,, the same test
with CNT support showed that the observed CO,RR
performance was nearly identical to that of bare
CNT (Figure S8), likely due to the dissolution and
loss of Co(phen),Cl, in the aqueous electrolyte (sat-
urated solubility = 3 mmol-L™" in 0.1 mol-L™' KHCO,).
To mitigate the influence of catalyst dissolution, the
CO,RR performance was further evaluated not only
with a CNT-supported Co(phen),Cl, working elec-
trode but also by introducing a saturated concen-
tration of Co(phen),Cl, into the electrolyte. The re-
sults, however, were highly anomalous (Fig. 3b). The
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Fig. 3. CO,RR performance of the COHAM/CNT (a) and Co(phen),CL/CNT (b) in 0.1 mol-L™ KHCO, electrolyte. (c) Stability test of the COHAM/CNT

for catalyzing CO,RR at —0.9 V vs. RHE.

catalytic current was extremely low and, contrary
to expected behavior, decreased with increasing ca-
thodic polarization potential. Furthermore, a signif-
icant portion of the charge consumption remained
unaccounted for. While trace amounts of H, and CO
were detected as the gas products, and NMR anal-
ysis revealed no CO,RR liquid products (Figure S9).
Cyclic voltammetric (CV) scans in the presence of
Co(phen),Cl, showed two distinct reduction peaks
during cathodic polarization (Figure S10a), instead of
the steady current increase characteristic of electroca-
talysis (Figure S10b). These findings indicate that the
poor performance of Co(phen),Cl, is likely due to its
instability under the applied potentials, leading to its
electrochemical reduction during CO,RR.

We further employed a variety of in-situ electro-
chemical spectroscopic techniques to investigate cata-
lyst evolution and detect intermediates under CO,RR
conditions, aiming to elucidate the catalytic mech-
anism. To facilitate in-situ electrochemical UV-vis
spectroscopic and HRMS analyses, COHAM was dis-
solved in a mixed electrolyte of 0.1 mol-L™ LiCIO, in
DMF/H,O (v/v 39:1), which also exhibited high CO
selectivity in CO,RR (Figure S11). Therefore, this ho-
mogeneous system enables a comparative analysis

with the previously discussed heterogeneous CO,RR
mechanism in aqueous electrolytes. For the homoge-
neous system, we used a custom-built in-situ UV-vis
spectroelectrochemical cell (Figure S12) to monitor
valence electron transitions of the molecular catalyst.
As shown in Figure S13, CoHAM displayed multiple
reduction peaks between 0 and -1.0 V vs. a Ag wire
quasi-reference electrode. We selected three poten-
tials, -0.4 V, -0.6 V, and -1.0 V, for chronoampero-
metric tests and continuously recorded the UV-vis
spectra, comparing them with the spectrum under
OCP conditions (Figure S14a-514d). At -0.4 V, a new
absorption band emerged at around 350 nm, attribut-
ed to the reduction of the Co* center to form Co*
(Figure S14b) [25, 29]. When the potential was shifted
to —0.6 V, the band intensity at 350 nm continued to
increase, indicating ongoing reduction of dissolved
CoHAM. Meanwhile, the band at 420 nm nearly
disappeared, and the band at 297 nm underwent a
blue shift to 281 nm, suggesting electronic structure
changes due to reduction of the macrocyclic ligand
(Figure Sl14c). When the potential was further de-
creased to —1.0 V, the band intensity at 281 nm grad-
ually decreased, while the characteristic Co* band at
350 nm remained (Figure S14d).
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Fig. 4. (a) Scheme of the in-situ electrochemical HRMS setup. The electrolyte filled in the capillary was 5 mmol-L™ LiCIO, in DMF/H,O (v/v 39:1) with
approximately 0.1 mmol-L™ CoHAM, pre-purged with CO, or Ar prior to HRMS tests. (b) In-situ HRMS spectra of COHAM under CO, atmosphere.
Cathode polarization started at the position indicated by the arrow. (c) In-situ Raman spectra of COHAM in CO, atmosphere (The remaining unassigned
signals are primarily attributable to CoHAM, as shown in Figure S18b). (d) Proposed reaction mechanism for the CO,RR over COHAM.

