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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)2Cl2, and 
evaluated their performance in CO2 reduction reaction (CO2RR). The planar CoHAM exhibited dramatically superior 
CO2RR performance compared to the non-planar Co(phen)2Cl2. 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 CO2RR catalysts.
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1. Introduction

Electrochemical CO2 reduction reaction (CO2RR) is 
a promising approach for achieving carbon emission 
reduction and CO2 re-utilization [1–3]. It can convert 
CO2 from industrial exhaust gases into value-added 
fuels and chemicals using renewable electricity [4, 5]. 
However, CO2RR has long been plagued by issues 
such as slow kinetic rates and low selectivity [6–8]. 
Understanding the catalytic structure-performance 
relationship in CO2RR 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 CO2RR 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 CO2RR, 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, 

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


effectively suppressing the hydrogen evolution re-
action (HER) and improving CO2RR 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 
CO2RR 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 CoN4 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 CO2RR 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 CO2RR. Two cobalt complex cata-
lysts, planar CoHAM and non-planar Co(phen)2Cl2, 
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 CO2RR, 
whereas the non-planar Co(phen)2Cl2 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 CO2RR path-
ways catalyzed by CoHAM, and demonstrate that 
Co(phen)2Cl2 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)2·4H2O (Sinopharm Chemical 
Reagent Co., Ltd, AR), CoCl2·6H2O (Shanghai Mack-
lin Biochemical Technology Co., Ltd., 99.9%), KHCO3 
(Shanghai Macklin Biochemical Technology Co., Ltd., 
99.99%), LiClO4 (Shanghai Aladdin Biochemical Tech-
nology Co. Ltd, 99.99%), CNTs (Beijing Bellingwei 
Technology Co., Ltd., 0.5–2 μm), ferrocene (Shang-
hai Aladdin Biochemical Technology Co. Ltd, 99%), 
Nafion-117 (Dupont, 183 μm), Nafion D520 solution 
(Dupont, 5%), D2O (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 µm, 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 MΩ·cm) was prepared by Advance-
dII-16 (Tang’s Kangning Technology Development 
Co., Ltd.).

2.2. Synthesis of CoHAM

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 
a continuous ammonia flow (10 mL·min–1) 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 (H2HAM) 
as a pure product. For the metallation step, H2HAM 
(50 mg) was dissolved in nitrobenzene (10 mL)  
and refluxed at 190 °C for 1 h under a nitrogen at-
mosphere. Concurrently, Co(Ac)2·4H2O (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)2Cl2

CoCl2·6H2O (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 
CoCl2 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 HCl (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)2Cl2 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)2Cl2/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 CO2 reduction reaction 
(CO2RR) 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)2Cl2/CNT, or pris-
tine CNT) in 2 mL of ethanol containing 6 µL of 5 wt% 
Nafion solution, and followed by 1 hour of ultrason-
ication. Then, 250 µL of the ink was drop-cast onto 
a glassy carbon electrode (0.75 cm2), and the as-pre-
pared electrode was thoroughly dried under an in-
frared lamp to serve as the working electrode. The 
electrolyte was a CO2-saturated 0.1 mol·L–1 KHCO3 
aqueous solution (pH = 6.8). A titanium (Ti) plate coat-
ed with iridium oxide (IrO2) was used as the counter 
electrode, and a Hg/Hg2SO4 electrode served as the 
reference electrode. The counter electrode was pre-
pared by coating a paste of IrO2 catalyst and 10 wt%  
Nafion ionome onto a porous Ti substrate, followed 
by drying under infrared lamp irradiation.

For the organic-phase CO2RR, 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 H2O (v/v 39:1) with  
0.1 mol·L–1 LiClO4 as the supporting electrolyte. The 
working and counter electrodes were both 1 × 5 cm2 
carbon paper sheets, and a silver (Ag) wire was used 
as the quasi-reference electrode. A continuous CO2 
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 
1H NMR spectroscopy (WNMR-I spectrometer).

