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Electroreduction of CO, into n-propanol is a promising strategy to
mitigate energy and environmental problems. However, achieving
high selectivity of n-propanol at high current density remains a
challenge. In this work, we report an efficient tandem catalyst by
combining cobalt phthalocyanine coordinating with tetrahydro-
furan (CoPc-THF) and CuO derived Cu (OD-Cu). The selectivity of
enhanced over CoPc-THF/OD-Cu tandem
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catalysts, and the faradaic efficiency (FE) of n-propanol reached up
to 16.8% with a current density of 170 mA cm™2. It was demon-
strated that CO, could be converted into CO over CoPc-THF with
nearly 100% FE in a wide potential range, which enhances the CO
coverage on OD-Cu at a high potential, resulting in high selectivity
of n-propanol.

1. We report a green and feasible strategy for widening the potential window for CO production over commercial cobalt phthalocyanine (CoPc) by coordinat-

ing with tetrahydrofuran (CoPc-THF). Then, an efficient tandem catalyst was prepared by combining CoPc-THF and CuO derived Cu (OD-Cu). n-Propanol can
be efficiently produced over CoPc-THF/OD-Cu tandem catalysts from the CO, electroreduction reaction.
2. The faradaic efficiency (FE) of n-propanol reached up to 16.8% with a current density of 170 mA cm™> over CoPc-THF/OD-Cu tandem catalysts. Compared

with the state-of-the-art catalysts, the FE of n-propanol over CoPc-THF/OD-Cu was the highest with such high current density.
3. In future work, it is desired to develop cheaper catalysts which can produce CO at a wide potential range for constructing feasible tandem catalysts.

Introduction

The electrochemical CO, reduction reaction (CO,RR) has the
potential to convert CO, and H,O into a wide range of chemicals
and fuels, offering a promising pathway towards achieving
carbon neutrality."® In recent years, various products (such as
CO, HCOOH, ethylene, ethanol and n-propanol) have been
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obtained from the CO,RR.”™" Among these products, n-propanol
is particularly desirable in light of its high energy density and
high octane number.”>™® It is suitable as an engine fuel, as a
solvent and as a feedstock for n-propyl acetate. However,
achieving high selectivity and activity for n-propanol is
challenging.

The Cu-based catalysts are the most promising electrocata-
lysts for converting CO, into C,, products.’®*® In recent years,
tandem catalysis has been demonstrated as an effective strat-
egy for improving the selectivity of C,, products in the
CO,RR.**?* These methods mainly increase the production of
the key C1 intermediate (CO) on a Cu-based catalyst by
another component to further enhance the production of C,,
products, because the selectivity of C,. products can be
improved by increasing the coverage of CO. According to pre-
vious reports,>> >’ the selectivity of n-propanol can be
improved by using CO as a reactant, thus we can assume that
the design of an efficient tandem catalyst can enhance the
selectivity of n-propanol from the CO,RR.

Recently, molecular catalysts/Cu-based tandem catalysts
have attracted extensive attention.”®*° This is because the
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molecular adsorbate generates a high concentration of the key
early intermediate, CO, yet does not modulate the metallic
active sites germane to the crucial C-C coupling step. For the
common commercial molecular catalyst, CO was produced at a
low potential, and the potential window was narrow.>"3
However, the formation of C,, products usually occurred at
high potentials over Cu-based catalysts, due to the C-C coup-
ling being related to a high energy barrier.**** Thus, matching
the potential window between molecular catalysts and Cu-
based catalysts is crucial to build efficient tandem catalysts
(Fig. 1a). Widening the potential window for producing CO on
a molecular catalyst is an effective strategy to match the poten-
tial window of the molecular catalyst and Cu-based catalyst.
According to a previous report,” a new structure of a mole-
cular catalyst is designed and prepared by introducing func-
tional groups to widen the potential window for producing CO.
However, this strategy is time-consuming and costly.
Therefore, designing a simple and feasible strategy to widen
the potential window for CO production over a commercial
molecular catalyst is a much greener approach.

In this work, we report a simple and feasible strategy for
matching the potential window between commercial cobalt
phthalocyanine (CoPc) and a Cu-based catalyst by widening
the potential window for CO production over CoPc. It was
found that CO, could be converted to CO with nearly 100%
selectivity at a wide potential range over CoPc coordinating
with tetrahydrofuran (CoPc-THF). Thus, an efficient tandem
catalyst was built by combining CoPc-THF and CuO derived Cu
(OD-Cu). The selectivity of n-propanol was enhanced over
CoPc-THF/OD-Cu tandem catalysts, and the faradaic efficiency
(FE) of n-propanol reached up to 16.8% with a current density
of 170 mA ecm™>. Experimental and density functional theory
(DFT) results revealed that the low-valence CoPc was obtained
by coordinating with THF, resulting in high selectivity of CO at
wide potentials. Then, the high CO coverage on OD-Cu was
achieved, resulting in the high selectivity of n-propanol.
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Fig. 1 (a) The diagram of the potential mismatch between the com-

mercial molecular catalyst and Cu-based catalysts. (b) The FE of CO and
CH, at different potentials over CoPc. (c) The FE of C,, products at
different potentials over OD-Cu. (d) The FE of C,, products at different
potentials over CoPc/OD-Cu.
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Results and discussion