To more directly probe the molecular structural
information under CO,RR conditions, we performed
in-situ electrochemical HRMS using the setup illus-
trated in Fig. 4a [30]. The electrolyte containing Co-
HAM was filled into a capillary. A Pt wire, insulated
with polyimide except at the tip, served as the work-
ing electrode, while a Ag/AgCl electrode functioned
as both counter and reference electrodes. This config-
uration allowed electrochemically generated species
to be rapidly transferred to the HRMS for detection.
During the experiment, the potential was scanned
from 0V to-2.0 V at 20 mV-s™ starting at 0.2 min. Un-
der CO, atmosphere, as the cathodic polarization in-
creased, the HRMS signals corresponding to CoHAM
gradually decreased ([CoHAM + HJ* at m/z 444.0526)
and [CoHAM + 2HJ* at m/z 222.5297, Fig. 4b), consis-
tent with its progressive reduction. Simultaneously,
a new HRMS signal emerged at m/z 461.0556, which
can be assigned to [COHAM-OH + HJ*. This assign-
ment was confirmed by tandem MS, showing that

m/z 461.0556 underwent OH-dissociation to yield
m/z 444.0525 ([CoHAM + HJ*, Figure S15). No such
species was detected under an Ar atmosphere, con-
firming that CoHAM-OH is a CO,RR-derived inter-
mediate (Figure S16).

In-situ electrochemical Raman spectroscopy was
used to investigate heterogeneous CO,RR intermedi-
ates in 0.1 mol-L™* KHCO, electrolyte. Compared to
the Ar atmosphere (Figure S17), a distinct vibrational
band appeared at approximately 1492 cm™ under CO,
at OCP (Fig. 4c). This band weakened gradually with
increasingly negative applied potentials and eventu-
ally disappeared. This band cannot be attributed to
carbonate or bicarbonate, since both KHCO, solu-
tion and powder don’t have any vibrational bands at
this Raman shift (Figure S18a). Instead, it can be as-
signed to adsorbed *CO,, in agreement with previous
reports [31, 32]. Additionally, as the potential shifted
negatively, a band attributable to the C-O stretching
vibration of *COOH was observed near 1368 cm~!, and
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a Co-O(H) vibrational band emerged near 566 cm™
(consistent with the intermediate detected by in-situ
HRMS, Fig. 4b lower) [31, 33].

Integrating these in-situ characterization results, we
propose a plausible reaction pathway for CoHAM-
catalyzed CO,RR, as illustrated in Fig. 4d. At OCP,
CQO, can adsorb directly onto CoHAM, as evidenced
by the Raman band at 1492 cm™. Under the cathode
polarization, the central Co* is electrochemically re-
duced to Co* (as supported by the UV-vis spectra in
Fig. S14b), followed by the hydrogenation and deox-
ygenation of *CO,, ultimately forming CoHAM-OH,
which is detected by HRMS (m/z 461.0556, Fig. 4b)
and Raman spectra (566 cm™, Fig. 4c). Subsequently,
CoHAM-OH undergoes a proton-coupled electron
transfer process to regenerate the Co* center, thus
sustaining the catalytic cycle (Fig. 4d).