The turnover frequency (TOF) for the electrochem-
ical CO2 reduction was calculated in accordance with 
the following formula:

TOF(s )=
FCO

catalyst Co Co

− ×
×

1 2i FE
m w M

/
/

where i and FECO are the current density and Fara-
daic efficiency for CO production, respectively; F is 
the Faraday constant (96485 C·mol−1); wCo is the cobalt 
loading (0.46%) determined by ICP-OES; mcatalyst is the 
mass of catalyst loaded on the electrode; and MCo is 
the molar mass of cobalt. The TOF was calculated to 
be 2.02 s−1 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–1 
CoHAM in a mixture of DMF and H2O (v/v 39:1) 
containing 0.1 mol·L–1 LiClO4. The CV experiments 
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were conducted at room temperature. A glassy car-
bon electrode with a geometric area of 2 cm × 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)2Cl2

3 mmol·L–1 Co(phen)2Cl2 was dissolved in an aque-
ous solution of 0.1 mol·L–1 KHCO3 as the test solution. 
The Hg/Hg2SO4 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 × 3 cm2 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 CO2 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 μm. 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 
1 mV. Ag/AgCl was used as the reference electrode 
and counter electrode, and a platinum wire (with a 
polyimide capillary tube (I.D. 150 μm, O.D. 365 μm) 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 μm) to the exit of the emitter (O.D. ≈ 20 μm)  
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–1. 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 × 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 μL of a 5 wt% Nafion solution for 0.5 h.  
The working electrode was fabricated by applying 
a total of 30  μL 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/Hg2SO4 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 CO2 and Ar atmospheres were 
0.1 mol·L–1 KHCO3 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)2Cl2 (Details in Experimental 
Section). Briefly, the planar macrocyclic CoHAM was 
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prepared via a two-step reaction: firstly, a macrocy-
clic H2HAM ligand was synthesized by reacting 2,9- 
dichloro-1,10-phenanthroline with ammonia; subse-
quently, it reacted with cobalt(II) acetate tetrahydrate 
(Co(Ac)2·4H2O) to incorporate the Co center [22, 23].  
In contrast, the non-planar Co(phen)2Cl2 was ob-
tained through a simple coordination reaction be-
tween 1,10-phenanthroline and cobalt(II) chloride 
hexahydrate(CoCl2·6H2O) [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 (H2HAM and 
1,10-phenanthroline, Figures S1a–S1b). However, for 
both CoHAM and Co(phen)2Cl2, 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 were recorded  
by dissolving the obtained samples in DMF solution. 
The H2HAM ligand exhibited three characteristic ab-
sorption peaks (λmax) 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 (λmax) 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)2Cl2 (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 H2HAM 

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 
H2HAM ([H2HAM + H]+). After complexation with 
Co2+ ions, two highly characteristic proton-adduct 
peaks emerged at m/z 444.0526 ([CoHAM + H]⁺) and 
m/z 222.5297 ([CoHAM + 2H]2+), directly verifying the 
formation of CoHAM. Regarding the Co(phen)2Cl2, a 
highly distinct signal at m/z 209.5333 corresponding 
to [Co(phen)2]

2+ 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)3]

2+ 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)2·4H2O (Figure S4). A typical shake-
up satellite peak existed at 786.4 eV, corresponding 
to the Co(Ⅱ) oxidation state with a 3d7 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)2Cl2 catalysts with similar chem-
ical states of the central Co sites.

The CO2RR performance of the two cobalt complex 
catalysts was assessed using a homemade H-cell with 
a CO2-saturated 0.1 mol·L–1 KHCO3 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 

