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p-stacked metal–organic
nanosheets featuring unidirectional electron
transport channels for highly efficient
electrocatalytic CO2 reduction

Qiuping Xie,a Yunxiang He,ab Qinling Liu,ac Siqi Deng,a Xiaoling Wang,ab Wen Liao,d

Gonghua Hong,*ab Ian Manners †e and Junling Guo *abfg

Two-dimensional (2D) electrocatalysts are widely explored for electrocatalytic CO2 reduction, yet

disordered electron transport within these catalysts often limits performance due to elongated electron

pathways and poor accessibility to catalytic sites. Here, we report a noble-metal-free 2D metal–organic

electrocatalyst (MPhene) featuring unique unidirectional electron transport channels formed via long-

range p–p stacking of natural phenolic bio-ligands. These ordered molecular structures facilitate highly

efficient electron transport to catalytic bismuth (BiIII)-coordinated centers, enabling highly selective CO2

reduction to formic acid (HCOOH) with >90% selectivity across a broad potential window (−0.7 to −1.1 V

vs. the reversible hydrogen electrode). Notably, MPhene achieves a peak partial current density of 115.5

mA cm−2 for HCOOH production, representing record-high electrocatalytic activity and significantly

surpassing the performance of all previously reported advanced noble-metal-free 2D electrocatalysts in

neutral electrolytes. In situ Raman spectroscopy and theoretical calculations reveal the critical role of

unique unidirectional electron transport channels in enhancing catalytic performance. This work

introduces a novel supramolecular design strategy for controlling electron transport in noble-metal-free

2D electrocatalysts, offering new opportunities in photocatalysis, photoelectronics, and CO2 reduction

technologies.
Introduction

The overconsumption of fossil fuels and the sharp rise in
atmospheric CO2 have raised urgent concerns over energy
depletion and triggered escalating environmental crises such as
global warming and climate instability.1–4 Electrocatalytic CO2
nointerfaces, College of Biomass Science

ngdu, Sichuan 610065, China. E-mail:

.edu.cn

n Technology of Leather Manufacture,

f Leather Chemistry and Engineering,

65, China

atory of Sichuan Province, College of

y, Chengdu, Sichuan 611130, China

ational Clinical Research Center for Oral

atology, Sichuan University, Chengdu,

toria, Victoria, BC V8W 3V6, Canada

ngineering, Sichuan University, Chengdu,

mical and Biological Engineering, The

, BC V6T 1Z4, Canada. E-mail: junling.

y the Royal Society of Chemistry
reduction driven by renewable electricity provides a sustainable
and efficient route to convert abundant CO2 into value-added
products, thereby contributing to both carbon mitigation and
the clean energy transition.5–14 Within diverse electrocatalyst
architectures, two-dimensional (2D) materials have garnered
signicant attention due to their high surface area and richly
exposed active sites, which collectively promote efficient CO2

adsorption and facilitate electron transfer.15 Among them, gra-
phene stands out for its ultrahigh electrical conductivity, which
arises from its extended in-plane p-conjugation and crystalline
order, enabling delocalized charge transport across the 2D
lattice. However, despite its superior conductivity, graphene
and similar inorganic 2D materials (transition metal di-
chalcogenides, hexagonal boron nitride, etc.) oen suffer from
limited tunability and a lack of precise control over electron
pathways. More importantly, the absence of directional, in-
plane charge-transport pathways oen leads to resistive losses
and sub-optimal site accessibility in the CO2 reduction reaction
(CO2RR).16–18