Regarding the non-planar Co(phen),Cl, with poor
CO,RR performance, we hypothesize that the inferior
performance stems from its instability under cathodic
polarization conditions (vide ante). To verify this, we
also conducted in-situ HRMS analysis (Figure S19).
At the OCP, a prominent MS signal corresponding
to [Co(phen),(CO,)]" (m/z 479.0541) was observed,
suggesting a strong interaction between Co(phen),**
and CO,*. As the applied potential swept negative-
ly, the MS signal of [Co(phen),(CO,)]* (m/z 479.0541)
gradually decreased, accompanied by the emergence
of the parent complex, [Co(phen),]** (m/z 209.5344).
Under more negative potentials, the MS intensity of
[Co(phen),]** (m/z 209.5344) subsequently dimin-
ished (Figure 520a). Concurrently, the formation of re-
duced species was detected (Figure 520b), including
[Co(phen)z]*(m/z 419.0702),[Co(phen)]*(m/z 239.0014),
and [Co(phen),-CO,+H]" (m/z 464.0679). The detec-
tion of [Co(phen)]* (m/z 239.0014) reveals the inherent
structural instability of Co(phen),Cl,. The presence
of [Co(phen)-CO,+H]" at m/z 464.0679 was con-
firmed by tandem MS, which revealed a collision-in-
duced dissociation (CID) fragment corresponding
to [Co(phen),+H]* at m/z 420.0780 (Figure S21). This
species indicates strong CO, adsorption on the re-
duced catalyst, which poisons the active sites and
thereby impedes the CO,RR process.

4. Conclusions

Two molecular cobalt complexes, a planar macro-
cyclicCoHAM and a non-planar acyclic Co(phen),Cl,,
were synthesized using similar phenanthroline-based
ligands to explore their structure-performance re-
lationships in CO, reduction reaction (CO,RR). The
two catalysts exhibited drastically different catalytic
behaviors. The planar CoHAM demonstrated excel-
lent CO selectivity (> 97%) and robust stability at

-0.9 V vs. RHE, while the non-planar Co(phen),Cl,
showed negligible CO selectivity (< 5%) alongside
anomalous electrochemical performance. A combi-
nation of electrochemical in-situ spectroscopic tech-
niques, including UV-vis, HRMS, and Raman spec-
troscopy, elucidated a clear CO,RR mechanism over
the planar CoOHAM catalyst. Meanwhile, mechanistic
studies on Co(phen),Cl, revealed that its poor cata-
lytic performance likely stems from susceptibility to
electrochemical reduction and the poisoning effect of
its active sites by strongly adsorbed CO, intermedi-
ates. These findings provide valuable insights for the
future rational design of molecular catalysts aimed at
efficient CO, conversion.

Supporting information

Supporting information for this article is available
from https: //jelectrochem.xmu.edu.cn/journal/.

Acknowledgements

The authors thank the financial support
from the National Key R&D Program of China
(2023YFF0723100), the National Natural Science Foun-
dation of China (22522205, 22172115, and 22472121,
22374110), the Fundamental and Interdisciplinary Dis-
ciplines Breakthrough Plan of the Ministry of Educa-
tion of China (JYB2025XDXM409), and the Science and
Technology Innovation Talent Program of Hubei
Province, China (2024DJA024). G. Wang also acknowl-
edges the Start-Up Grant of Wuhan University (2025-
1303-017) and the Xiaomi Young Talents Program.

Conflicts of interest

The authors declare no competing financial interest.

Data availability

The data supporting the findings of this study are
available from the corresponding author upon rea-
sonable request.

Author contributions

Ru Jia was responsible for the experimental de-
sign, implementation, data analysis, and writing of
the original draft. Cheng-Biao Zhu and Zi-Mo Zhang
conducted the in-situ HRMS measurements. Tuo
Wang, Kai-Cong Yang, Guang-Zhe Wang, Yang Hu,
Ting-Ting Zhang, Zhen-Wei Wei, and Li Xiao assisted
in experimental implementation and data analysis.
Gong-Wei Wang and Lin Zhuang supervised the re-
search and revised the manuscript.



Journal of Electrochemistry, 2026, 32(6), 2601221 (10 of 12)

References

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

9]

[10]

(11]

[12]

[13]

[14]

Zeng Y Q, Zhao ], Wang SF, Wang W J, Lu Y R, Xi S B, Xu
W, Yoda Y, Masuda R, Li X N, Huang Y Q, Liu B, Zhang T.
Unraveling the dynamic low-spin state evolution of sin-
gle-Fe-atom sites for efficient CO, electroreduction[J]. J.
Am. Chem. Soc., 2025, 147(46): 42539-42548. https://doi.
org/10.1021 /jacs.5c13466.