Fig. 1. Scheme of the synthesis routes for CoHAM (a) and Co(phen)2Cl2 (b).
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serve as the working electrode [21, 27, 28]. The bare 
CNTs exhibited remarkably low CO2RR selectivi-
ty, with HER being predominant (Figure S6). After 
the introduction of CoHAM, a substantial improve-
ment in CO2RR 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−1 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)2Cl2, the same test 
with CNT support showed that the observed CO2RR 
performance was nearly identical to that of bare 
CNT (Figure S8), likely due to the dissolution and 
loss of Co(phen)2Cl2 in the aqueous electrolyte (sat-
urated solubility ≈ 3 mmol·L–1 in 0.1 mol·L–1 KHCO3). 
To mitigate the influence of catalyst dissolution, the 
CO2RR performance was further evaluated not only 
with a CNT-supported Co(phen)2Cl2 working elec-
trode but also by introducing a saturated concen-
tration of Co(phen)2Cl2 into the electrolyte. The re-
sults, however, were highly anomalous (Fig. 3b). The 

Fig. 2. Characterizations of the CoHAM (a, c, e) and Co(phen)2Cl2 (b, d, f): (a, b) SEM and EDS elemental mapping images, (c, d) UV-vis spectra,  
(e, f) HRMS spectra.
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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 H2 and CO 
were detected as the gas products, and NMR anal-
ysis revealed no CO2RR liquid products (Figure S9).  
Cyclic voltammetric (CV) scans in the presence of 
Co(phen)2Cl2 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)2Cl2 is likely due to its 
instability under the applied potentials, leading to its 
electrochemical reduction during CO2RR.

We further employed a variety of in-situ electro-
chemical spectroscopic techniques to investigate cata-
lyst evolution and detect intermediates under CO2RR 
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–1 LiClO4 in 
DMF/H2O (v/v 39:1), which also exhibited high CO 
selectivity in CO2RR (Figure S11). Therefore, this ho-
mogeneous system enables a comparative analysis 

with the previously discussed heterogeneous CO2RR 
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-S14d). At −0.4 V, a new 
absorption band emerged at around 350 nm, attribut-
ed to the reduction of the Co2+ 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 S14c). 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).

Fig. 3. CO2RR performance of the CoHAM/CNT (a) and Co(phen)2Cl2/CNT (b) in 0.1 mol·L–1 KHCO3 electrolyte. (c) Stability test of the CoHAM/CNT 
for catalyzing CO2RR at −0.9 V vs. RHE.
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To more directly probe the molecular structural 
information under CO2RR 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 0 V to −2.0 V at 20 mV·s–1 starting at 0.2 min. Un-
der CO2 atmosphere, as the cathodic polarization in-
creased, the HRMS signals corresponding to CoHAM 
gradually decreased ([CoHAM + H]+ at m/z 444.0526) 
and [CoHAM + 2H]2+ 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 + H]+. This assign-
ment was confirmed by tandem MS, showing that 

m/z 461.0556 underwent OH-dissociation to yield  
m/z 444.0525 ([CoHAM + H]+, Figure S15). No such 
species was detected under an Ar atmosphere, con-
firming that CoHAM-OH is a CO2RR-derived inter-
mediate (Figure S16).

In-situ electrochemical Raman spectroscopy was 
used to investigate heterogeneous CO2RR intermedi-
ates in 0.1 mol·L–1 KHCO3 electrolyte. Compared to 
the Ar atmosphere (Figure S17), a distinct vibrational 
band appeared at approximately 1492 cm−1 under CO2 
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 KHCO3 solu-
tion and powder don’t have any vibrational bands at 
this Raman shift (Figure S18a). Instead, it can be as-
signed to adsorbed *CO2, 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−1, and 

Fig. 4. (a) Scheme of the in-situ electrochemical HRMS setup. The electrolyte filled in the capillary was 5 mmol·L–1 LiClO4 in DMF/H2O (v/v 39:1) with 
approximately 0.1 mmol·L–1 CoHAM, pre-purged with CO2 or Ar prior to HRMS tests. (b) In-situ HRMS spectra of CoHAM under CO2 atmosphere. 
Cathode polarization started at the position indicated by the arrow. (c) In-situ Raman spectra of CoHAM in CO2 atmosphere (The remaining unassigned 
signals are primarily attributable to CoHAM, as shown in Figure S18b). (d) Proposed reaction mechanism for the CO2RR over CoHAM.
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a Co–O(H) vibrational band emerged near 566 cm−1  

