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Abstract:
CO,-to-CH,, electrosynthesis is important for redu-

Exploring non-copper electrocatalysts for |

cing overreliance on copper and broadening the cata-
lyst landscape. We report a strategy that enables CH,
formation on cobalt phthalocyanine (CoPc) by regu-
lating the local reaction microenvironment through

the catalyst structure. Ultrathin hollow carbon nano-
spheres (HCNs) with a uniform size were synthes-
ized and used as supports for CoPc, forming “Janus
carbon shells” with inner—outer functional asym-
metry. The resulting CoPc-HCN hybrid had a maxim-
um CO,-to-CH, selectivity of 15.1%, overcoming the
conventional CO-selective behavior of CoPc. Mech-
anistic studies show that the hollow carbon structure
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induces a proton enrichment outside the shell through an inner—outer surface interaction. The inner carbon surface promotes the

hydrogen evolution reaction (HER) and produces a proton-enriched environment near the CoPc-active outer surface, thereby

enabling CO, methanation. This work highlights the critical role of catalyst structure in overcoming intrinsic selectivity limits

of molecular catalysts.
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The continued reliance on fossil fuels has led to a
rapid increase in atmospheric carbon dioxide (CO,)
concentration, posing severe risks to the environment
- Co,
(ECR), when powered by renewable electricity,

and climate! Electrochemical reduction
provides a promising pathway to convert CO, into
value-added fuels and chemicals under mild condi-
tions, thereby contributing to carbon neutrality and
sustainable energy storage' "\,

Among the products of ECR, deeply reduced car-
bon products are particularly attractive due to their
[11-15] Cop-

per-based catalysts are currently the main systems

high energy density and practical relevance
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capable of efficiently producing multi-carbon (C,,)
products, owing to their unique ability to promote

"] However, the development of

C—C coupling
non-copper catalysts for deep CO, reduction remains
highly desirable, especially for single-carbon (C,)
products such as methane (CH,), which represent im-
portant synthetic fuels! """,

Molecular catalysts based on metal phthalocy-

anines (M-Pcs) and porphyrins, featuring well-defined
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metal-nitrogen (M-N,) active sites, have emerged as
highly CO,-t0-CO

conversion” . In particular, cobalt phthalocyanine

selective  catalysts  for
(CoPc) is widely reported as an efficient and robust
CO-selective catalyst'” ", However, CH, formation
on CoPc is generally considered unfavorable. The
strong tendency for CO desorption, together with the
lack of a proton-rich reaction environment hinders
further hydrogenation steps beyond CO!'' ™" As a
result, CH, production has been almost exclusively
achieved on copper-based catalysts or specially de-

-9 Jeaving a critical

signed copper phthalocyanines
gap in non-copper systems for CH, electrosynthesis.
Herein, we demonstrate a strategy to overcome
this limitation by regulating the local reaction envir-
onment of CoPc through catalyst architecture. Spe-
shells  with

inner—outer functional asymmetry, in which the inner

cifically, we design Janus carbon
and outer carbon surfaces perform distinct yet coupled

electrochemical functions. Hollow carbon  nano-
spheres (HCNs) with uniform size and ultrathin car-
bon shells are synthesized and employed as supports
for CoPc to realize this Janus architecture. The result-
ing CoPc/HCNs hybrid exhibits a maximum CO,-to-
CH, selectivity of 15.1%, breaking the conventional
CO-selective behavior of CoPc. Mechanistic investig-
ations reveal that the hollow carbon architecture in-
duces local proton enrichment via an inner—outer sur-
face synergy, where the inner carbon surface pro-
motes hydrogen evolution and supplies protons to the
CoPc-active outer surface. This locally proton-rich
microenvironment enables CoPc to mediate CO,
methanation providing a general strategy for promot-
ing multi-electron CO, reduction on molecular cata-

lysts.