Francke R, Schille B, Roemelt M. Homogeneously catalyzed
electroreduction of carbon dioxide—methods, mechanisms,
and catalysts[J]. Chem. Rev., 2018, 118(9): 4631-4701. https://
doi.org/10.1021/acs.chemrev.7b00459.

Jin S, Hao Z M, Zhang K, Yan Z H, Chen ]J. Advances and
challenges for the electrochemical reduction of CO, to CO:
from fundamentals to industrialization[]]. Angew. Chem.
Int. Ed., 2021, 60(38): 20627-20648. https://doi.org/10.1002/
anie.202101818.

Boutin E, Merakeb L, Ma B, Boudy B, Wang M, Bonin ]J,
Anxolabéhere-Mallart E, Robert M. Molecular catalysis of
CO, reduction: recent advances and perspectives in electro-
chemical and light-driven processes with selected Fe, Ni and
Co aza macrocyclic and polypyridine complexes[J]. Chem.
Soc. Rev., 2020, 49(16): 5772-5809. https://doi.org/10.1039/
DO0CS00218F.

Kortlever R, Shen ], Schouten K J P, Calle-Vallejo F, Koper
M T M. Catalysts and reaction pathways for the electro-
chemical reduction of carbon dioxide[J]. J. Phys. Chem.
Lett., 2015, 6(20): 4073-4082. https://doi.org/10.1021/acs.
jpclett.5b01559.

Su D], Xiang S Q, Gao S T, Jiang Y M, Liu X H, Zhang W,
Zhao L B, Tian Z Q. Kinetic understanding of catalytic se-
lectivity and product distribution of electrochemical carbon
dioxide reduction reaction[J]. JACS Au, 2023, 3(3): 905-918.
https://doi.org/10.1021 /jacsau.3c00002.

Saha P, Amanullah S, Dey A. Selectivity in electrochemi-
cal CO, reduction[J]. Acc. Chem. Res., 2022, 55(2): 134-144.
https:/}doi.org/lo.l 021/acs.accounts.1c00678.

Xue Y'Y, Zhang L ], Kuang M, Zheng G F. Tuning the CO, and
CO electroreduction by rate-determining and selectivity-de-
termining steps[J]. ACS Appl. Mater. Interfaces, 2025, 17(8):
11375-11388. https://doi.org/10.1021/acsami.4c21239.

LinY X, Wang SC, Liu HJ, Liu X, Yang L, Su X Z, Shan L,
Li XY, Song L. Regulating the electrocatalytic active centers
for accelerated proton transfer towards efficient CO, re-
duction[J]. Natl. Sci. Rev., 2025, 12(3): nwaf010. https://doi.
org/10.1093 /nsr/nwaf010.

Wang H, Ma C Q, LuQP, GuM Z, Jiang L, Hao Y X, Hu
E Li L L, Wang G E, Peng S ], Zhang X ]. Precise tuning of
functional group spatial distribution on porphyrin rings for
enhanced CO, electroreduction selectivity[J]. Angew. Chem.
Int. Ed., 2025, 64(19): €202501091. https://doi.org/10.1002/
anie.202501091.

Wang Y, Ma F Y, Zhang P F, Zhang G Q, Zhao Z H, Zheng
X B, Zhao H, Zhang ] W, Dong Y M, Zhu Y F. Tuning *CO-
*CHO dimerization via twisted electron localization of
asymmetrically coordinated Cu-Cu dual sites by P and N
scatterings boosts CO, electroreduction[]]. ACS Catal,
2025, 15(21): 17703-17714. https://doi.org/10.1021/acs-
catal.5c04995.

Xiong L, Zhan S Q, Di Ciano L, Li S S, Liu R M, Lu S ], Yao
P, Fu X B, Yue Q. Elucidating the donor/acceptor regulatory
mechanism for CO, electroreduction[]]. Adv. Mater., 2025,
€12478. https://doi.org/10.1002/adma.202512478.

Liu N, Pham TM, Han Y N, Yang L F, Bokareva O S, Bartling
S, Springer A, Spannenberg A, Kubis C, Weiss ], Doronkin
D E, Ju W, Francke R. Heterogenized copper(Il) phenan-
throline catalysts for electroreduction of CO, to C, com-
pounds: substitution on the ligand causes structural changes
to the molecular framework and stability enhancement[]].
Adv. Mater., 2025, 38(3): €13702. https://doi.org/10.1002/
adma.202513702.

Yang Z W, Chen ] M, Qiu L Q, Xie W ], He L N. Molecu-
lar engineering of metal complexes for electrocatalytic
carbon dioxide reduction: from adjustment of intrinsic ac-

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

tivity to molecular immobilization[J]]. Angew. Chem. Int.
Ed., 2022, 61(44): €202205301. https://doi.org/10.1002/anie.
202205301.

Kong X D, Zhu J C, Xu Z F, Geng Z G. Fundamentals and
challenges of ligand modification in heterogeneous electro-
catalysis[J]]. Angew. Chem. Int. Ed., 2025, 64(1): €202417562.
https://doi.org/10.1002/anie.202417562.

Zhang D A, Liu X, Zhao Y, Zhang H, Rudnev AV, Li ] F. In
situ Raman spectroscopic studies of CO, reduction reactions:
from catalyst surface structures to reaction mechanisms[J].
Chem. Sci., 2025, 16(12): 4916—4936. https://doi.org/10.1039/
D5SC00569H.

Li X D, Wang SM, Li L, Sun Y E Xie Y. Progress and per-
spective for in situ studies of CO, reduction[J]. ]. Am. Chem.
Soc., 2020, 142(21): 9567-9581. https://doi.org/10.1021/
jacs.0c02973.

Ren XY, Zhao J, Li X N, Shao ] M, Pan B B, Salamé A, Boutin
E, Groizard T, Wang S F, Ding ], Zhang X, Huang W Y, Zeng
W], LiuCY,LiYG, Hung S F, Huang Y Q, Robert M, Liu B.
In-situ spectroscopic probe of the intrinsic structure feature
of single-atom center in electrochemical CO/CO, reduction
to methanol[J]. Nat. Commun., 2023, 14(1): 3401. https: //doi.
org/10.1038 /s41467-023-39153-6.

Sakamoto N, Sekizawa K, Shirai S, Nonaka T, Arai T, Sato
S, Morikawa T. Dinuclear Cu(I) molecular electrocatalyst for
CO,-to-C, product conversion[J]. Nat. Catal., 2024, 7(5): 574~
584. https: //doi.org/10.1038/541929-024-01147-y.

WuM]J, Yang SY, Gao Y, Chen Z S, Dong F, Lei HY, Yang
Y K, Chen N, Omanovic S, Regier T, Cui X, Xia B Y, Zhang
G X, Sun S H. Steering CO, electroreduction pathway via
tuning microenvironment of cobalt center in molecular cat-
alysts[J]. ACS Nano, 2025, 19(36): 32507-32517. https://doi.
org/10.1021/acsnano.5c09554.

Yang HZ, Guo N, Xi S B, Wu Y, Yao B Q, He Q, Zhang C,
Wang L. Potential-driven structural distortion in cobalt
phthalocyanine for electrocatalytic CO,/CO reduction to-
wards methanol[J]. Nat. Commun., 2024, 15(1): 7703. https://
doi.org/10.1038/s41467-024-52168-x.