A lack of directionality in charge migration constitutes not
merely a structural imperfection but a fundamental kinetic
constraint that limits the efficiency of electrocatalysis by di-
srupting the coherent delivery of electrons. Prolonged electron
Chem. Sci.
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Fig. 1 Electrocatalytic CO2 reduction by metal–organic nanosheets with unique unidirectional electron transport channels. (A) Comparative
illustration of electron transport pathways in conventional 2D electrocatalysts (left) versus 2D p-stacked metal–organic nanosheets (MPhene,
right). The conventional 2D electrocatalysts exhibit randomized electron directions, leading to extended transport pathways and limited catalytic
site accessibility. In contrast, the MPhene nanosheets demonstrate unique unidirectional electron flow, enabling highly efficient electron
transport and optimal accessibility of active sites. (B) Molecular architecture of MPhene nanosheets formed through coordinated assembly of the
phenolic ligand, ellagic acid (EA, found in fruits, vegetables, and tree bark), with bismuth ions (Bi3+) and N-methyl-2-pyrrolidone (NMP). Further
supramolecular organization via p–p stacking yields well-defined 2D nanosheets with aligned electron transport channels. (C) Mechanistic
illustration of electrocatalytic CO2 reduction on MPhene nanosheets. The unique long-range p–p stacking within MPhene nanosheets enables
highly efficient electron transport to BiIII active centers, promoting stepwise CO2 reduction and hydrogenation pathways toward highly selective
HCOOH production.
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migration pathways exacerbate energy losses through phonon
scattering,19–21 thereby diminishing the redox-driving capability
at catalytic interfaces (Fig. 1A). Although strategies such as
heterojunction engineering have been employed to enhance
Chem. Sci.
charge transport, the stochastic nature of electron motion at the
nanoscale continues to hinder the realization of efficient and
unidirectional charge ow.22 To overcome these limitations,
organic 2D materials, including conjugated polymers, covalent
© 2026 The Author(s). Published by the Royal Society of Chemistry
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organic frameworks (COFs), and metal–organic layers (MOLs),
have emerged as chemically versatile platforms offering
modular design capabilities at the molecular level. The struc-
tural tunability of these frameworks enables the integration of
diverse functional units and the ne-tuning of electronic envi-
ronments. However, their practical application in electro-
catalysis remains limited by intrinsically low charge mobility,
primarily due to weak inter-unit electronic coupling and the
lack of extended conductive pathways.23

p–p stacking provides a strong and highly directional
intermolecular interaction that facilitates charge delocalization
along dened spatial axes. It is commonly exploited in organic
electronic materials and supramolecular assemblies to enhance
charge transport, and is observed in systems such as metal–
organic frameworks (MOFs) and perylene imide derivatives.24,25

These face-to-face stacked architectures support long-range
exciton and electron transport, analogous to ion migration
through nanoscale ion channels in nature. However, traditional
MOFs typically adopt three-dimensional (3D) frameworks with
out-of-plane p stacking, while perylene-based assemblies oen
form one-dimensional (1D) brous morphologies, both of
which fall short of providing in-plane electronic coherence
required for efficient 2D catalysis. In contrast, in-plane p

stacking offers a promising route to establish aligned charge
transport networks within organic 2D frameworks. While
certain materials, such as MOLs and poly(phenylene vinylene)
(PPV), display in-plane p-stacking motifs, they oen lack long-
range order or adopt parallel-displaced congurations, which
limit their effectiveness in establishing contiguous in-plane p-
stacks that act as preferential charge-transport pathways.26,27

Therefore, the rational construction of 2D organic materials
featuring long-range, in-plane p-stacking architectures remains
a major challenge with great promise for addressing unidirec-
tional transport bottlenecks.

Herein, we report a noble-metal-free 2D electrocatalyst
(MPhene) featuring unique in-plane p-stacking structures
aligned parallel to catalytic bismuth (BiIII)-coordinated centers
(Fig. 1B). These nanosheets are constructed from plant-derived
polyphenols enriched with catechol and galloyl moieties, which
engage in a spectrum of covalent and non-covalent interactions,
including metal coordination, hydrogen bonding, and p–p

stacking.28–40 The delicate balance between thermodynamic and
kinetic parameters during assembly enables ne-tuning of both
the structural architecture and electronic characteristics.41,42

Critically, the formation of unique in-plane p-stacking networks
within the 2D supramolecular phenolic framework establishes
continuous electron channels that promote highly efficient
unidirectional charge transport toward BiIII active sites
(Fig. 1C). Owing to this architecturally coherent charge trans-
port pathway, the MPhene nanosheets efficiently catalyze the
reduction of CO2 to formic acid (HCOOH), achieving over 90%
selectivity across a broad potential window (−0.7 to −1.1 V vs.
the reversible hydrogen electrode, RHE). Remarkably, the
partial current density of HCOOH reaches 115.5 mA cm−2 at
−1.1 V vs. RHE, representing record-high electrocatalytic
activity and signicantly surpassing the performance of all
previously reported advanced noble-metal-free 2D
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrocatalysts in neutral electrolytes.43–53 Importantly, this
noble-metal-free system exemplies how a molecular-level
engineering paradigm can achieve superior CO2 conversion
while maintaining sustainability and scalability, circumventing
the need for noble-metal components. This work demonstrates
a novel strategy for engineering unique unidirectional electron
transport channels in 2D electrocatalysts, paving new paths for
sustainable energy conversion and carbon management
technologies.