In this work, CoPc (>99.9%) was supplied by
Azul Energy Corporation. Ethanol, 2-propanol (IPA),
dimethyl sulfoxide (DMSO), resorcinol,
hyde solution (36%—-38%, mass fraction, the same be-

formalde-

low), and potassium hydroxide (>99.0%) were pur-
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chased from Fuji-Wako. Nafion dispersion solution
(20%) and ammonia solution (25%) were obtained
from Sigma-Aldrich, while tetraethyl orthosilicate was
purchased from Tokyo Chemical Industry. Carbon pa-
per gas diffusion layers for electrochemical CO, re-
duction were obtained from Mitsubishi Chemical Cor-
poration (PYROFIL-GDL MFK-A, 0.21 mm). CO,,
CO, CH,, C,H, and H, gases were purchased from
Taiyo Nippon Sanso, each with a purity above 99.9%.
Ultrapure water with a resistivity of 1.82x10" Q c¢cm
was produced using an ELGA Pure-lab system. All re-
agents were used as received without further purifica-
tion.

Materials were processed using a planetary ball
mill and ultrasonic dispersion, and catalyst inks were
deposited onto substrates by ultrasonic spray coating.
Electrochemical CO, reduction measurements were
conducted using a Versa-STAT 4 electrochemical
workstation, with gaseous products analyzed by GC-
FID. Sample masses, drying, and gas flow rates were
controlled using an analytical balance, oven, and gas
flow meters, respectively. The prepared catalysts were
characterized by XPS, XRD, and XAFS to investigate
surface composition, crystalline structure, and local
electronic structure. XAFS data were analyzed using
ATHENA, and Fourier transformations of k’-wei-
ghted EXAFS spectra were performed over a k-space
range of 3—10 A™', with the R-space range of 0—6 A, or
up to 10 A when necessary, used for analysis.

As shown in Fig. 1, the synthesis was modified
from a previously reported procedure'’ . In general, to
a 300 mL round-bottom flask, ethanol/water mixture
(volume ratio = 2 : 1, 100 mL) and ammonia (25%,
3.40 mL, 50.0 mmol) were mixed and stirred at 30 °C
until the temperature was stable ( ~ 30 min). Then,
tetraethyl orthosilicate (TEOS, 3.55 mL, 16.0 mmol)
was added. Ten minutes later, resorcinol (495 mg,
4.50 mmol) was added, and another 10 min later,
formaldehyde (36%—38%, 0.662 mL, about 9.0 mmol)
was added. The dispersion was stirred at 30 °C for
about 1 day (light brown dispersion), and the temper-
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Fig. 1

Schematic illustration of the synthesis of hollow carbon nanospheres (HCNs) and the fabrication of CoPc-based electrocatalysts for electrochemical

CO, reduction (ECR). (a) Schematic illustration of HCNs synthesis. (b) Schematic illustration of CoPc immobilization on HCNs. TEM images of (c) HCNs and
(d) CoPc/HCNS . (e) Co K-edge XANES spectra of CoPc/HCNs and reference samples. (f) Corresponding Co K-edge EXAFS spectra. (g) Proposed structural
model of the CoPc/HCNs hybrid, illustrating the Janus carbon shell architecture

ature was raised to 100 °C for another 1 day (dark
brown dispersion). After cooling down, the disper-
sion was centrifuged (10 000 x g, 20 min, 20 °C), and
the supernatant was washed twice with water and
twice with ethanol to ensure the removal of resorcin-
ol-formaldehyde (RF) polymer that was not associ-
ated with the nanoparticles. The sample was dried at

120 °C to yield dark brown powder of silica/RF poly-
Vol. 41 | Issue 3 | Jun. 2026 |
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mer core-shell nanoparticles (SiO,@RF NPs).