Ogawa S, Yamaguchi T, Gotoh N. Preparation of a conjugated
tautomer of 1,14:7,8-diethenotetrapyrido-[2,1,6-de:2',1',6'-gh:
2"1",6"-kl:2",1",6"-na] [1,3,5,8,10,12]hexa-azacyclotetrade-
cine and its metal derivatives[J]. ]. Chem. Soc., Perkin Trans.
1, 1974: 976-978. https: // doi.org/10.1039/P19740000976.
Jiang Y, Jung H, Joo SH, Sun QK, Li C Q, Noh H ], Oh I, Kim
Y J, Kwak S K, Yoo ] W, Baek J B. Catalyst- and solvent-free
synthesis of a chemically stable aza-bridged bis(phenanthro-
line) macrocycle-linked covalent organic framework[J]. An-
gew. Chem. Int. Ed., 2021, 60(31): 17191-17197. https://doi.
org/10.1002/anie.202106389.

Hennig H, Benedix R, Hempel K, Reinhold ]J. Zur Konsti-
tution von Bis-(phenanthrolin)-kobalt(Il)-Komplexen([]J].
Z. Anorg. Allg. Chem., 1975, 412(2): 141-147. https://doi.
org/10.1002/zaac.19754120206.

Isaacs M, Canales ] C, Riquelme A, Lucero M, Aguirre M J,
Costamagna J. Contribution of the ligand to the electroreduc-
tion of CO, catalyzed by a cobalt(II) macrocyclic complex[J].
J. Coord. Chem., 2003, 56(14): 1193-1201. https: //doi.org/10.
1080/00958970310001624447.

Chen X J, Ren H, Peng W, Zhang H M, Lu J T, Zhuang L.
Highly efficient molecular cobalt electrode for (photo)elec-
trochemical hydrogen evolution[J]. ]J. Phys. Chem. C, 2014,
118(36): 20791-20798. https://doi.org/10.1021/jp5061792.
Zhang X, Wu Z S, Zhang X, LiILW,LiYY, Xu HM, Li X X,
Yu X L, Zhang Z S, Liang Y Y, Wang H L. Highly selective
and active CO, reduction electrocatalysts based on cobalt
phthalocyanine/carbon nanotube hybrid structures[J]. Nat.
Commun., 2017, 8(1): 14675. https://doi.org/10.1038 /ncom-
ms14675.

Zhu Q S, Rooney C L, Shema H, Zeng C, Panetier ] A, Gross
E, Wang H L, Baker L R. The solvation environment of mo-
lecularly dispersed cobalt phthalocyanine determines meth-
anol selectivity during electrocatalytic CO, reduction[]]. Nat.
Catal., 2024, 7(9): 987-999. https://doi.org/10.1038/s41929-
024-01190-9.


https://doi.org/10.1021/jacs.5c13466
https://doi.org/10.1021/jacs.5c13466
https://doi.org/10.1021/acs.chemrev.7b00459
https://doi.org/10.1021/acs.chemrev.7b00459
https://doi.org/10.1002/anie.202101818
https://doi.org/10.1002/anie.202101818
https://doi.org/10.1039/D0CS00218F
https://doi.org/10.1039/D0CS00218F
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1093/nsr/nwaf010
https://doi.org/10.1093/nsr/nwaf010
https://doi.org/10.1002/anie.202501091
https://doi.org/10.1002/anie.202501091
https://doi.org/10.1021/acscatal.5c04995
https://doi.org/10.1021/acscatal.5c04995
https://doi.org/10.1002/adma.202513702
https://doi.org/10.1002/adma.202513702
https://doi.org/10.1002/anie.202205301
https://doi.org/10.1002/anie.202205301
https://doi.org/10.1039/D5SC00569H
https://doi.org/10.1039/D5SC00569H
https://doi.org/10.1021/jacs.0c02973
https://doi.org/10.1021/jacs.0c02973
https://doi.org/10.1038/s41467-023-39153-6
https://doi.org/10.1038/s41467-023-39153-6
https://doi.org/10.1021/acsnano.5c09554
https://doi.org/10.1021/acsnano.5c09554
https://doi.org/10.1038/s41467-024-52168-x
https://doi.org/10.1038/s41467-024-52168-x
https://doi.org/10.1039/P19740000976
https://doi.org/10.1002/anie.202106389
https://doi.org/10.1002/anie.202106389
https://doi.org/10.1002/zaac.19754120206
https://doi.org/10.1002/zaac.19754120206
https://doi.org/10.1080/00958970310001624447
https://doi.org/10.1080/00958970310001624447
https://doi.org/10.1038/ncomms14675
https://doi.org/10.1038/ncomms14675
https://doi.org/10.1038/s41929-024-01190-9
https://doi.org/10.1038/s41929-024-01190-9

[29]

[30]

[31]

Journal of Electrochemistry, 2026, 32(6), 2601221 (11 of 12)

Rohrbach D F, Heineman W R, Deutsch E. Thin-layer spec-
troelectrochemical studies of cobalt and copper Schiff base
complexes|[]]. Inorg. Chem., 1979, 18(9): 2536-2542. https://
doi.org/10.1021/ic50199a041.

Chen ] X, Wang XY, Cui X, Li Y'Y, Feng Y Q, Wei Z W. In
situ probing and identification of electrochemical reaction
intermediates by floating electrolytic electrospray mass spec-
trometry[J]. Angew. Chem. Int. Ed., 2023, 62(12): €202219302.
https://doi.org/10.1002/anie.202219302.

Zhao K, Pang WY, Jiang SY, HuCY, Liu PR, Cui D D, An X
E, Tian BJ, Gao C, Zhang P, Tian M, Fu D, Zhao HJ. Operando
reconstruction-induced CO, reduction activity and selectivi-

[32]

[33]

ty for cobalt-based photocatalysis[J]. Nano Res., 2023, 16(4):
4812-4820. https://doi.org/10.1007 /s12274-023-5432-5.

Wu E Jiang F S, Yang ] H, Dai W Y, Lan D H, Shen ], Fang
Z]. Investigation of molecular mechanism of cobalt porphy-
rin catalyzed CO, electrochemical reduction in ionic liquid
by in-situ SERS[J]. Molecules, 2023, 28(6): 2747. https://doi.
org/10.3390/molecules28062747.

Jia] Z, Zhao X H, Hu W H, Wang Y T, Huang ] E, Huang ],
Li H, Peng Y, Ma HY, Xu C L. Role of cobalt phthalocyanine
on the formation of high-valent cobalt species revealed by in
situ Raman spectroscopy[]J]. J. Mater. Chem. A, 2023, 11(15):
8141-8149. https://doi.org/10.1039/D2TA10063K.


https://doi.org/10.1021/ic50199a041
https://doi.org/10.1021/ic50199a041
https://doi.org/10.3390/molecules28062747
https://doi.org/10.3390/molecules28062747

Journal of Electrochemistry, 2026, 32(6), 2601221 (12 of 12)

A R 55 TR — LRSS T W

B4, REAR, K758, £FE, 2R, TR, Wiks, SKIEEE, BUIREL, HIN, T, i
225 0 FRIFERE, L IR S BRI S B RS R, IOR, 11k 1iX 430072, FIE

e
IR HEH A, 2 TR, v R A FRT iR 4t 7 EARY-a. 28T, =T
W5 LR T L SR SOMNE BRI R, 22 AR 7 EATIPERE R R Z R AR R
ET I, ASCE R T AR H I AP E 2 (A RS R B B &) —— P R S BRI L &
Y) (CoHAM) SAEFHBIARBIMERLAY) Co(phen),Cl, HRAZR T —E1E ML — SMHOIER K
RAREIRFIEA TN Z55% I, PR CoHAM KIS Lot iR M RE B i1 4F V% Co(phen),Cl,.
TERVEREE R ROMRIR, M— P S IRAIERINT e, @ PR DU YRR, #nt — &
e = E RIS S AN R A S B R A S S BB S XA B o 1 A7 2 TR RS R0 FL A TR RERY
KUERZNA, TR — S At SR A IR B PR BT R A 1 R

KW TR BRI, SRNEATIMEIL BV, R WO SN (A2