The common commercial CoPc was used as the molecular
catalyst for producing the tandem catalyst, because CoPc
exhibited a high FE for CO.*' Firstly, the CO,RR performance
of CoPc was examined in a flow cell with a gas diffusion elec-
trode (GDE) and employing 1 M KOH as the electrolyte. We
found that CO, can be effectively reduced to CO at low poten-
tials (—0.5 to —0.7 V vs. RHE), and the FE of CO was above 90%
(Fig. 1b). However, the production of H, was significantly
enhanced at a high potential (Fig. S11), and the FE of CO was
less than 50% at —0.98 V vs. RHE.

In addition, OD-Cu was used as the Cu-based catalyst,
because it exhibited a high FE for C,. products. CuO was first
prepared (Fig. S21), and OD-Cu was obtained by in situ electro-
reduction. For OD-Cu, CO, can be reduced to C,. products at a
high potential (Fig. 1c and Fig. S31). The maximum FE of total
C,: products was 62% at —0.98 V vs. RHE; however, the FE of
n-propanol was only 10.7%.

From the above results, we can find that CO was produced
at a low potential over CoPc, and the C,, products were
obtained at a high potential over OD-Cu, indicating that the
potential window of CoPc and OD-Cu is mismatched. We
immobilized CoPc on CuO to prepare the CoPc/CuO catalyst,
then CoPc/OD-Cu was obtained by in situ electroreduction. For
CoPc/OD-Cu, the FE of the C,, products is similar to that of
OD-Cu at a low potential (Fig. 1d). However, the FE of C,, pro-
ducts and n-propanol over CoPc/OD-Cu was lower than that of
OD-Cu at a high potential. This is because the FE of H,
increased over CoPc at high potentials, resulting in low activity
of the CO,RR (Fig. S41). Thus, we can assume that matching
the potential windows of CoPc and OD-Cu is crucial to
enhance the selectivity of n-propanol.

Widening the potential window for producing CO on CoPc
is an effective strategy to match the potential window of CoPc
and OD-Cu. According to a previous report,®® the CO,RR per-
formance of CoPc can be tuned by adjusting the electronic
structure of Co. To alter the electronic structure of Co in CoPc,
THF was used to modify CoPc, because THF exhibited a strong
coordination ability. Interestingly, CO, can be efficiently
reduced to CO at wide potentials over CoPc modified by THF.
As shown in Fig. 2a, the FE of CO could reach over 99.0% at
—0.46 to —1.3 V vs. RHE over CoPc-THF, indicating that the
potential window for producing CO of CoPc is widened by
coordinating with THF.

Thus, we can assume that CoPc-THF/OD-Cu will be a prom-
ising tandem catalyst, because CoPc-THF can provide
sufficient CO at a wide potential range, which matches the
applied potentials for C,, products over OD-Cu. Then, we
immobilized CoPc-THF on CuO to prepare the CoPc-THF/CuO
catalyst, and CoPc-THF/OD-Cu was obtained by in situ electro-
reduction. CoPc-THF and OD-Cu were in physically mixed
state. The SEM and TEM images (Fig. S5t) confirmed that
CoPc-THF/OD-Cu had a nanorod morphology, which is similar
to that of CuO. No aggregated CoPc particles can be observed.
The energy dispersive X-ray spectroscopy (EDS) study showed a

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The FE of CO at different potentials over CoPc-THF. (b) The
FE of C,, products at different potentials over CoPc-THF/OD-Cu. (c)
Plot of maximum n-propanol FE versus n-propanol partial current
density for various catalysts during the CO,RR. (d) The FE of C,, alco-
hols (ethanol and n-propanol) and ethylene over OD-Cu and CoPc-
THF/OD-Cu.

uniform distribution of Co, N, O and Cu elements (Fig. S67),
indicating the CoPc-THF was uniformly dispersed on the
OD-Cu catalyst. The X-ray diffraction (XRD) characterization of
CoPc-THF/OD-Cu was carried out (Fig. S71), and the features
of CoPc and Cu were observed on CoPc-THF/OD-Cu,
suggesting that CoPc-THF/OD-Cu was successfully prepared.

The linear sweep voltammetry (LSV) curves over CoPc-THF/
OD-Cu were first determined under CO, and N, atmospheres
(Fig. S8t). The current density over CoPc-THF/OD-Cu in a N,
environment was obviously lower than that under a CO, atmo-
sphere, indicating that the catalyst can promote CO, reduction.
As shown in Fig. 2b, the total FE of C,, products was enhanced
over CoPc-THF/OD-Cu at a low potential. However, the total FE
of C,, products over CoPc-THF/OD-Cu was similar to that of
OD-Cu at a high potential. In addition, it was noted that the
selectivity of n-propanol increased over CoPc-THF/OD-Cu, and
the maximum FE of n-propanol can reach up to 16.8% at
—1.02 V vs. RHE, which is much higher than that of OD-Cu.
Compared with the state-of-the-art catalysts, the FE of n-propa-
nol over CoPc-THF/OD-Cu was the highest with such a high
current density (Fig. 2c and Table S17).

The electrochemical data were analyzed and discussed to
disclose the enhanced catalytic performance towards n-propa-
nol. As shown in Fig. 2d, the FE of the C,, alcohol increased
and the FE of C,H, decreased on CoPc-THF/OD-Cu compared
to that on OD-Cu. In addition, the overall C,, selectivity only
increased slightly on CoPc-THF/OD-Cu, indicating that the
selectivity mainly shifts from producing ethylene to alcohols.
According to a previous report,*® the selectivity of products can
be changed from C,H, to ethanol by increasing the CO cover-
age, because the formation of oxygen-containing C, intermedi-
ates can be enhanced. As shown in Fig. S9,1 the FE of CO
increased on CoPc-THF/OD-Cu, indicating that CoPc-THF can

This journal is © The Royal Society of Chemistry 2025
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provide sufficient CO. Thus, we can assume that CoPc-THF can
provide sufficient CO to OD-Cu, and then the coverage of CO
on OD-Cu can be enhanced, which can increase the formation
of oxygen-containing C, intermediates. Furthermore, the
adsorbed CO can combine with oxygen-containing C, inter-
mediates to form C; intermediates, leading to high selectivity
of n-propanol.

The above results indicate that CoPc-THF played an impor-
tant role in the enhancement of n-propanol, which can provide
sufficient CO at wide potentials. Then, the intrinsic reason for
the efficient CO, conversion to CO over CoPc-THF was investi-
gated. It was reported that molecular catalysts can coordinate
with small molecules,’” resulting in distinct properties. Then,
the ultraviolet-visible (UV-Vis) absorption spectrum was
recorded to explore the coordination between CoPc and THF.>*
When compared to the CoPc solution, these peaks showed a
red shift in the CoPc-THF solution, suggesting that CoPc can
coordinate with the THF (Fig. S107).

In addition, to verify the THF coordination with CoPc
during the CO,RR, dimethylsulfoxide was used to dissolve the
CoPc molecules on the cathode electrode after the reaction,
which was then subjected to spectroscopic characterization.
The peaks of THF were observed in the 'H-NMR spectra
(Fig. S117), indicating that THF is stable and coordinates with
CoPc during the CO,RR. In addition, there was no obvious
change in both the current density and FE of n-propanol
during 10 h electrolysis over CoPc-THF/OD-Cu (Fig. S127), indi-
cating that the catalyst had good stability in the CO,RR.

To verify the role of THF on the performance of CoPc, the
electrochemically active surface areas (ECSAs) of CoPc-THF
and CoPc were determined by measuring the double layer
capacitance (Fig. S137). The ECSA of CoPc-THF was similar to
that of CoPc, indicating that the excellent activity of CoPc-THF
was not due to the change of ECSAs.

It is known that the performance of the CO,RR depended
on the valence state and coordination environment of the cata-
lysts.’® Thus, the electronic structure of Co in CoPc-THF was
explored by X-ray photoelectron spectroscopy (XPS) and X-ray
absorption fine spectroscopy (XAFS). As shown in the fine-
scanned Co 2p spectra (Fig. 3a), CoPc can be fitted with Co**
(781.5 eV) and Co** (779.8 eV),”® and the atomic ratio of
Co®": Co*" is about 1:0.07. For CoPc-THF (Fig. 3b), only Co**
was observed, and two obvious satellite peaks located at
approximately 786.6 eV and 803.1 eV were observed, which
were attributed to the formation of Co>* species.”® Thus, we
can deduce that the electron can transfer from THF (an elec-
tron-donating molecule) to CoPc, resulting in a decreasing
valence state of Co in CoPc-THF. In the Co K-edge X-ray absorp-
tion near-edge structure (XANES), the characteristic absorption
peak at 7715 eV (Peak B) was observed for CoPc and CoPc-THF,
indicating that the planar Co-N, structure of CoPc was not
destroyed (Fig. 3c). However, the intensity of peak B of CoPc-
THF was weaker than that of CoPc, suggesting that the Co-N,
structure was distorted. Furthermore, we can find that the
curve of CoPc-THF exhibits a minor shift to the left compared
with that of CoPc, suggesting that the valence of the Co atom

Green Chem., 2025, 27, 5449-5454 | 5451
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Fig. 3 (a) Deconvoluted Co 3d XPS spectra of CoPc. (b) Deconvoluted
Co 3d XPS spectra of CoPc-THF. (c) XANES spectra of different catalysts
at the Co K-edge. (d) The corresponding Fourier transforms, FT(k*w(k)),
of different catalysts.

in CoPc-THF is slightly lower than that of CoPc.'” These
results are consistent with those of the XPS study, indicating a
lower valence of Co in CoPc-THF.

From the Fourier transform (FT) extended X-ray absorption
fine structure (FTEXAFS), we observed that CoPc exhibits one
major peak at about 1.5 A, which is attributed to the Co-N
bond (Fig. 3d). For CoPc-THF, the peaks of Co-N bonds exhibi-
ted some deviation compared with those of CoPc, indicating
that the coordination environment of the Co atom was
changed. In addition, the Co-N and Co-O coordination
numbers of CoPc-THF were fitted (Fig. S14, S15 and
Table S21). For CoPc-THF, the Co-N and Co-O coordination
numbers were estimated to be 3.8 and 1.0, respectively. Thus,
it can be concluded that CoPc coordinated with THF through
the Co atom and O atom.

Furthermore, the excellent performance for CO production
over CoPc-THF at wide potentials was investigated by DFT
simulations. The CoPc molecule with THF was used to rep-
resent the model of CoPc-THF (Fig. 4a). As shown in Fig. S16,}
the electron density of Co in CoPc-THF is high, suggesting that
the electron can transfer from THF to CoPc. Thus, the valence
state of Co was lower in CoPc-THF, which is consistent with
the results of XPS and XAFS.

As shown in the free energy diagram for the lowest energy
pathways of the CO,RR to CO (Fig. 4b), the activation of CO, to
form *COOH shows the highest free energy barrier at 0 V. The
highest free energy barrier was 0.78 eV for CoPc-THF, which is
slightly higher than that over CoPc (0.65 eV). The Gibbs free
energy for the dominant competitive hydrogen evolution reac-
tion (HER) was also investigated by DFT calculations
(Fig. S17%). The free energy barriers for the formation of H* on
CoPc and CoPc-THF are 0.11 eV and 0.21 eV, respectively, indi-
cating that the HER was suppressed over CoPc-THF. Then, the
difference between thermodynamic limiting potentials for the
CO,RR and HER (U(CO,) — Ui (H,)) was used to explore the
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selectivity of the catalysts.>® The U (CO,) — Ui(H,) values of
CoPc (—0.57 eV) and CoPc/THF (—0.54 eV) are comparable
(Fig. 4c), indicating that the selectivity of CO over CoPc-THF
and CoPc was similar at low potentials, which is consistent
with the performance of the CO,RR. Furthermore, the reaction
energy diagrams were characterized at a negative applied
potential (Fig. 4d and Fig. S187), because CoPc-THF exhibited
high selectivity of CO at a high potential. It can be observed
that the desorption of CO was endergonic with the highest free
energy barrier for CoPc at negative potentials. In contrast, the
pathway of the CO,RR to CO was exergonic over CoPc-THF at a
high potential, suggesting that CO, can be easily converted to
CO. Thus, it can be assumed that the excellent performance of
CO generation over CoPc-THF at high potentials was due to
the easy desorption of CO.

Conclusions

In summary, an efficient tandem catalyst was built by combin-
ing CoPc-THF and OD-Cu. CoPc-THF can provide sufficient CO
to OD-Cu, and then high CO coverage on OD-Cu is achieved,
resulting in the high selectivity of n-propanol. The FE of n-pro-
panol reached up to 16.8% with a current density of 170 mA
cm™>. Experimental and DFT results revealed that the valence
state of Co in CoPc decreased by coordinating with THF, and
then the CO desorption on CoPc increased, resulting in high
selectivity of CO at wide potentials. Although CoPc is a com-
mercial molecular catalyst, the cost of CoPc is still relatively
high. Thus, it is desired to develop a cheaper catalyst which
can produce CO at wide potentials for constructing tandem
catalysts. We believe that this work can provide guidance in

This journal is © The Royal Society of Chemistry 2025
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designing other efficient tandem catalysts for the CO,RR by
matching the potential windows of different catalysts.
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