(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 CO2RR, as illustrated in Fig. 4d. At OCP, 
CO2 can adsorb directly onto CoHAM, as evidenced 
by the Raman band at 1492 cm−1. Under the cathode 
polarization, the central Co2+ is electrochemically re-
duced to Co+ (as supported by the UV-vis spectra in 
Fig. S14b), followed by the hydrogenation and deox-
ygenation of *CO2, ultimately forming CoHAM-OH, 
which is detected by HRMS (m/z 461.0556, Fig. 4b) 
and Raman spectra (566 cm−1, 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)2Cl2 with poor 
CO2RR 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)2(CO3)]

+ (m/z 479.0541) was observed, 
suggesting a strong interaction between Co(phen)2

2+ 
and CO3

2−. As the applied potential swept negative-
ly, the MS signal of [Co(phen)2(CO3)]

+ (m/z 479.0541) 
gradually decreased, accompanied by the emergence 
of the parent complex, [Co(phen)2]

2+ (m/z 209.5344). 
Under more negative potentials, the MS intensity of  
[Co(phen)2]

2+ (m/z 209.5344) subsequently dimin-
ished (Figure S20a). Concurrently, the formation of re-
duced species was detected (Figure S20b), including 
[Co(phen)2]

+ (m/z 419.0702), [Co(phen)]+ (m/z 239.0014),  
and [Co(phen)2-CO2+H]+ (m/z 464.0679). The detec-
tion of [Co(phen)]+ (m/z 239.0014) reveals the inherent 
structural instability of Co(phen)2Cl2. The presence 
of [Co(phen)2-CO2+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)2+H]+ at m/z 420.0780 (Figure S21). This 
species indicates strong CO2 adsorption on the re-
duced catalyst, which poisons the active sites and 
thereby impedes the CO2RR process.

4. Conclusions

Two molecular cobalt complexes, a planar macro-
cyclic CoHAM and a non-planar acyclic Co(phen)2Cl2, 
were synthesized using similar phenanthroline-based 
ligands to explore their structure-performance re-
lationships in CO2 reduction reaction (CO2RR). 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)2Cl2 
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 CO2RR mechanism over 
the planar CoHAM catalyst. Meanwhile, mechanistic 
studies on Co(phen)2Cl2 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 CO2 intermedi-
ates. These findings provide valuable insights for the 
future rational design of molecular catalysts aimed at 
efficient CO2 conversion.
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平面与非平面型钴基分子催化剂的二氧化碳电还原行为特征

贾茹, 朱成标, 张子墨, 王托, 杨铠聪, 王光喆, 胡杨, 张婷婷, 魏振威, 肖丽, 王功伟*, 庄林*
化学与分子科学学院, 化学电源材料与技术湖北省重点实验室, 武汉大学, 湖北 武汉 430072, 中国

摘要：
分子催化剂凭借其结构明确、 易于调控的优势, 为电催化反应机理研究提供了理想平台。 然而, 当前

研究主要集中于中心金属或外围配体的调控作用, 空间构型对分子催化剂性能的影响仍缺乏系统探索。 
基于此, 本文合成了两种具有相似配位环境但空间构型不同的钴基配合物——平面型六氮杂大环钴配合
物 (CoHAM) 与非平面型不成环钴配合物 Co(phen)2Cl2, 并系统考察了二者在电催化二氧化碳还原反
应中的特征行为。 结果发现, 平面型 CoHAM 的二氧化碳还原性能显著优于非平面型 Co(phen)2Cl2。 为
了理解性能差异的根源, 进一步结合原位紫外可见光谱、 高分辨质谱以及拉曼光谱技术, 揭示出二者催
化二氧化碳还原中不同的关键中间体与反应路径。这些发现指明分子催化剂空间构型对电催化性能的
关键影响, 亦为高效二氧化碳还原催化剂的理性设计提供了新思路。

关键词： 分子催化剂； 空间构型； 六氮杂大环钴配合物； 二氧化碳还原反应； 催化机理
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