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Although tremendous efforts have been devoted to regulating the morphology of metal—organic frame-
works (MOFs), it is still a substantial challenge to achieve chirality at the crystal morphological level. This
work presents a bottom-up synthetic approach to produce chiral morphological bismuth-based por-
phyrin MOFs, featuring a unique surface morphology — a square spiral terrace-shaped crystal that exhibits
mesoscopic mirror-symmetry breaking. Compared with bulk samples, screw dislocation defects could
promote the anisotropic growth of the square spiral terrace-shaped nanoplates under conditions of low
supersaturation concentrations and in the presence of polyvinyl pyrrolidone (PVP). To assess the effect of
the anisotropic morphology on the properties, photocatalytic hydrogen peroxide (H,O,) production
experiments under pure water and oxygen conditions (blue LED illumination, 4 = 455 nm) were carried
out. The experimental results showed that the screw dislocation nanoplates displayed 1.5 times higher
photocatalytic activity (156.22 uM h™) than that of bulk samples (106.24 uM h™%). This may be attributed to
the better dispersion in water and fully exposed catalytically active sites of the screw dislocation nano-
plates. These findings provide novel insights for obtaining MOFs with a chiral morphology and improving
the photocatalytic H,O, generation based on morphological control.
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Introduction

Supramolecular chirality plays a pivotal role in diverse fields
such as optoelectronics,' biology,” asymmetric catalysis,® and
materials science.” The self-assembly of achiral molecules into
supramolecular structures can lead to racemates or homo-
chiral domains, involving symmetry breaking - a key factor in
the genesis of homochirality.> Among them, porphyrin-based
systems have attracted significant attention because they could
induce chiral organization by electrostatic, hydrogen-bonding
and dispersive interactions.® For instance, despite the lack of
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inherent chirality in tetraphenyl sulfonate porphyrin, helical
aggregates are formed by tetraphenyl sulfonate porphyrins
because of rotational and magnetic forces.” However, most
studies on controlling chiral self-assembly with porphyrins
have focused on amorphous materials, which poses challenges
in elucidating molecular level processes.® Crystalline multi-
porphyrin architectures offer well-ordered structures, enabling
precise definition of the spatial arrangements and distances
between porphyrin units.” Metal-organic frameworks (MOFs),
a significant type of crystalline porous materials, present an
excellent platform for investigating chiral aggregation pro-
cesses. Constructing chiral MOFs (C-MOFs) from achiral por-
phyrin precursors allows for a better understanding of the
mechanisms governing chiral self-assembly. "

Extensive efforts have been made to develop MOFs’ structures
and investigate their properties in the past few decades.
However, researchers increasingly focus on the macroscopic
characteristics of MOFs in recent years, especially their crystal
sizes, shapes, and morphologies."* For instance, two-dimen-
sional (2D) metal-organic nanosheets (MONs) have garnered sig-
nificant interest due to their enhanced catalytic properties.
Compared to three-dimensional (3D) bulk MOFs, MONs are
capable of exposing more active sites and reducing the path of
electron transport in the reaction, thereby facilitating the cata-
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Fig. 1
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Anisotropic morphology

(a—c) Structure of Bi-TCPP and its assembly units, viz. Bi-carboxylate node and TCPP linker. (d) Side-view of the stacking mode of 2D layers

in Bi-TCPP along the b-axis. (e) Diagram of growth mechanism for Bi-TCPP-bulk and Bi-TCPP-NPs.

lytic process.'” For synthetic chemists, obtaining MONs with
uniform and large sizes presents a significant challenge. While
extraction of MONs from layered 2D MOFs via ultrasonic strip-
ping offers a straightforward strategy, controlling exfoliation
often yields nonuniform size and thickness. An alternative
approach involves direct bottom-up synthesis, which is preferable
for fabricating MONSs with high yield, controllable thickness, and
large lateral dimensions. However, predicting and designing
crystal morphology remains challenging due to the myriad of
influencing parameters, e.g., temperature, solvent, and additives
used during crystal growth. Modulators have been proved to be
effective in manipulating the crystal morphology, even in
complex chiral architectures.”® The controlled growth of crystal-
line surfaces using modulators has also been employed to tailor
crystal facets of MOFs. Some achiral MOFs deviate from long-
range translational order by twisting and bending during growth
on another crystal surface, resulting in crystals exhibiting square
spiral terrace-shaped facets."* Nevertheless, these helical dis-
locations do not conform to a separate single crystal model.
Moreover, these structures are derived from 3D MOF architec-
tures, and the realization of this helical morphology in 2D MOFs
has not yet been documented. However, there are some studies
by van der Boom M. E. et al. on the construction of chiral pyri-
dine-based MOFs at both molecular and macroscopic scales.'®
Nevertheless, the pathway for forming crystals with chiral mor-
phology is still poorly understood and the exploration of their
related performance is insufficient.

Bismuth ions (Bi*") are recognized for their high coordi-
nation numbers and flexible coordination environments. As a
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result, metal complexes containing Bi*" often adopt a twisted
conformation. Moreover, Bi*" and its complexes are known for
their non-toxicity, making them appealing for environmentally
friendly catalysts and medical applications."® However,
research on Bi**-containing MOFs has been limited."” Herein,
we successfully synthesized bismuth-based C-MOFs, denoted
as Bi-TCPP, featuring 2D layers and utilizing the achiral ligand
tetrakis(4-carboxylphenyl) porphyrin (TCPP)."® The ecrystal
growth process was controlled using a modulator-assisted syn-
thetic method, resulting in a unique square spiral terrace mor-
phology (Fig. 1). Furthermore, we evaluated its photocatalytic
activity for H,O, production under 455 nm LED irradiation,
demonstrating excellent performance in pure water without
any sacrificial agent.

Results and discussion

The single-crystal X-ray diffraction (SC-XRD) analysis reveals
that Bi-TCPP crystallizes in the chiral space group P2,2,2;. As
shown in Fig. 1a-c, each unit of Bi-TCPP features a Bi*" site
with a 4-connected coordination configuration, formed by four
carboxyl groups from TCPP ligands nearly positioned in the
same ab plane. Consequently, a 2D layered network with a
(4,4)-connection sql topology is constructed. Additionally, a
water molecule coordinates with Bi** along the c-axis, estab-
lishing hydrogen bonds with carboxylate oxygens. The chirality
of Bi-TCPP arises from the non-centrosymmetric porphyrin
unit, which is axially polarized, and the distorted tetrahedral

This journal is © the Partner Organisations 2024
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Bi** node, leading to the formation of ‘wavy’ bismuth-por-
phyrin layers (Fig. 1d). Neighboring layers relate to each other
through crystallographic symmetry manipulation. Stacking of
these corrugated sheets occurs uniformly in an ABCD mode,
supported by crystallographic translation. The average distance
between overlapping porphyrin rings is 6.3 A, as depicted in
Fig. S2.1 Such stacking fashion is remarkably rare, indicating a
unique coexistence of rotary multilayers within a single crystal.
The layer stacking gives rise to 1D nanosized spiral channels
with a cross-section of approximately 4 x 4 A% along the c-axis.
PLATON analysis demonstrates that the structure contains
large solvent-accessible voids, calculated to be 5633.9 A3, con-
stituting 40.8% of the unit cell volume. Although the diffrac-
tion-based structural model of Bi-TCPP clearly displays a chiral
architecture, crystallographic refinement indicates the pres-
ence of inversion twins, signifying the co-crystallization of
different enantiomeric components.

Most bulk crystals possess a well-organized, symmetrical
shape. The scanning electron microscopy (SEM) image in
Fig. 2a illustrates the inherent layered structure of Bi-TCPP. It is
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worth noting that spiral growth morphologies are also observed
in some bulk samples (Bi-TCPP-bulk, