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Nanoconfinement promotes CO2
electroreduction to methanol on a
molecular catalyst

Guoshuai Shi 1,3, Wendi Zhang2,3, Yikun Kang1,3, Jin Zhao1, Tingyu Lu1,
Chunlei Yang1, Mingwei Chang1, Yuluo Shen1, Xinyang Gao1, Jing Wu1,
Ye-Fei Li 1 , Kecheng Cao2 & Liming Zhang 1

Confining catalysis within a nanospace can effectively regulate intermediate
configurations and product distributions. Here, we demonstrate the inner
cavity of carbon nanotubes (CNTs) as a nanoreactor to promote the electro-
chemical conversion of CO2 to methanol (CH3OH). Cobalt phthalocyanine
(CoPc) molecules are rationally incorporated into CNTs of varying diameters,
exhibiting different CH3OH selectivities. CoPc confined within the CNTs is
more prone to CH3OH production, whereas CoPc located on the exterior
primarily facilitates CO formation. Operando spectroelectrochemical mea-
surements and theoretical calculations demonstrate that the nanoconfined
environment effectively accumulates CO as an intermediate, introduces
structural deformation in CoPc molecules, enhances *CO adsorption on Co
sites, and consequently improves CH3OH production. This work underscores
the significance of local microenvironment in electrocatalysis and presents an
approach to enhancing deep-reduction product selectivity in molecular cata-
lysts through nanoconfinement.

Confining catalysis within a nanospace offers a compelling strategy to
regulate catalytic specificity. As demonstrated in thermal catalysis
within well-defined nanocavities, certain reaction pathways can be
selectively promoted or inhibited due to spatial constraints, modula-
tion of adsorbate configurations, and interactions between inter-
mediates and the cavity interior1–3. Consequently, significant
alterations in product distributions have been observed in various
catalytic processes, including syngas conversion4,5, CO oxidation6,7,
propane dehydrogenation8,9, and stereoselective cyanosilylation10,
upon confinement within nanospaces. Beyond thermocatalysis, the
nanoconfinement effect has also been identified in electrocatalysis,
particularly in complex conversion processes involving multiple
intermediates, where their adsorption can be significantly modulated
in a confined space11–15. For instance, electrochemical CO2 conversion

to valuable carbon-based fuels involves intricate electron-proton
transfer pathways, generating a diverse range of carbon
intermediates16. Therefore, modulating the interactions between
intermediates and catalytic centers in a nanoconfined environment is
expected to provide significant opportunities for tailoring the final
product distribution in CO2 electroreduction.

In electrochemical CO2 reduction (CO2R), selectively converting
CO2 into high-value-added and deeply reduced liquid-phase product
remains a significant challenge and an active research focus. To date,
the most studied metal for effectively transforming CO2 into deeply
reduced chemicals is copper (Cu)17–19. However, Cu exhibits poor
selectivity towards multiple fuel products, thereby increasing the
complexity of downstream product separation. This poor selectivity
stems from the high structural sensitivity of CO2 transformation on
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heterogeneous Cu surfaces18–20. As an alternative to metallic catalysts,
molecular catalysts such asmetal complexes feature single-atomic site
configurations with well-defined M-N4 coordination environments,
serving as ideal platforms for mechanistic investigations21,22. However,
this class of catalysts rarely achieves deeply reduced products beyond
CO21–26, as *CO (adsorbed CO intermediate) desorption is highly
favored at these single-atomic centers. Recently, several studies have
reported the electrochemical production of methanol (CH3OH) from
CO2 at the single-Co site of cobalt phthalocyanine (CoPc)27,28, parti-
cularly whenCoPc is dispersed on carbon nanotubes (CNTs).While the
mechanistic aspects of CH3OH formation have been explored27–32,
atomic-level insights into the precise structure of CoPc/CNTs and the
influence of structural modifications on CO2R pathway selection
remain elusive.

CNTs feature well-defined one-dimensional hollow interiors
enclosed by curved graphene walls, offering significant potential for
the encapsulation of molecules or nanoparticles within their
nanocavity33–39. Catalysts confined within such nanoscale environ-
ments may behave differently compared to their bulk counterparts.
Typically, CoPc catalyzes the electrochemical reduction of CO2 to CO
rather than >2e- products22,25,26, requiring more than two electrons per
molecules for product formation. This selectivity arises from the weak
adsorption and short residence time of *CO on Co catalytic sites.
However, this behavior can be significantly modified within a nano-
confined space, such as the interior of a CNT. In such a confined
environment, the residence time of desorbed CO molecules is inevi-
tably extended due to steric constraints, leading to CO accumulation
within the confined space and restricting *CO desorption, in accor-
dance with reaction equilibrium principles. Since *CO serves as a key
intermediate for the formation of deeply reduced products, we
hypothesize that this phenomenonmay facilitate the further reduction
of *CO to >2e- products, such as CH3OH, as schematically illustrated
in Fig. 1.

In this study, we systematically designed CNTs with five dif-
ferent diameters as scaffolds to encapsulate CoPc, revealing a
strong correlation between CH3OH yield and the inner diameter
(ID) of CNTs. Notably, CH3OH selectivity was significantly
enhanced when CoPc was confined within CNTs of optimal ID.
Moreover, modifications in the CO2 supply pathway at the
exterior of CNTs were found to have a negligible impact on
CH3OH production inside. Operando spectroelectrochemical
characterizations and density functional theory (DFT) calcula-
tions demonstrated the confined space effectively enriched CO
and induced structural deformation in CoPc molecules, thereby
substantially improving *CO adsorption on Co sites and facilitat-
ing its further reduction to CH3OH. This work highlights the cri-
tical influence of local electrochemical microenvironments and
establishes nanoconfinement as a viable strategy to promote
deep-reduced product formation in CO2 electrolysis using mole-
cular catalysts.

Results
Encapsulating CoPc in CNTs
Since the ID of CNT dictates molecular encapsulation, we investigated
CNTs with five different diameters as scaffolds for embedding CoPc,
denoted as CNTs(I, II, III, IV, and V),with increasing ID (seeMethods for
details). The IDs and outer diameters (ODs) of CNTs(I ~ V) were
determined based on high-resolution transmission electron micro-
scopy (HR-TEM) observations and summarized in Supplementary
Table 1. According to previous studies, CNTs are expected to be wet-
table by liquidswith a surface tensionbelow 100–200mNm–1, allowing
for their filling through the open ends36,39. A schematic representation
of the catalyst design is shown in Fig. 2a.

To confirm the location of CoPc within different CNTs, we
employed HR-TEM imaging and corresponding TEM simulations.
Notably, CoPc was exclusively observed on the exterior surface of
CNT(I), as its ID (1–2 nm) is comparable to the molecular size of CoPc
(~1.2 nm), restricting capillary-driven encapsulation (Fig. 2b). Struc-
tural models and TEM simulations further demonstrated that CoPc
molecules wrapped around CNT(I) rather than being incorporated
inside. In contrast, CoPc exhibited a high probability of being encap-
sulated within CNTs(II ~ V), which possess larger IDs (Fig. 2c and Sup-
plementary Fig. 1). Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HADDF-STEM) further
confirmed the spatial distribution of Co within CNTs (Fig. 2d). The
presence of high-density bright spots corresponding to single Co sites
predominantly inside CNTs suggests the successful encapsulation of
CoPcmolecules. The precise Co content was quantified via inductively
coupled plasma optical emission spectrometry (ICP-OES), revealing
that CoPc/CNTs(I ~ V) exhibited comparable Co loadings (Supple-
mentary Table 2).

Promoted CH3OH production at the interior of CNTs
We evaluated the catalytic activity and selectivity of CoPc/CNTs(I ~ V)
in a CO2-saturated 0.1M KHCO3 aqueous solution (pH= 6.8 ± 0.1)
using a two-compartment H-cell at room temperature (23 ± 2 °C).
Notably, despite having similar CoPc loading concentrations, CoPc/
CNTs(I ~ V) exhibited significant variations in CH3OH selectivity
depending on their IDs. For CoPc/CNT(I), where most CoPc molecules
were located on the exterior surface of CNTs, CO and H2 were
observed as the predominate products (Fig. 3a). The maximum Far-
adaic efficiency (FE) for CH3OH was below 3% at −0.96 V versus the
reversible hydrogen electrode (VRHE). In contrast, CoPc/CNTs(II ~ V)
effectively catalyzed CO2 reduction to CH3OH, as illustrated in Fig. 3b
and Supplementary Fig. 2. In particular, CoPc/CNT(III) exhibited a
strong preference for CH3OH production, achieving a maximum FE of
approximately 41% and a partial current density of 7.3mA/cm2 at −0.96
VRHE (Fig. 3c). Given the HR-TEM observations, it is reasonable to infer
that CoPcmolecules encapsulated within CNTs provide active sites for
CH3OH formation. The turnover frequency (TOF)was calculated based
on both the CH3OH production rate (Supplementary Fig. 3) and the

Fig. 1 | A schematical illustration depicting the inner cavity of a CNT as a nanoreactor for promoting CO2-to-CH3OH conversion.
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number of Co atoms in CoPc/CNTs(I ~ V). As illustrated in Supple-
mentary Fig. 4, the TOF values of CoPc/CNTs(II ~ V) exhibit a significant
enhancement, approximately one order ofmagnitude higher than that
of CoPc/CNT(I). This pronounced difference underscores the critical
role of nanoconfinement in promoting CH3OH production.

To confirm that encapsulated CoPc molecules exhibit higher
activity toward CH3OH production, we modulated the relative
CO2 concentrations inside and outside CNTs. Due to mass trans-
port limitations within CNTs, the CO2 concentration in the
interior is less sensitive to external CO2 supply variations than
that in the exterior. CO2R was performed using CoPc/CNT(III) in a
flow cell with a gas-diffusion electrode (GDE), a setup widely
employed to enhance CO2 supply. Unlike the product distribution
observed in the H-cell, CO was the predominant product at all
tested potentials in the flow cell (Fig. 3d and Supplementary
Fig. 5). This drastic enhancement in CO production can be
attributed to the increased CO2 availability at the exterior surface
of CNTs, where CoPc predominantly catalyzes CO2 reduction to
CO. However, due to mass transport constraints, the CO2 con-
centration inside CNTs remained largely unchanged, explaining
the suppressed CH3OH formation in the flow cell. These findings
further support that encapsulated CoPc molecules preferentially
catalyze CO2 reduction to CH3OH. To further validate our
hypothesis, we reduced the CO2 concentration in the H-cell by
diluting CO2 with Ar and performed CO2R on CoPc/CNT(III).
Under a 10 vol.% CO2 condition, CO2R was significantly inhibited,
and hydrogen evolution became the dominant reaction

(Supplementary Fig. 6). Interestingly, compared with the 100
vol.% CO2 condition, the FE of CO sharply decreased from 20 to
5% at −0.95 VRHE, whereas the FE of CH3OH only declined from 41
to 29%. We attribute this difference in selectivity to the distinct
CO2 concentration variations inside and outside CNTs when CO2

supply was diluted. The CO2 concentration inside CNTs was less
effected by external dilution due to inherent mass diffusion lim-
itations, leading to relatively stable CH3OH production. In sum-
mary, these results demonstrate that CO and CH3OH are primarily
produced by CoPc molecules located on the exterior and interior
surfaces of CNTs, respectively.

To further confirm the preferential CO selectivity of CoPc located
on the external surface of CNTs, we investigated the influence of
synthesis conditions on the CO2R selectivity of CoPc/CNT(III). By
omitting ultrasonication and shortening the stirring duration (see
Methods), we reduced the likelihood of CoPc molecules penetrating
into the interior of CNT(III), which resulted in decreased CH₃OH
selectivity and increased CO selectivity (Supplementary Fig. 7a, c).
Furthermore, we found that the incorporation of CoPc into CNTs pri-
marily occurs during the solvent-wetting step, while undissolved CoPc
tends to remain on the outer surface. Consequently, reduced CoPc
solubility in the organic solvent leads to fewer CoPc molecules being
encapsulated within the CNT interior. To further suppress CoPc
encapsulation, ethanol was employed as the solvent (see Methods),
owing to its significantly lower CoPc solubility compared to N,N-
dimethylformamide (DMF)40. As shown in Supplementary Fig. 7b, c,
CoPc/CNT(III) synthesized in ethanol exhibited significantly lower

Fig. 2 | Encapsulation of CoPcwithin CNTs. a Schematic illustration depicting the
encapsulation of CoPc inside CNTs with varying IDs. The inset presents the mole-
cular structure of CoPc. b, c, HR-TEM images (left) of CoPc/CNT(I) (b) and CoPc/
CNT(III) (c), accompanied by corresponding structural models (middle) and

simulated TEM images (right). The regions with darker contrast, attributed to Co
atoms, are highlighted with yellow circles. d HR-TEM (top) and HADDF-STEM
(bottom) images of CoPc/CNT(III) at the same location, confirming the successful
encapsulation of CoPc molecules.
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CH3OH selectivity and higher CO selectivity than its DMF-synthesized
counterpart. These findings provide strong evidence that CoPc mole-
cules located on the CNT exterior preferentially promote CO2 reduc-
tion to CO rather than CH₃OH.

Enriched CO and structural deformation of CoPc under
nanoconfinement
To rationalize the high CH3OH yield observed at the CNT interior, we
first propose that the localized CO enrichment within the confined
spaceplays a crucial role inCH3OHproduction. The steric confinement
imposed by the carbon nanowalls leads to a higher CO concentration
around CoPc, thereby restricting the free desorption of *CO from Co
sites and facilitating its further reduction. To validate this hypothesis,
we performed electrochemical CO reduction (COR) in a flow cell
equipped with a GDE. Compared to CO2R, COR significantly enhanced
both the selectivity and yield of CH3OH. The maximum FE and partial
current density on CoPc/CNT(III) reached 74% and 20.1mA/cm2 at
−0.94 VRHE, respectively (Supplementary Fig. 8a). These results
underscore the essential role of high local CO concentration in CH3OH
production. Additionally, the COR performance of CoPc/CNT(I) was
evaluated (Supplementary Fig. 8b). Although the yield and selectivity
of CH3OH improved compared to CO2R, the CH3OH production on
CoPc/CNT(I) remained inferior to that on CoPc/CNT(III) (see detailed
comparison in Fig. 4a). These findings suggest that, in addition to CO
enrichment, other factorsmay also contribute to the enhancedCH3OH
production within the CNT interior.

To further investigate these factors, we employed X-ray absorp-
tion spectroscopy (XAS) to examine the electronic structure and
coordination environment of Co after CoPc encapsulation. Fourier-
transformed extended X-ray absorption fine structure (FT-EXAFS)
analysis confirmed that the coordination shells of Co remained
unchanged compared to those in pristine CoPc molecules (Supple-
mentary Fig. 9), indicating thatCoPc retained its isolated configuration
upon encapsulation. The X-ray absorption near-edge structure
(XANES) spectra in Fig. 4b demonstrated that CoPc absorbed on
CNTs(I ~ V) exhibited identical edgepositions between thoseofCo(II)O
and Co(III)(NH3)6Cl3, suggesting that the oxidation state of Co was not
a determining factor for CH3OH selectivity. Notably, CoPc/CNT(I)
exhibited the strongest 1s→4pz transition at ~7716 eV, while this tran-
sition was suppressed in CoPc/CNTs(II ~ V) under confinement (see
Fig. 4b inset and Fig. 4c). The weakened 1s→4pz transition indicates a
reduction in the D4h planar symmetry of CoPc molecules, suggesting
that CoPc undergoes substantial structural deformation when con-
fined within CNTs. Furthermore, a systematic trend was observed: as
the ID of CNTs increased, the intensity of the 1s→4pz transition gra-
dually recovered, implying a weakening of CoPc deformation due to
diminishing nanoconfinement effects.

DFT calculations were performed to simulate the molecular
structure of CoPc adsorbed on CNTs with varying diameters. Models
were constructed for CoPc adsorbed externally on CNTs with an OD
of 3 nm (CoPc-out/CNT) and internally on CNTs with ID ranging from
3 to 40 nm (CoPc-in/CNTs) to represent CoPc/CNT(I) and CoPc/

Fig. 3 | Enhanced CH3OH production within the CNTs interior. a–b Product
distribution and corresponding current density of CO2R in 0.1M CO₂-saturated
KHCO₃ solution (pH =6.8 ± 0.1) at various applied potentials for CoPc/CNT(I) (a)
and CoPc/CNT(III) (b), respectively. c Comparison of maximum FE and partial
current density of CH3OH among CoPc/CNTs(I ~ V). Data are presented as mean
values ± standard deviation. The standard deviation is obtained based on three

independent samples. d Comparative analysis of current density and FE of CH3OH
in a flow cell versus an H-cell, under 100 vol.% and 10 vol.% CO2 supply conditions.
The resistance value of H-cell and flow cell is 10 ± 2Ω and 2.2 ± 0.3Ω, respectively.
The gas flow rate of H-cell and flow cell is 5mL/min and 20mL/min, respectively.
The mass loading is ~0.4mg/cmgeo

2. All measurements were performed at room
temperature (23 ± 2 °C).
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CNTs(II ~ V), respectively (see Supplementary Fig. 10). To quantify
the deformation, we used the angle between two opposite Co-N
bonds (denoted as ∠N-Co-N) as a structural descriptor. In an ideal
planar configuration, ∠N-Co-N is 180°. Within the CNT interior, a
smaller ID resulted in stronger CoPc deformation, leading to a
reduced ∠N-Co-N. For instance, as shown in Fig. 4d, ∠N-Co-N
decreased from 178.6° to 171.6° as the CNT ID decreased from 40 to
3 nm. Additionally, CoPc adsorbed externally exhibited less defor-
mation than when enclosed inside the CNT, e.g., the ∠N-Co-N of
CoPc adsorbed on the outer surface of CNT(OD 3 nm) was measured
to be 177.2°, while that of CoPc encapsulatedwithin CNT(ID 3 nm)was
reduced to 171.6°. These results theoretically support the structural
distortion of CoPc induced by nanoconfinement.

In addition to structural deformation, we further evaluated
the adsorption free energy (ΔGads) of CoPc on the inner walls of
CNTs with diameters of 1.5, 2, 3, 5, 10, and 20 nm. As shown in
Supplementary Fig. 11, the adsorption free energies of CoPc range
from +0.64 to +1.58 eV, with the smallest CNT (d = 1.5 nm) exhi-
biting the lowest value (+0.64 eV), primarily due to steric repul-
sion between the CoPc molecule and the highly curved CNT
surface. When the CNT diameter exceeds 5 nm, the adsorption
free energy approaches ~1.6 eV, which ensures the stable

adsorption of CoPc. These findings confirm that CNTs with dia-
meters above 5 nm are capable of stably adsorbing CoPc. Notably,
we observed an inverse correlation between CoPc deformation
and adsorption energy as a function of CNT diameter, suggesting
that steric repulsion, rather than π-π stacking, plays a dominate
role in molecular distortion. In contrast, the previous study41

demonstrated that CoPc deformation and adsorption energy
exhibit consistent trends on the external CNT surfaces, where π-π
stacking dominates the interaction. These findings underscore
the distinct interaction mechanisms between CoPc and the inner
versus outer CNT surfaces, emphasizing the unique confinement
effects within CNT channels.

To further validate these findings, we employed the finite differ-
ence method for near-edge structure (FDMNES) calculations42,43 to
simulate the theoretical XANES at the Co K-edge, which accurately
reproduced our experimental spectra (Supplementary Fig. 12). The
calculated intensity of the 1s→4pz transition for CoPc/CNTs(I ~ V)
exhibited a similar trend to that observed experimentally (Fig. 4e),
confirming the validity of our DFT models. Notably, we found that
structural deformationmodulated the adsorption energy of *COonCo
sites. As shown in Fig. 4f, stronger deformation (smaller ∠N-Co-N) led
to enhanced *CO adsorption. Taken together, these findings

Fig. 4 | CO enrichment and CoPc deformation under nanoconfinement.
a Comparison of FE and partial current density for CH3OH in CO2R and COR on
CoPc/CNT(I) and CoPc/CNT(III), respectively. b XANES spectra of CoPc/CNTs(I ~ V)
and pristine CoPc at the Co K-edge; CoO and Co(NH3)6Cl3 are shown as reference

compounds. c Intensity of the 1s→4pz transition at the Co K-edge in CoPc/
CNTs(I ~ V). d–f ∠N-Co-N angle in CoPc (d), simulated 1s→4pz transition at the Co
K-edgebasedonFDMNEScalculations (e), and calculated *COadsorptionenergy (f)
in CoPc/CNTs(I ~ V).
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demonstrate that encapsulating CoPc within CNTs simultaneously
enriches CO and induces structural deformation, collectively altering
*CO adsorption energetics and thereby promotingCH3OHproduction.

Mechanistic understanding toward CH3OH production
To monitor the process of CO2 electrolysis, operando XAS was con-
ducted. Figure 5a and Supplementary Fig. 13 present the operando
XANES spectra of CoPc/CNTs(I ~ V), where minimal shifts in the
absorption edge were observed across different applied potentials,

indicating that the oxidation state of Co remained largely unchanged.
However, the intensity of the 1s→ 3d transition (~7110 eV) in the pre-
edge region exhibited significant variation under different applied
potentials (Fig. 5b). Under a negative potential, the adsorption of *CO
on Co led to a pronounced enhancement in the 1s→ 3d transition due
to the formation of back-donatingπ bonds between *CO and Co44. The
effect of *CO binding on the pre-edge features of CoPc was further
corroborated by FDMNES calculations, as illustrated in Supplemen-
tary Fig. 14.

Fig. 5 | Mechanistic insights into CH3OH production. a Operando Co K-edge
XANES spectra of CoPc/CNT(III) under different applied potentials. b Variation in
1s→ 3d transition intensity of CoPc/CNTs(III) under different applied potentials. c
Comparative analysis of the 1s→ 3d transition intensity in CoPc/CNTs(I ~ V) at −1.0

VRHE. dOperando ATR-SEIRAS spectra of CoPc/CNT(I) and CoPc/CNT(III) recorded
under various applied potentials. e Free energy profiles for CO2R to CO, CH4, and
CH3OH on CoPc-in/CNT(ID 3 nm).
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To compare the *CO adsorption on CoPc/CNTs(I ~ V), we quanti-
fied the intensity of the 1s→ 3d transition as an indicator of *CO cov-
erage on CoPc. Notably, CoPc/CNT(III) exhibited a marked increase in
1s→ 3d intensity under negative potential, whereas CoPc/CNT(I) dis-
played negligible changes (Supplementary Fig. 13). Thus, it is reason-
able to infer that a greater number of *CO intermediates were
adsorbed on CoPc/CNT(III), indicating its enhanced *CO adsorption
capability. Further comparison of the 1s→ 3d intensity across CoPc/
CNTs(I ~ V) at −1.0 VRHE (Fig. 5c) revealed that all CoPc/CNTs(II ~ V)
exhibited a stronger 1s→ 3d transition than CoPc/CNT(I), confirming
that nanoconfinement significantly enhances *CO adsorption on cat-
alytic Co centers. To directly track *CO adsorption, we performed
operando attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS). For CoPc/CNT(III), a *CO sig-
nal at ~1920 cm–1 was detected below –0.2 VRHE. In contrast, no *CO
signal was observed on CoPc/CNT(I) across the entire potential range
(Fig. 5d), indicating weak *CO adsorption on CoPc/CNT(I), consistent
with our operando XANES findings. To gain mechanistic insights into
theCO2-to-CH3OHconversion,weexamined the energyprofiles of CO2

electrolysis on CoPc-in/CNT (ID 3 nm), as depicted in Fig. 5e. Themost
favorable CH3OH formation pathway was identified as *CO2→ *COOH
→ *CO → *CHO → *CH2O→ *CH2OH→ *CH3OH→ * + CH3OH, based on
DFT calculations. Under U = −1.0 VRHE and pH = 6.8, *CO preferentially
underwent further reduction rather than desorbing as CO. Notably, a
more negative potential further facilitates the reduction of *CO rather
than its desorption to CO(g) (Supplementary Fig. 15). Consequently,
the onset potential for CH3OHproductionwasmorenegative than that
for CO in the experiments. Additionally, the formation pathway of CH4

from *CO was studied, which proceeded through the sequence *CO →
*CHO → *CH2O→ *OCH3→ *O+ CH4. The cleavage of the C–O bond in
*OCH3 was found to be energetically demanding, thereby increasing
the energy barrier for CH4 formation and resulting in its lower selec-
tivity compared to CH3OH.

On the other hand, the hydrogen evolution reaction (HER) is
the primary competing pathway that may reduce the efficiency of
CO2R. To further elucidate this issue, we performed free energy
calculations for HER and compared them with those of CO₂R
(Supplementary Fig. 16). Our results indicate that the free energy
changes of the potential-determining steps (PDS) for both CO₂R
and HER are nearly identical, suggesting a strong competition
between the two pathways. Furthermore, we compared the
adsorption energies of *CO₂ and *H at various potentials and
observed that *H adsorption becomes more favorable than *CO₂

adsorption as the potential becomes more negative (Supple-
mentary Fig. 17). This trend is consistent with our experimental
observations: the FE of HER is only 4% at –0.83 VRHE, but increases
to 55% at –0.98 VRHE. We believe that HER competition could
be effectively mitigated in future studies through modulation
of the interfacial environment and optimization of reactor
configuration.

Discussion
In this work, we demonstrated that the inner cavity of CNTs can serve
as a nanoreactor to facilitate the electrochemical reduction of CO2 to
CH3OH by CoPc. The steric confinement restricted the outward dif-
fusion of CO and suppressed the free desorption of *CO from Co
catalytic sites. More importantly, the encapsulated CoPc molecules
experienced more pronounced structural deformation, resulting in
enhanced *CO adsorption. Both effects synergistically promoted the
deep reduction of *CO, thereby enhancing CH3OH production. By
tuning the ID of CNTs, we achieved a maximum CH3OH selectivity of
41%, with CH3OH being the sole liquid product. Overall, we explicitly
apply the concept of nanoconfinement to rationalize the unique
CH₃OH selectivity observed in CoPc/CNTs. This study offers insights
into the mechanistic understanding of CO₂-to-CH₃OH conversion and

enhances our comprehension of howconfinedenvironments influence
catalytic pathways and product selectivity.

Methods
Synthesis of CoPc/CNTs(I ~ V)
All CNTs were pretreated by calcination and acid washing before use.
Specifically, the CNTs were calcined at 400 °C in air for 5 h to remove
amorphous carbon. After annealing, the CNTs were thoroughly
washed with 10wt% HCl aqueous solution and deionized water to
eliminatemetal impurities. CoPc/CNTs were synthesized by dissolving
2mg of CoPc in 30mL of DMF, followed by dispersing 30mg of pur-
ified CNTs in the CoPc/DMF solution. The mixture was sonicated for
30min and stirred for 48 h to facilitate the infiltration of the solution
into CNTs. Subsequently, the sample was centrifuged and thoroughly
washed with DMF, ethanol, and deionized water. Finally, the CoPc/
CNTs powder was obtained after lyophilization.

Synthesis of CoPc/CNT(III) via mild stirring
Initially, 2mg of CoPc was dissolved in 30mL of DMF, followed by the
addition of 30mg of purified CNT(III). The mixture was gently stirred
for 30min at room temperature. After stirring, the sample was cen-
trifuged and thoroughly washed with DMF, ethanol, and deionized
water. The final product was obtained after lyophilization.

Synthesis of CoPc/CNT(III) using ethanol as solvent
Initially, 2 mg of CoPc was dissolved in 30mL of ethanol, followed
by the addition of 30mg of purified CNT(III). The mixture was
sonicated for 30min and stirred for 48 h. Subsequently, the
sample was centrifuged and thoroughly washed with DMF, etha-
nol, and deionized water. Finally, the powder was obtained after
lyophilization.

TEM characterization
The CoPc/CNTs samples were dispersed in ethanol and drop-casted
onto a TEM copper grid. HR-TEM and STEM imaging were performed
using a spherical aberration-corrected transmission electron micro-
scope (GrandARM300F, Japan) operated at an accelerating voltage of
80 kV at room temperature. HR-TEM images were acquired with an
exposure time of 1.0 s using a Gatan Oneview IS Camera. The vacuum
level in the sample chamber was maintained at ~5 × 10–6Pa. Simulated
TEM imagesweregenerated using themultisliceprogramQSTEM,with
the spherical-aberration coefficient (Cs) set to 2.7μm and defocus set
to -15 nm based on experimental calibration. The electron beam dose
for simulations was 5 × 106 e/nm2.

Working electrode preparation
The catalyst ink was prepared by dispersing 2mg of CoPc/CNTs and
6μL of 5 wt % Nafion in 2mL of ethanol. The ink was sonicated for at
least 1 h to achieve thorough dispersion. For CO2R measurements in
the H-cell, 200μL of the catalyst ink was drop-casted onto a carbon
paper (Toray 030) with a geometric area of 0.5 cm2 and dried over-
night at room temperature. For electrochemical measurements in
the flow cell, 400μL of the catalyst ink was drop-casted onto a gas
diffusion layer (YLS 30 T) with a geometric area of 1 cm2 and dried
overnight at room temperature. The mass loading of CoPc/CNTs is
~0.4mg/cmgeo

2.

Electrochemical measurements
The catalytic performance was evaluated in a customized H-cell, where
the two compartments were separated by a Nafion 117 proton exchange
membrane. The Nafion membrane underwent an immersion treatment
in a 5% hydrogen peroxide solution at 80 °C for an hour, followed by
rinsing in deionized water for 30min, then treatment in 5% sulfuric acid
(bymass) at 80 °C for another hour, and a final deionizedwater rinse for
30min. Each compartment contained 10mL of 0.1M KHCO3 aqueous
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electrolyte, and the working electrode compartment was designed to be
gas-tight for precise quantification of gaseous products. The electrolyte
was saturated with CO2 by purging at a flow rate of 5 sccm for 30min
before and during each measurement. No special storage conditions
were needed for the electrolyte beyond room temperature. Ag/AgCl
(3.5M KCl, Gaoss Union, Inc.) and Pt mesh were employed as the
reference and counter electrodes, respectively. All electrochemical
measurementswere performed at room temperature (23 ± 2 °C) using a
Gamry Interface 3000 potentiostat. The flow rate verification was con-
ducted using a bubble flowmeter at the cathode chamber’s outlet. All
reported potentials were converted to the RHE scale with 100% resis-
tance compensation, using the following formula:

Evs:RHE = Evs:Ag=AgCl +0:205V +0:0591 × pH� i×R ð1Þ

where pH represents the electrolyte pH, ~6.8 ± 0.1 in 0.1M CO₂-
saturated KHCO3 solution. The potential of the Ag/AgCl reference
electrodewas calibrated against a reversible hydrogen electrode (RHE,
Gaoss Union, Inc.). Potentials include a full iR compensation, with the
uncompensated resistance (RΩ) determined by extrapolating high-
frequency impedance data, averaging around 10 ± 2Ω in 0.1M
KHCO3. The non-iR corrected voltammograms for CoPc/CNTs(I ~ V)
was shown in the Supplementary Fig. 18.

For CO2R and COR measurements in the customized flow cell, a
GDE-supported catalyst was used as the working electrode, while Ag/
AgCl and Ni foam served as the reference and counter electrodes,
respectively. A NafionN117membranewas used to separate the anodic
and cathodic compartments. CO2 or CO gas (flow rate, 20 sccm) was
continuously supplied to the cathodic electrolyte,while a0.5MKHCO3

electrolyte (10mLmin−1) was circulated in both compartments using a
peristaltic pump.

Product quantification
The gaseous products were analyzed using an online GC (Agilent
7890B) equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID). Liquid products were quantified using
a 400MHz NMR spectrometer (AVANCE III HD) with dimethyl sulf-
oxide (DMSO) as the internal standard. The solvent pre-saturation
techniquewas implemented to suppress thewaterpeak45. The Faradaic
efficiency and production rate were calculated according to the fol-
lowing equations:

Calculation of the Faradaic efficiency of gas products:

FEðgasÞ=
Ff low ×

Cgas

Vm

� �
×n × F

Itotal ×60
× 100 ð2Þ

Calculation of the Faradaic efficiency of liquid products:

FEðliquidÞ= Cliquid ×V ×n×F

Qtotal
× 100 ð3Þ

where:
FE (gas): Faradaic efficiency of the gas product (%)
FE (liquid): Faradaic efficiency of the liquid product (%)
Fflow: flow rate of CO2 (mL min–1)
Cgas: volume fraction of gas product determined by online GC
Vm: molar volume of an ideal gas (24.5mLmol–1 at NTP)
Cliquid: concentration of liquid product after electrolysis, deter-

mined by NMR (mol L-1)
V: volume of electrolyte in the working compartment (L)
Itotal: steady-state cell current (A)
Qtotal: total charge passed during 1 h of electrolysis (C)
n: number of electrons transferred per product molecule
F: Faradaic constant (96,485Cmol–1)

Operando XAS measurement
Experiments were conducted at the BL11B beamline of the Shanghai
Synchrotron Radiation Facility (SSRF). A monochromatized X-ray
beam was generated using a double-crystal Si(111) monochromator,
and the photon energywas calibrated to thefirst inflection point of the
Co K-edge (7709 eV) using a Co foil reference. All spectra were col-
lected in fluorescence mode using a Lytle detector filled with argon
gas. The acquired spectra were normalized and analyzed using the
ATHENA software package.

Operando XAS measurements were performed using a custom-
designed three-electrode H-cell (Supplementary Fig. 19). The working
electrode was prepared by depositing CoPc/CNTs onto carbon paper
at a loading of ~2mg/cm2. A Pt wire and an Ag/AgCl electrode were
used as the counter and reference electrodes, respectively. A 0.1M
KHCO3 electrolyte was used, with continuous CO2 bubbling through-
out the measurements.

FDMNES calculation
Co K-edge XANES simulations were performed using the FDMNES
software, which employs the Finite Difference Method (FDM) and the
Green’s formalism (multiple scattering) on a muffin-tin potential42,43.
The structural models of CoPc/CNTs were generated and optimized
using DFT calculations. The radius used in the XANES simulations was
set to 6.5 Å.

Operando ATR-SEIRAS experiments
Operando ATR-SEIRAS experiments were conducted using a custo-
mized spectroelectrochemical cell on a Nicolet 6700 spectrometer,
equipped with a liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector and an attenuated total reflection (ATR) accessory. A
thin Au film was chemically deposited onto the surface of a silicon
prism. Subsequently, the catalyst ink was drop-casted onto the pre-
deposited Au film and air-dried to prepare the working electrode. An
Ag/AgCl electrode was used as the reference electrode, and a graphite
rod served as the counter electrode. The electrolyte was 0.1M KHCO3

with continuous CO2 bubbling. All electrochemical tests were con-
trolled using a Gamry Interface 1010 potentiostat. All spectra were
recorded in absorbance units at a resolution of 4 cm-1, with 64 scans
per spectrum.

Computational methodology
A hybrid Quantum Mechanics/Machine Learning (QM/ML) method46

was employed to simulate CoPc/CNTs with diameters ranging from
3 nm to 40 nm. In the QM/ML approach, the CoPc/CNTs system was
divided into three regions: inner, boundary, and outer. The inner
region comprised the CoPc active site and partial CNT substrate atoms
interacting with CoPc, while the outer region contained atoms distant
from the active site. The boundary region was located between the
inner and outer regions, as illustrated in Supplementary Fig. 20. The
inner and boundary regions were treated with quantum mechanics
(QM), while the outer and boundary regions were modeled using
machine-learning (ML) potentials. Hydrogen atoms were employed as
link atoms to cap unsaturated carbon atoms in both the QM and ML
regions. Constrained optimization was subsequently conducted using
Lagrange multipliers, which enforced the overlap of atomic coordi-
nates in the boundary regions of both QM and ML domains. More
details on the computational methodology can be found in Supple-
mentary Information and our previous work46. The atomic coordinates
of the optimized computational models were provided as Supple-
mentary Data 1.

For the ML region, a global neural network (G-NN) potential
developed by our group was employed47. The G-NN potential follows
the Behler-Parrinello NN framework with atoms as the objects for
energy resolution and summation, where the input layer utilizes the
power-type structure descriptor (PTSD). The G-NN potential was
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generated by iteratively fitting the global PES data obtained from DFT
via stochastic surfacewalking (SSW) global structural search. The root-
mean-square errors (RMSE) of the final G-NN potential for energy and
force were 7.379meV/atom and 0.269 eV/Å, respectively.

For the QM Region, spin-polarized DFT calculations were per-
formed using the Vienna ab initio Simulation Package (VASP),
employing the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional for exchange correlation. An
energy cutoff of 400 eV was used for all calculations, and a Γ-only k-
point mesh was utilized for Brillouin zone integration. The atomic
positionswereoptimizeduntil the residual forcewasbelow0.08 eVÅ-1.
The energy convergence criterion was set to 10-5eV. To account for the
electronic correlation of Co 3d electrons, a rotationally invariant
DFT +U approach with U - J = 3.3 eV was applied. We tested U - J values
of 3.0, 3.3, and 3.5 eV, which show that the choice of the Hubbard U-J
parameter would not significantly affect our conclusions. More details
are given in Supplementary Method 2.

The computational hydrogen electrode (CHE) method was used
to compute the free energy diagrams for the electrocatalytic CO2R
process. The core principle of the CHE method is to establish equili-
brium between the electron-proton pair (H+ + e-) and molecular H2 at
the standard hydrogen electrode. The free energy change of each
elementary step (ΔGi) in CO2R is then calculated using Eq.( 4) at an
electrode potential of U = 1.0 V (vs. RHE).

ΔGi =ΔEi +ΔEZPE +ΔH0!298:15K�TΔS�eU+ΔGpH ð4Þ

where ΔEi represents the electronic energy difference obtained
directly from QM/ML calculations. ΔEZPE, ΔH0→298.15K, and TΔS corre-
spond to corrections for zero-point energy, enthalpy, and entropy,
respectively, which are determined using vaspkit48. The term ΔGpH
accounts for the free energy correction due to pH, following the
Nernst equation (ΔGpH= -kBTln(10) × pH). The numerical values of
each term are provided in Supplementary Table 3.

Data availability
The data supporting the findings of this study are available within the
Article and its Supplementary Information files. The raw data files in
another format are available from the corresponding authors upon
reasonable request. Source data are provided with this paper.
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