Next, carbonization of SiO,@RF NPs was per-
formed at 750 °C under vacuum for 60 min to afford
silica/carbon core-shell nanoparticles as a black
powder (SiO,@C NPs, 1.148 mg). Finally, the silica
was removed from SiO,@C NPs under basic condi-
tions to yield hollow carbon nanospheres (HCNGs).
SiO,@C NPs was dispersed in KOH (6 mol L',

New Carbon Materials



Liu Tengyi et al: Janus carbon shells with inner—outer functional asymmetry enable local proton enrichment for promoting:------

23 mL, about 50 mg/mL). The dispersion was stirred
at 60 °C for 1 day. The dispersion was centrifuged
(10,000 x g, 20 min, room temperature), and the su-
pernatant was replaced by water for 3 times to ensure
the removal of KOH. After the final removal of super-
natant, the sample was lyophilized to yield black
powder (HCNs, 391.4 mg). The yield was estimated
based on the number of carbon atoms of resorcinol (6)
and formaldehyde (1) and the assumption that final
HCNs consists of pure graphitic carbon. As a result,
the yield of the whole process was estimated to be
90.1%.

In this work, CoPc/HCNs catalysts were pre-
pared using a method further refined from our previ-
ous report’”). For instance, a 20% (mass fraction)
CoPc/HCNs s catalyst was synthesized by first dissolv-
ing 200 mg of CoPc in 150 mL of DMSO in a round-
bottom flask, followed by the addition of 800 mg of
HCNs, maintaining a total solid mass of 1000 mg.
This fixed solid-to-solvent ratio was kept constant
across all samples. The resulting mixture was sonic-
ated in an ice-water bath for 30 min to promote the
adsorption of CoPc onto the HCNs surface. Sonica-
tion was carried out using a probe sonicator set to an
amplitude of 1 and a 30% pulse cycle, as higher amp-
litudes may promote dissolution of CoPc rather than
its adsorption onto HCNS.

After adsorption, the mixture was filtered, and
the solid cake was washed 3 times with methanol,
then dried at a moderate temperature (e.g., 35 °C) in a
vacuum oven for 24 h to preserve catalytic activity.
The dried product was ground using a mortar,
weighed, and transferred to a ball-mill autoclave. The
ball-milling solvent consisted of DMSO (9 mL), IPA
(9 mL), H,O (4.5 mL) and Nafion (20%, 0.1 mL per
50 mg catalyst). Ball milling was conducted at
400 r/min for 5 min, followed by reverse rotation for
another 5 min, repeated for a total of 30 min to re-
duce carbon agglomeration. After milling, the ball-
mill autoclave was rinsed with a solvent mixture con-
taining DMSO (9 mL), IPA (45 mL), and H,O

(13.5 mL), bringing the total solvent volume to
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90 mL. The resulting mixture was then ultrasonically
dispersed for at least 30 min to obtain a uniform cata-
lyst ink.

The resulting ink was spray-coated onto carbon
paper to fabricate the CoPc/HCNs hybrid electrode.
Different catalyst loadings were achieved by adjust-
ing the ink concentration and the number of spray
passes. A slim-coating system (Flex-Coat Max, Sono-
Tek) was used for spray-coating. Specifically, 25 mL
of ink was loaded into a tempered glass container, and
computer-controlled feeding delivered the ink to an
ultrasonic nozzle (original Sono-Tek component),
with dry, oil-free air at 551.6 kPa (80 PSI) propelling
the ink droplets onto the carbon substrate. The sub-
strate was masked using a stainless-steel square sten-
cil (6 cm x 6 cm) to define the catalyst deposition area
and was heated on a hot plate at 70 °C to facilitate
solvent evaporation and promote uniform spray-de-
position/growth of the catalyst across the carbon sub-
strate surface. Catalyst loading was tuned by either in-
creasing the ink concentration or the number of spray
coatings. However, an ink concentration of >1 000
mg/90 mL might lead to nozzle clogging. Therefore, a
standard ink formulation of 300 mg CoPc/HCNs dis-
persed in 90 mL of solution—corresponding to 60 mg
of CoPc—was adopted to ensure stable and consistent
spray performance. In this study, 1-4 spray passes
were identified as the optimal condition for uniform
electrode fabrication, the loading of CoPc/HCNs was

approximately 0.02 mg cm* per spray pass.

Electrochemical CO, reduction tests were con-
ducted using a custom three-electrode flow electrolyz-
er, similar to our previously reported setup'”). The
prepared MFK-A gas diffusion electrode was used as
the cathode with an exposed area of 0.5 cm?, Hg/HgO
(1.0 mol/L KOH) as the reference electrode, and Pt
wire as the counter electrode. The cathode and anode
chambers were separated by a Nafion-117 membrane
and filled with 1.0 mol/L KOH electrolyte. CO, was
supplied from the back side of the GDE at a con-

trolled flow rate, typically 15 mL/min, to maintain a
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stable gas-liquid-solid interface. Standard ECR meas-
urements were performed for approximately 900 s us-
ing 25 mL electrolyte in each chamber, while long-
term durability tests were carried out with electrolyte
circulation.

The gas products were collected in gas bags and
analyzed by gas chromatography. H,, CH,, and CO
were detected by TCD, while C,H, was detected by
FID. Product concentrations were quantified using
calibration curves obtained from standard gas mix-
tures, all showing R values above 0.99. Faradaic effi-
ciencies and partial current densities were calculated
from the measured gas amounts, total charge, and
electrode area. The applied potentials were converted
to the RHE scale according to:

E(vs.RHE) = E(vs.Ref.) +0.0592 x pH + Ey(Ref.)—iR

DFT calculations were performed using the Vi-
enna Ab initio Simulation Package (VASP) to invest-
igate the electronic and magnetic properties of the sys-
tems. The RPBE functional within the generalized
gradient approximation was used, with a plane-wave
cutoff energy of 520 eV. Spin-polarized calculations
were conducted, and the electronic and ionic conver-
gence criteria were set to 1 x 10° eV and 0.05 eV A",
respectively. Van der Waals interactions were in-
cluded using the DFT-D3 method with Becke—John-
son damping. Adsorbate binding and free energies
were calculated using the most stable adsorbate con-
figurations. Solvation corrections of —0.25 eV for
*COOH and —0.10 eV for *CO were applied, and
zero-point energy, entropy, and heat capacity correc-
tions were included following previous reports. Activ-
ity volcano plots were constructed based on our previ-

ous work!”.

In this work, hollow carbon nanospheres (HCNs)
were synthesized following a previously reported pro-
cedure with slight modifications"'. Briefly, monod-
isperse SiO, nanospheres were first prepared by a fa-

cile chemical route (Fig. 1a). Subsequently, a resor-
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cinol-formaldehyde (RF) polymer layer was coated
onto the SiO, yielding RF@SiO,
core—shell structures. High-temperature pyrolysis of

nanospheres,

RF@SiO, was then conducted under vacuum to car-
bonize the RF shell, forming carbon@SiO, core—shell
nanoparticles. Finally, the SiO, cores were selectively
removed under alkaline conditions, resulting in hol-
low carbon supports. Detailed synthesis procedures
are provided in the Experiment section.

The obtained HCNs were used as a support for
cobalt phthalocyanine (CoPc) following our previ-
ously reported protocol (Fig. 1b)""1. CoPc powder
was dispersed in a DMSO solution containing HCNSs,
allowing molecular adsorption of CoPc onto the car-
bon surface. After filtration and thorough rinsing with
methanol, the hybrid was vacuum-dried at 35 °C
overnight, ground into a fine powder, and stored un-
der vacuum. For fabricating the gas diffusion elec-
trode (GDE) , the catalyst was ball-milled to ensure
homogeneous dispersion, formulated into an ink, and
spray-coated onto hydrophobic carbon paper to yield
CoPc/HCNs-based GDEs.

High-resolution transmission electron  micro-
scopy (HR-TEM) was used to examine the morpho-
logy of the hollow carbon support (Fig. 1c and Fig.
S1). The HCN particles exhibit a uniform spherical
morphology with an average diameter of approxim-
ately 170 nm (Fig. S2), indicating good size uniform-
ity and suggesting the scalability of the synthetic
method. Moreover, no obvious structural damage was
observed after alkaline removal of the SiO, core, in-
dicating that the hollow carbon shell remains intact
and accessible to electrolyte transport, consistent with
previous reports of loosely packed, non-sealed carbon
shells containing transport channels' . The molecular
structure of the CoPc used in this study was further
confirmed by XRD, XPS and UV-Vis—NIR spectro-
scopy (Fig. S3—S6). The XRD pattern matches well
with that of standard P-phase cobalt phthalocyanine
(B-CoPc) (Fig. S3), in agreement with our previous re-
port”™!. The XPS results further verify the characterist-
ic bonding configuration of CoPc: the C 1s spectrum
can be deconvoluted into C—C/C=C and C—C=N
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components, while the N 1s spectrum consists of
pyrrolic-N and bridge-N species (Fig. S4 and S5). The
corresponding peak-area ratios agree well with the
theoretical values expected from the CoPc molecular
structure, supporting the successful synthesis of struc-
turally intact CoPc. In addition, the UV-Vis—NIR
spectrum displays the characteristic absorption fea-
tures of phthalocyanine species (Fig. S6). These res-
ults collectively confirm that the synthesized CoPc
corresponds to the standard f-phase CoPc with the ex-
pected molecular and spectroscopic characteristics.
After CoPc loading, the hollow carbon structure re-
mained intact (Fig. 1d), while bright contrast spots
corresponding to molecular-level dispersion of CoPc
sites were observed on the carbon surface, consistent
with our previous reports"” "),

To probe the local electronic structure of the Co
centers, X-ray absorption fine structure (XAFS) meas-
urements were performed. As shown in Fig. le, the X-
ray absorption near-edge structure (XANES) spectra
indicate that both CoPc and Co porphyrin (CoPr) ex-
hibit absorption edge positions and near-edge features
that are more similar to those of CoO than to metallic
Co foil or Co,0,. Specifically, Co foil shows the char-
acteristic edge feature of metallic Co at lower energy,
whereas Co,0, displays a sharper absorption feature.
These results suggest that the average oxidation state
of Co in both CoPc and CoPr is close to +2. Extended
X-ray absorption fine structure (EXAFS) analysis was
further carried out to investigate the local coordina-
tion environment of the Co centers (Fig. 1f). In the
Fourier-transformed EXAFS spectra, Co foil exhib-
ited a pronounced Co—Co coordination peak at R =
2.1 A, whereas Co,0, and CoO showed Co-O co-
ordination peaks at R = 1.7 A. In contrast, both CoPc
and CoPr displayed a distinct first-shell peak at a dif-
ferent radial distance, indicating that the Co centers
were coordinated by light elements rather than Co
neighbors. Noticeable differences remain in the high-
er-shell region from 2 to 4 A, where CoPc showed
more pronounced oscillations. These differences may
arise from enhanced multiple-scattering effects, local

structural distortion, and variations in the Co—N bond-
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length distribution associated with differences in the
macrocyclic backbone. Collectively, these results
demonstrate that CoPc molecules are successfully im-
mobilized on the hollow carbon support while main-
taining their molecular structure and coordination en-
vironment.

Based on these observations, a structural model
is proposed in which CoPc molecules are molecularly
dispersed on the outer surface of the hollow carbon
(Fig. 1g). This configuration provides the structural
basis for inner—outer functional asymmetry, a defin-
ing characteristic of the “Janus carbon shell”. These
results suggest that the molecularly dispersed CoPc
sites are likely responsible for the subsequent ECR
activity observed for the CoPc/HCNs system.

The ECR performance of the catalysts was evalu-
ated using a gas-fed electrolyzer identical to that em-
ployed in our previous work (Fig. 2a and Scheme
S1)*1 with the fabricated GDEs serving as cath-
odes. We first compared CoPc supported on hollow
carbon (CoPc/HCNs) with CoPc supported on solid
carbon@SiO, (CoPc/C@Si0,) nanospheres (Fig. 2b).

For CoPc/C@Si0,, the catalytic behavior closely
resembled that of previously reported CoPc/Ketjen
black (CoPc/KB) systems” . CO is the dominant
product, and its Faradaic efficiency (FE) increases
with increasing spray passes (Fig. 2¢) or catalyst load-
ing (Fig. S7). This trend can be attributed to the pro-
gressive dominance of CoPc active sites over carbon
sites that favor the hydrogen evolution reaction (HER)
at low loadings. Moreover, multilayer stacking of
CoPc molecules further promotes CO formation.
CoPc/HCNs  exhibited a

markedly different product distribution compared with

To our surprise,
solid carbon—supported counterparts. In addition to
CO, CH, was detected as a significant product, partic-
ularly at low catalyst loadings (Fig. 2d and Fig. S8-9).
Given that CH, formation is an eight-electron deep-re-
duction process and is generally considered unfavor-
able on CoPc, this observation is highly intriguing.
Notably, the CO,-to-CH, conversion proceeds through

a complex multi-step proton-coupled hydrogenation
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Fig. 2 ECR performance of CoPc/HCNs electrodes. (a) Schematic illustration of the flow-cell electrolyzer and gas diffusion electrode. (b) Structural models of
CoPc/HCNs and CoPc/C@SiO, hybrids. ECR performance of (¢c) CoPc/C@SiO, hybrid and (d) CoPc/HCNs hybrid at spray passes (catalyst loadings). (e) Po-
tential-dependent ECR performance of the CoPc/HCNs hybrid. (f) Maximum Faradaic efficiency (FE) of CH, achieved on our CoPc/HCNs hybrid compared

with previously reported Pc-based catalysts from the literature

pathway (Fig. S10 and S11), highlighting the strin-
gent microenvironmental requirements for CH, gener-
ation. In detail, at low CoPc loadings—especially with
a single spray pass—CoPc/HCNs display pronounced

CH, selectivity. In sharp contrast, solid carbon—sup-
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ported catalysts, including CoPc/C@SiO, and
CoPc/KB, exclusively produce H, under identical con-
ditions, indicating that the hollow carbon architecture
plays a decisive role in enabling CH, formation bey-

ond the intrinsic nature of CoPc. As the CoPc loading
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increases, CO gradually becomes the dominant
product, consistent with the well-established tend-
ency of multilayer CoPc to favor CO formation.
Potential-dependent measurements of the single-
pass CoPc/HCNs electrode reveal a volcano-shaped
CH, selectivity trend (Fig. 2¢), reaching a maximum
CH, Faradaic efficiency of 15.1% at —0.94 V (vs.
RHE). At lower overpotentials, sluggish reaction kin-
etics limit CH, formation, whereas at more negative
potentials, HER becomes increasingly competitive.
Notably, comparison with previously reported CoPc-
based catalysts from the literature shows negligible
CH, production (Fig. 2f, Table 1 and Table S2), high-
lighting the unique behavior of our CoPc/HCNs sys-
tem.
In addition, under N, the
CoPc/HCNss catalyst only produced H,, and no CH, or

other carbon-containing products were detected, indic-

atmosphere,

ating that the carbon in the observed CH, was derived
from CO, gas (Fig. S12). Moreover, the CoPc/HCNs
catalyst exhibited good stability under operating con-
ditions. At a current density of =150 mA cm?, the
catalytic system remained stable for approximately
23 h (Fig. S13), with essentially unchanged catalytic
performance throughout the test, further confirming
the good stability of the CoPc/HCNs catalyst. Post-re-
action XPS characterization further revealed that the

characteristic signals associated with CoPc remained

clearly visible after electrolysis, indicating that the
Co-N, active sites were well preserved and that no
obvious leaching of CoPc occurred during the reac-
tion (Fig. S14). These results exclude catalyst instabil-
ity and extraneous carbon sources as the origin of CH,
formation, and instead highlight the important role of
the hollow carbon support in modulating the reaction
environment.

Taken together, these results suggest that al-
though CoPc intrinsically favors CO production, the
hollow carbon support fundamentally alters the reac-
tion microenvironment, enabling CH, formation. Giv-
en that CH, generation requires extensive proton-
coupled electron transfer and C—H bond formation,
we hypothesize that local proton enrichment induced

by the hollow carbon architecture plays a critical role.

To elucidate the contribution of the hollow car-
bon support, we first compared the electrochemical
behavior of HCNs and solid C@SiO, in 1 mol L™
KOH electrolyte under CO, atmosphere (Fig. 3a).
Both materials exclusively catalyze HER in KOH
solution (Fig. 3b), confirming their inertness toward
CO, reduction.

Notably, HCNs exhibit a significantly higher cur-
rent density than solid C@SiO, nanospheres, indicat-
ive of a larger electrochemical surface area (ECSA).

The electrochemical double-layer capacitance (Cy)

Table 1 Comparison of the key parameters in this work and selected literature
Catalyst pH Max FEcy, % Max FE¢, % Ref.
CoPc/HCNs 14.0 15.1 >98.0 This work*
CoPc/CP 14.0 0 >98.0 Our work™
CoPc/KB 14.0 0 >98.0 Our work!"”
CoAzPc-4N/KB 14.0 0 >98.0 Our work"™!
CoPc/CNT-MDE 6.8 0 98.0 [39]
CoPc/CNT-MDE 2.0 0 73.0 [40]
CoPc¢/CB-MDE 7.8 0 98.0 [41]
CoPc/CNT-MDE 6.8 0 97.0 [42]
CoPc/CNT-ODA 7.3 0 97.7 [43]
CoPc-TBG/CNT 14.0 0 96.0 [44]
CoPc-EtOy/CNP 7.8 0 95.0 [45]
CoPc-OCH,/CNT 7.3 0 97.0 [46]
CoPPc/CNT 7.3 0 90.0 [47]
NiPc/CNT-MDE 7.3 0 >98.0 [48]
NiPc/NHCSs 7.3 0 >98.0 [49]
NiP¢(OH)(DCNFO)/CNT 14.0 0 >98.0 [50]
NiPc-OMe 2.0 0 >98.0 [51]
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Fig. 3 Electrocatalytic performance of HCNs and C@SiO, electrodes. (a) Structural models of HCNs and C@SiO,. (b) LSV curves of HCNs and C@SiO,

electrodes under CO, atmosphere, showing exclusive hydrogen evolution reaction (HER) activity. (c) Electrochemical double-layer capacitance (Cy) as a func-

tion of scan rate for HCNs and C@SiO, electrodes, used to estimate the electrochemical surface area (ECSA). (d) Comparison of geometric current density and

ECSA-normalized current density (intrinsic activity) of HCNs and C@SiO, electrodes. (e-f) Schematic illustrations of electrocatalytic reactions occurring on

the outer surface of solid C@SiO, (e) and the inner—outer surface synergy of hollow HCNss (f)

further

. The hollow carbon shows a C, value of

measurements corroborate this observa-

tion"
1.61 mF cm?, compared to 0.92 mF cm” for
C@Si0,, corresponding to ECSA values of 40.3 and

Vol. 41 | Issue 3 | Jun. 2026 |

23.0 cm® cm 2, respectively (Fig. 3¢ and Fig. S15-16).
Geometric current densities at identical poten-
tials reveal that hollow carbon delivers a current dens-

ity of 284 mA cm?, approximately 1.8 times higher
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than that of solid C@SiO, (161 mA cm?) (Fig. 3d).
However, when normalized to ECSA, both materials
exhibit similar intrinsic activities, indicating that the
enhanced performance originates from increased ac-
cessible surface area rather than altered catalytic
nature.

These results lead to the schematic illustration
shown in Fig. 3¢ and 3f. In solid C@SiO,, only the
outer carbon surface is electrochemically active due to
the insulating SiO, core. In contrast, removal of the
Si0, core enables electrolyte penetration into the hol-
low structure, activating both the inner and outer car-

bon surfaces as electrochemically accessible reaction

(a) 2.0
Pristine
Carbon
> : H i
2 104
>
[9)
C
[
o 0.51
:h_’ - CoPc .
H " 12 H,
0.04
0.5
Reaction coordinate
e W
; (c) —l
CoPc/C@SiO,

.*

Cross-section

CoPc/HCN

O.»

Cross-section

centers. This electrochemical accessibility of spatially
separated surfaces confirms the hollow carbon sup-
port functions as a Janus carbon shell, in which the in-
ner and outer surfaces are electrochemically coupled
yet play distinct roles.

Density functional theory (DFT) -calculations
were conducted to elucidate reaction selectivity. The
adsorption free energies of H* on CoPc/C and pristine
carbon (graphite) were calculated to be 0.16 and
1.30 eV, respectively (Fig. 4a), indicating weak hy-
drogen adsorption on both sites. For ECR intermedi-

ates, CoPc/C exhibits favorable adsorption energies of

(b)
6 %
> 44
2
>
=
[
& 24
3
T co co
04 2 CoPc CoPc
-2
Reaction coordinate
CO,-to—CO conversion on CoPc |
sites at the outer surface 3
Electrolyte 1 mol L' KOH
HER CO, co i

Inner-outer surface synergy—enabled
CO,-to—CH, conversion
via local proton enrichment

Fig. 4 Mechanistic insights into CH, formation on CoP¢/HCNs hybrid. (a) DFT-calculated adsorption free energies of H* for CoPc/HCNs and pristine carbon.

(b) DFT-calculated adsorption free energies of key CO, reduction intermediates (*COOH and *CO) on CoPc¢/HCNs and pristine carbon. (c) Schematic illustra-

tion of electrocatalytic CO,-to-CO conversion on CoPc sites at the outer surface of CoPc/C@SiO, hybrid, where K* enrichment suppresses HER. (d) Schematic

illustration of electrocatalytic CO,-to-CH, conversion enabled by inner—outer surface synergy in the CoPc/HCNs hybrid,

leading to local proton enrichment for CO, methanation
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R AR (FhIEsC)
—0.42 eV for *COOH and —-0.40 eV for *CO

(Fig. 4b), confirming its intrinsic activity toward CO,-
to-CO conversion' ", This also explains why CoPc
favors HER only under conditions where ECR is kin-
etically hindered. In contrast, pristine carbon shows
strongly unfavorable adsorption toward these interme-
diates, rendering it incapable of catalyzing the CO, re-
duction.

In CoPc/C@Si0, systems, CoPc sites dominate
ECR, while K accumulation near the cathode en-
hances the local electric field, suppresses HER, and
favors CO production (Fig. 4c). In the CoPc/HCNs
system, however, a dual-surface mechanism emerges
(Fig. 4d). CoPc molecules reside on the outer surface,
where K' enrichment suppresses proton reduction.
Simultaneously, the inner carbon surface preferen-
tially catalyzes HER, generating protons that migrate
through the ultrathin carbon shell toward the CoPc-
active outer surface. This spatial separation, arising
from the inner—outer functional asymmetry of the
Janus carbon shell, creates a locally proton-enriched
microenvironment that enables CoPc to catalyze the

CO, methanation.

We demonstrate that Janus carbon shells with in-
ner—outer functional asymmetry provide an effective
platform for enabling deep CO, reduction on molecu-
lar catalysts. Hollow carbon nanospheres (HCNs) with
a uniform size and ultrathin carbon shells are synthes-
ized and employed as supports for cobalt phthalocyan-
ine (CoPc), and the resulting CoPc/HCNs hybrid
achieves a maximum CO,-to-CH, selectivity of
15.1%. While most previously reported CoPc-based
catalysts predominantly produce CO, our results show
that CH, formation—generally considered unfavor-
able on CoPc —can be realized through nanoscale
structural regulation. Systematic analyses and theoret-
ical calculations reveal that this behavior originates
from local proton enrichment induced by the Janus
carbon shell architecture. Specifically, the inner car-
bon surface preferentially catalyzes hydrogen evolu-

tion and contributes to proton enrichment near the

Vol. 41 | Issue 3 | Jun. 2026 |
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CoPc-active outer surface, thereby facilitating CO,
methanation. Overall, this work highlights the critical
role of carbon support architecture in regulating inter-
facial proton availability and provides a general
strategy for promoting multi-electron CO, reduction

on molecular catalysts.
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