Results and discussion
Synthesis and characterization of MPhene

MPhene nanosheets were synthesized via ultrasonic exfoliation
of our previously reported Bi-EA mesocrystals (referred to here
as MPhene precursors), which possess quaternary ordered
architectures assembled through synergistic molecular inter-
actions across multiple length scales under spatiotemporal
regulation.31 Scanning electron microscopy (SEM) revealed
stacked, plate-like external morphologies of the Bi-EA meso-
crystals (Fig. S1), which are consistent with lamellar packing
and motivated the subsequent exfoliation study. To obtain
nanosheets from the precursor crystals, a liquid-phase exfolia-
tion strategy assisted by ultrasonication was employed, which is
a well-established and widely adopted method for the prepa-
ration of 2D materials from layered crystalline precursors.54–56

Specically, 10 mg of nely ground Bi-EA mesocrystals was
dispersed in 1 mL of ethanol and subjected to ultrasonic
treatment at 50 W and 40 kHz for 30 minutes. Ethanol was
selected as the exfoliation solvent because control experiments
showed that solvents with either higher or lower polarity did not
yield well-dened nanosheets under otherwise comparable
conditions, as evidenced by atomic force microscopy (AFM)
analysis (Fig. S2). These results indicate that solvent choice
plays a critical role in the exfoliation process, with ethanol
providing a suitable balance for achieving effective delamina-
tion while preserving nanosheet morphology. In addition,
sonication intensity was found to strongly inuence the exfoli-
ation outcome. Insufficient power led to incomplete delami-
nation, whereas excessive power caused fragmentation of the
nanosheets (Fig. S3). An optimized sonication power of 50 W
enabled efficient exfoliation while preserving structural integ-
rity. The resulting colloidal dispersion exhibited a pronounced
Tyndall effect, indicating the presence of suspended nano-
sheets. Dynamic light scattering (DLS) analysis revealed an
average hydrodynamic dimension of approximately 2.3 mm
(Fig. 2D). Furthermore, electrospray ionization mass spec-
trometry (ESI-MS) detected no signal corresponding to free
ellagic acid ligands or residual N-methyl-2-pyrrolidone (NMP),
thereby conrming that the molecular framework of MPhene
remained intact during ultrasonic treatment (Fig. S4).

To elucidate the morphology of the exfoliated MPhene
nanosheets, we performed AFM and scanning transmission
electron microscopy (STEM). AFM measurements revealed that
the nanosheets had an average thickness of 3.45 nm (Fig. 2A, S5
and Table S1), in agreement with the modeled structure
composed of six molecular layers (Fig. S6). To evaluate whether
Chem. Sci.
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Fig. 2 Morphology and structural analysis of MPhene. (A) AFM image and height profile of MPhene. (B) TEM image and corresponding 3D
reconstructed TEM image (inset) of MPhene. (C) HAADF-STEM image (left) and corresponding EDS elemental mapping images (right) of MPhene.
(D) Size distribution and digital photograph (inset) of MPhene dispersed in ethanol. (E) High-resolution XPS spectra of O 1s for MPhene. (F) Raman
spectrum of MPhene. (G) UV-vis absorption spectra of MPhene and EA molecules. (H) Experimental and calculated PXRD curves of MPhene. (I
and J) HRTEM image (I) and the corresponding SAED pattern (J) of MPhene. (K) Theoretical p-stacking structure and parameters of MPhene. (L)
Simulated in-plane structure of MPhene. (M and N) In-plane electron density (M) and corresponding detailed electron density profile (N) of
MPhene. (O) Schematic illustration of the conductive measurement using CAFM. (P) Experimental current patterns of MPhene acquired using
CAFM. (Q) CAFM-derived current profile of MPhene across electron channels. Scale bars are 1 mm (A and B), 500 nm (C), 1 nm (I), 5 1/nm (J), and
100 nm (P).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
7/

20
26

 4
:5

7:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
further thinning could be achieved, exfoliation was performed
under increased sonication intensity. However, neither pro-
longing the sonication time nor increasing the sonication
power resulted in the formation of thinner nanosheets. Instead,
irregular small particles were observed (Fig. S7), indicating
fragmentation of the exfoliated nanosheets under stronger
sonication conditions. These results suggest that the exfoliated
nanosheets retain structural integrity at a thickness of approx-
imately six molecular layers, whereas stronger sonication
induces fragmentation rather than further thinning.57,58 The
bright-eld TEM image further conrmed sheet-like structures
Chem. Sci.
with lateral sizes exceeding 2.0 mm (Fig. 2B). In addition,
elemental mapping using energy-dispersive X-ray spectroscopy
(EDS) showed a homogeneous distribution of carbon (C),
nitrogen (N), oxygen (O), and bismuth (Bi), corresponding to the
incorporated components of ellagic acid (EA), Bi3+ ions, and
NMP (Fig. 2C).

To gain molecular-level insight into the coordination envi-
ronment within the MPhene nanosheets, we conducted
a comprehensive spectroscopic analysis. X-ray photoelectron
spectroscopy (XPS) analysis of the O 1s region showed two
distinct peaks: one at 531.6 eV, assigned to Bi–O bonds, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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another at 533.1 eV, attributed to C–O bonding from phenolic
groups, indicating that Bi3+ ions coordinate with the phenolic
groups of EA (Fig. 2E).59 In parallel, ESI-MS analysis of MPhene
aer acid dissociation revealed a fragment peak at m/z 100.1,
corresponding to NMP (Fig. S8). This result suggests that NMP
molecules are retained within the structure and likely act as
neutral ligands to balance the residual positive charge associ-
ated with BiIII-EA coordination complexes. Further structural
evidence was obtained from Fourier-transform (FT) Raman
spectroscopy, which displayed a distinct vibrational band at
414 cm−1 in the ngerprint region, assignable to Bi–O stretch-
ing interactions involving NMP (Fig. 2F).60 Synchrotron X-ray
absorption ne structure (XAFS) spectroscopy was employed
to elucidate the local coordination environment of Bi in
MPhene nanosheets. The extended X-ray absorption ne
structure (EXAFS) tting reveals two Bi–O distances at 2.16 and
2.35 Å, assigned to Bi–O bonds with EA and NMP, respectively
(Fig. S9). The corresponding coordination numbers (1.9 and 2.0;
Table S2) indicate that each Bi3+ center is coordinated by two
catecholate oxygen atoms of EA and two carbonyl oxygen atoms
of NMP, conrming a predominantly tetracoordinated cong-
uration in the MPhene nanosheets. Collectively, these results
substantiate the formation of a ternary coordination complex
composed of BiIII, EA, and NMP as the building unit of the
nanosheets. The assembly of these units into extended 2D
sheets is further stabilized by p–p stacking interactions
between EA ligands. Supporting this, ultraviolet-visible (UV-vis)
absorption spectroscopy revealed a redshi in the absorption
maximum from 376 nm in free EA ligands to 394 nm inMPhene
nanosheets, indicative of enhanced p-conjugation through
face-to-face aromatic stacking (Fig. 2G).61

To analyze the crystallographic structure of the exfoliated
MPhene nanosheets, we performed X-ray diffraction (XRD). The
experimental diffraction pattern of MPhene closely matched the
simulated pattern based on our previously reported Bi-EA
mesocrystal model (Table S3), conrming that exfoliation
preserved the long-range molecular order (Fig. 2H). In contrast
to the highly crystalline bulk Bi-EA mesocrystals, MPhene
exhibits markedly reduced diffraction intensity, particularly for
the reection at approximately 2q z 10° associated with inter-
layer stacking (Fig. S10). The pronounced attenuation of this
peak aer exfoliation indicates a substantial reduction in
interlayer stacking order and periodicity, consistent with the
structural transformation from the bulk stacked material to
ultrathin nanosheets.62,63 High-resolution transmission elec-
tron microscopy (HRTEM) revealed well-dened lattice fringes
with a periodic spacing of 0.34 nm throughout the nanosheet
domain, closely matching the spacing of 0.36 nm predicted for
p–p stacked EA ligands in our model (Fig. 2I and S11). Addi-
tionally, selected-area electron diffraction (SAED) patterns
exhibited sharp, discrete diffraction spots, indicative of a high
degree of crystallinity and in-plane ordering across the nano-
sheets (Fig. 2J). Furthermore, the measured d-spacing of the (2–
10) crystallographic plane aligns with the simulated p–p

stacking arrangement, forming a unique electron channel with
a width of 0.70 nm, which highlights its nanoscale architecture
© 2026 The Author(s). Published by the Royal Society of Chemistry
that promotes highly efficient unidirectional electron transport
(Fig. 2K).

To elucidate the electronic properties of MPhene, electron
density calculations were performed along its in-plane structure
using density functional theory (DFT) (Fig. 2L). The calculated
electron density along the p–p stacking region was markedly
higher than that in the non-stacked region (Fig. 2M). Further-
more, the electron density prole from a to b revealed signi-
cantly higher values in the p–p stacked EA molecules (6.49 e
Å−3) compared to the NMP molecules (0.13 e Å−3), highlighting
their role as preferential channels for highly efficient unidi-
rectional electron transport (Fig. 2N). To experimentally validate
these theoretical ndings, we employed conductive atomic
force microscopy (CAFM), a technique widely used to probe
local electronic behaviors in 2D materials,64 to directly visualize
the electron transport channels within MPhene (Fig. 2O). The
CAFM current patterns revealed channel-aligned bright stripes
separated by darker regions, corresponding to parallel electron
transport channels (Fig. 2P). Moreover, the line-scan current
prole from c to d exhibited periodic peaks and troughs, cor-
responding respectively to channel and non-channel regions, in
excellent agreement with the electron density distribution. The
average peak current of the channel regions (9.1 nA) was
substantially higher than that of the non-channel regions (0.2
nA), yielding a selectivity of ∼4500% (Fig. 2Q). These combined
theoretical and experimental results unequivocally demonstrate
the presence of unique unidirectional electron transport chan-
nels within MPhene.
Electrocatalytic performance of MPhene

To evaluate the role of unique p-stacking electron channels in
facilitating highly efficient electron transport and enhancing
the electrocatalytic activity of BiIII active sites in MPhene, we
carried out electrocatalytic CO2RR measurements. Given the
electron transport-dependent nature of CO2RR, previously re-
ported 2D nanomaterials were employed as benchmarks for
comparative evaluation.65 The CO2RR activity of MPhene
nanosheets was assessed in a three-electrode ow cell system
using a CO2-saturated KHCO3 aqueous solution as the electro-
lyte (Fig. 3A and B). Linear sweep voltammetry (LSV) was per-
formed within the potential range of 0 to −1.1 V (vs. RHE; all
potentials mentioned in the following are referenced to RHE
unless otherwise stated). MPhene exhibited a high current
density (126 mA cm−2 at −1.1 V), indicating the considerable
electron transport efficiency and high CO2RR activity (Fig. 3C).
From the chronoamperometric curves, the current density was
consistent with the LSV curves and remained steady, suggesting
the reliable electrocatalytic stability of MPhene (Fig. 3D).

Additionally, the electrocatalytic selectivity of MPhene
nanosheets was veried by monitoring the products formed at
each potential with 1H nuclear magnetic resonance (1H NMR)
and mass spectrometry. The results revealed that HCOOH
emerged as the primary product (Fig. 3E, F, S12 and S13).
MPhene showed high selectivity towards HCOOH production,
with the Faradaic efficiency of HCOOH (FEHCOOH) exceeding
90% in a relatively wide potential window from −0.7 to −1.1 V.
Chem. Sci.
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Fig. 3 Electrocatalytic performance of MPhene. (A) Schematic illustration of unique electron transport channels fromMPhene for highly efficient
electrocatalysis of CO2 (right) with a three-electrode flow cell system (left). (B) Digital image of a three-electrode flow cell system for
electrocatalysis of CO2. (C and D) LSV curve (C) and chronoamperometric curves (D) of MPhene. (E and F) 1H NMR spectra (E) andmass spectra (F)
of the liquid product during the electrocatalysis of CO2. (G) Faradaic efficiencies of HCOOH, CO, and H2 for MPhene. (H) Comparison of the
Faradaic efficiency of HCOOH between the reported Bi-based electrocatalysts and the current MPhene at different potentials. (I) Partial current
density of HCOOH for MPhene. (J and K) Faradaic efficiency (J) and partial current density (K) of HCOOH for MPhene and Bi-EA mesocrystals at
a potential of −0.9 V vs. RHE. (L) Tafel slope of MPhene and Bi-EA mesocrystals. (M) Electrocatalytic stability and selectivity of MPhene at
a potential of −0.9 V vs. RHE for 10 h. (N) Comparison of the Faradaic efficiency and partial current density of HCOOH with reported
electrocatalysts from nanosheets in neutral electrolytes.
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The maximum value of FEHCOOH reached 93.2% at −0.9 V
(Fig. 3G), surpassing most of the other state-of-the-art Bi-based
materials (Fig. 3H).66–71 The calculated HCOOH partial current
density (JHCOOH) of MPhene reached a maximum value of 115.5
mA cm−2 at −1.1 V (Fig. 3I), highlighting its remarkable
HCOOH-generating efficiency. In contrast, the unexfoliated Bi-
EA mesocrystals exhibited considerably lower current density
(<10 mA cm−2 at −1.1 V) and FEHCOOH (<52%), as well as larger
Tafel slope (212.1 mV dec−1), resulting in minimal efficiency
(JHCOOH < 3 mA cm−2 from −0.7 to −1.1 V) (Fig. 3J–L and S14–
S17) due to their poor conductivity. To further distinguish the
contribution of increased surface area from the intrinsic cata-
lytic properties of the materials, a surface-area-normalized
analysis was carried out based on the electrochemical surface
area (ECSA) measurements of the catalysts (Fig. S18). The
normalized partial current densities for formate production are
Chem. Sci.
0.12 mA cm−2 for the mesocrystals and 0.78 mA cm−2 for
MPhene nanosheets, which still exhibit approximately 6.5-fold
higher activity aer normalization. Additionally, the turnover
frequency (TOF) values for formate production increase from
0.02 s−1 for the mesocrystals to 0.90 s−1 for MPhene nano-
sheets. These results indicate that the enhanced catalytic
performance of MPhene is not solely attributable to the increase
in exposed surface area but instead reects improved intrinsic
catalytic properties together with more efficient charge trans-
port within the MPhene structure.

The long-term electrocatalytic stability and product selec-
tivity of MPhene were further evaluated. The total current
density stabilized at ∼43 mA cm−2 together with an average
FEHCOOH of ∼92% over 10 h (Fig. 3M), indicating good catalytic
stability and selectivity during the tested period. However, upon
extending the electrolysis duration beyond 10 h, the current
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanistic studies and stability of MPhene during the CO2RR process. (A) Schematic illustration of the in situ Raman device during the
CO2RR process. (B and C) Time-resolved in situ Raman spectra of MPhene in 0.5 M KHCO3 solution under CO2 bubbling. (D) Free energy
diagrams of the electroreduction of CO2 to HCOOH by MPhene. (E) Structure (top) and corresponding electron density (bottom) of the *OCHO
intermediate. (F) The energy level and orbital diagram of HOMO and LUMO for MPhene and the *OCHO intermediate. (G) XPS spectra of Bi 4f for
MPhene before and after CO2RR. (H and I) Bi L3-edge XANES spectra (H) and FT-EXAFS spectra (I) of MPhene before and after CO2RR. (J) Wavelet
transform of the k2-weighted EXAFS data of Bi L3-edge. (K–N) TEM image: (K), EDS elemental mapping images (L), SAED pattern (M), and AFM
image (N) of MPhene after CO2RR. Scale bars are 1 mm (K and N), 500 nm (L), and 5 1/nm (M).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
7/

20
26

 4
:5

7:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
density showed a noticeable decline at 16 h and further decayed
during prolonged operation, reaching approximately 50% of its
initial value by 30 h (Fig. S19). Post-reaction HRTEM and SAED
analyses aer extended electrolysis revealed structural changes
in MPhene, including lattice fringes assignable to metallic Bi
and diminished diffraction order of the supramolecular
framework (Fig. S20), suggesting that the performance loss is
associated with both partial reduction of BiIII species and
structural disordering under prolonged electrochemical condi-
tions. A comparative analysis of overall CO2RR performance
based on FEHCOOH and JHCOOH values demonstrates that
MPhene nanosheets achieve record-high electrocatalytic activity
in neutral electrolytes, far exceeding the state-of-the-art perfor-
mance of noble-metal-free 2D electrocatalysts (Fig. 3N and
© 2026 The Author(s). Published by the Royal Society of Chemistry
Table S4). These results highlight the superiority of unique
long-range p-stacking channels for highly efficient electron
transport during electrocatalysis.
Electrocatalytic mechanism and stability of MPhene

In situ electrochemical Raman spectroscopy was employed to
elucidate the role of unique p-stacking electron channels of
MPhene during the CO2RR, tracking intermediate species and
the reaction kinetics (Fig. 4A). The characteristic peaks centered
at 1160 and 1540 cm−1 were detected and gradually increased
over time (Fig. 4B and C), corresponding to the generation of
surface-adsorbed carbonate species (*CO2) and proton-trapped
carboxylate radicals (*OCHO).53 We further calculated the Gibbs
free energies of all intermediates at actual work conditions
Chem. Sci.
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(0.5 M KHCO3) to analyze the entire reaction pathway in detail.
The results exhibited a lower thermodynamic energy barrier in
the formation of *OCHO on the Bi site than other intermediates
(Fig. 4D), which is consistent with the Brønsted–Evans–Polanyi
(BEP) relationship,72 indicating the crucial role of MPhene in
the activation of CO2 molecules to form the *OCHO
intermediate.

DFT calculations were further used to analyze the electron
density of MPhene during the formation of the *OCHO inter-
mediate. It was revealed that the *OCHO intermediate had
strong electron density along the electron channels (Fig. 4E),
revealing the vital role of unique long-range p-stacking chan-
nels in promoting electron transport of the *OCHO interme-
diate. Density of states (DOS) analysis of the *OCHO
intermediate showed a narrower bandwidth (1.09 eV) compared
with pristine MPhene (1.20 eV), illustrating the improved
conductivity responsible for the effective transformation of the
*OCHO intermediate during the CO2RR process. Furthermore,
the contribution to the total DOS for the *OCHO intermediate,
situated beneath the Fermi level, stems from the bonding
hybridization of C p and Bi p states within the unique p-
stacking electron channels, fundamentally strengthening its
conductive nature (Fig. S21). The electronic overlap and the
decreased energy levels of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) for the *OCHO intermediate further conrm the
enhanced conductivity during the CO2RR process (Fig. 4F).
Collectively, these ndings demonstrate that electrons transfer
from BiIII catalytic sites embedded in the unique electron
channels to adsorbed CO2 molecules, leading to the generation
of a stable and conductive *OCHO intermediate and subse-
quent HCOOH formation (Fig. S22).

Owing to the efficient charge transport enabled by the long-
range p-stacking channels, MPhene exhibits improved struc-
tural robustness during the initial CO2RR process, thereby
mitigating the rapid reduction and collapse oen observed in
coordinated metal-based materials.73,74 In XPS spectra, the Bi 4f
core-level signals of pristine MPhene and MPhene aer the 10 h
CO2RR test (MPheneR) remained largely comparable, suggest-
ing that the BiIII-coordinated environment was largely retained
during the initial electrolysis period (Fig. 4G). To further
elucidate the coordination environment of BiIII active sites,
XAFS spectroscopy was conducted. In the Bi L3-edge X-ray
absorption near-edge structure (XANES) spectra, the absorp-
tion edge and the white line peak of the XANES spectrum in
MPheneR nearly coincided with those observed for the Bi2O3

reference, indicating that the BiIII species were largely retained
aer the 10 h CO2RR test (Fig. 4H). Moreover, FT-EXAFS spectra
were analyzed to discern the atomic-scale local environment of
the BiIII sites. The prominent peak in the MPheneR spectrum
resided at 1.87 Å, consistent with the pristine MPhene (Fig. 4I),
suggesting that the local coordination structure was largely
preserved during the initial electrolysis period. Complementary
wavelet transform (WT) analysis of the Bi L3-edge EXAFS oscil-
lations supported this nding. The WT contour maps of
MPheneR exhibited a solitary intensity maximum centered
around 1.80 Å, corresponding to the Bi–O coordination within
Chem. Sci.
the MPhene nanosheets, as opposed to the metallic Bi–Bi
bonding (3.40 Å) characteristic of Bi powders (Fig. 4J).

Simultaneously, TEM and EDS mapping observations
revealed the intact structure of MPheneR with sheet-like
morphologies and uniform distributions of each element in
MPheneR (Fig. 4K and L). In addition, the distinct diffraction
pattern of SAED for MPheneR further strengthens the results of
XPS and XAFS (Fig. 4M). The measured thickness of MPheneR
was 3.53 nm (Fig. 4N), which was nearly the same as MPhene,
indicating the absence of reassembly of nanosheets during
electroreduction. In contrast, the XPS spectra, SEM, and TEM
images of Bi-EA mesocrystals changed dramatically aer CO2RR
(Fig. S23–S25). In summary, all analyses consistently conrmed
that the highly active Bi oxidation state and structure within
MPhene can be stabilized owing to the unidirectional and
ultrafast electron transport ability, as well as the subsequent
absence of accumulation of electrons from unique long-range
p-stacking channels,75 demonstrating the advantages of
MPhene in electrocatalytic research and applications.

Conclusions

Unidirectional electron transport channels were successfully
established through the formation of unique extended p-
stacking architectures within 2D metal–organic nanosheets
(MPhene). These nanosheets exhibit unidirectional and highly
efficient electron transport to BiIII active sites, effectively mini-
mizing energy dissipation and enhancing the accessibility of
catalytic centers. Consequently, MPhene nanosheets exhibit
outstanding electrocatalytic selectivity, achieving a formic acid
Faradaic efficiency exceeding 90% within a broad potential
window (−0.7 to −1.1 V vs. RHE). Moreover, the partial current
density for formic acid production reached 115.5 mA cm−2 at
−1.1 V vs. RHE, establishing record-high electrocatalytic activity
among all previously reported advanced noble-metal-free 2D
electrocatalysts in neutral electrolytes. This work further
demonstrates a sustainable, noble-metal-free strategy that rivals
the efficiency of noble-metal systems, highlighting its potential
for scalable and eco-friendly CO2 conversion. In situ Raman
spectroscopy and DFT calculations indicated that the unique p-
stacking electron channels in MPhene exhibited highly efficient
unidirectional electron transport properties, accounting for the
highly selective and effective electroreduction of CO2 to formic
acid. Beneting from the nanoscale electron transport chan-
nels, the coordinated Bi species were retained, thereby driving
the electroreduction of CO2 molecules during the CO2RR
process. Collectively, these ndings establish a distinctive
paradigm for engineering unique unidirectional electron
transport channels in 2D electrocatalysts and delineate
a promising route toward advanced electrochemical technolo-
gies, with broad implications for carbon-neutral energy
conversion and environmental remediation.

Author contributions

Y. H., G. H., W. L., I. M., and J. G. conceived the ideas. Q. X. and
G. H. conducted material design and synthesis. Q. X. and G. H.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09348a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
7/

20
26

 4
:5

7:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
performed theoretical calculations. Q. X., Y. H., Q. L., S. D., and
X. W. conceived the electrocatalytic experiments and performed
the corresponding data analysis. Q. X., G. H., W. L., and J. G.
draed the manuscript. All authors discussed the results and
commented on the manuscript.

Conflicts of interest

J. G. and Y. H. are equity holders of Novastra Therapeutics. J. G.
is a shareholder and board director of Vitagenix Bio. All other
authors declare no competing interests.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion: experimental section, synthetic procedures, and charac-
terization data (including electrochemical measurements and
in situ Raman spectroscopy) for metal–organic nanosheets;
structural details and electrocatalytic CO2 reduction properties;
as well as structural stability analyses. See DOI: https://doi.org/
10.1039/d5sc09348a.

Acknowledgements

The authors would like to dedicate this article to Prof. Ian
Manners. His dedication to science, family, and life will forever
be cherished. His immense scientic legacy will eternally be
remembered, and the remaining authors are profoundly grate-
ful for the invaluable guidance he imparted during the collab-
orative journey. The authors would also like to express their
sincere gratitude to Deborah O'Hanlon-Manners for her helpful
discussion and heartwarming support. The authors would like
to thank Z. Wang, Q. Song, and M. Zhou at the College of
Biomass Science and Engineering of Sichuan University for
characterization assistance. The authors also appreciate S.
Wang from the Analytical and Testing Center of Sichuan
University for help with the transmission electron microscope
characterizations. Funding: The authors acknowledge nancial
support from the National Key R&D Program of China
(2022YFA0912800), the National Excellent Young Scientists
Fund (00308054A1045), the National Natural Science Founda-
tion of China (22178233, 22408241, 22108181), the Talents
Program of Sichuan Province, the Fundamental Research Funds
for the Central Universities (SCU2025D014), the Double First-
Class University Plan of Sichuan University, the State Key
Laboratory of Polymer Materials Engineering (sklpme 2020-03-
01), the Tianfu Emei Program of Sichuan Province (2022-EC02-
00073-CG), the Postdoctoral special funding of Sichuan Prov-
ince (TB2022063), China Postdoctoral Science Foundation
(2023M742459), Ministry of Education Key Laboratory of
Leather Chemistry and Engineering, and National Engineering
Research Center of Clean Technology in Leather Industry.

References

1 D. Shindell and C. J. Smith, Nature, 2019, 573, 408–411.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2 Z. Liu, Z. Deng, S. J. Davis and P. Ciais, Nat. Rev. Earth
Environ., 2024, 5, 253–254.

3 M. Kotz, A. Levermann and L. Wenz, Nature, 2024, 628, 551–
557.

4 A. Stechemesser, N. Koch, E. Mark, E. Dilger, P. Klösel,
L. Menicacci, D. Nachtigall, F. Pretis, N. Ritter, M. Schwarz,
H. Vossen and A. Wenzel, Science, 2024, 385, 884–892.
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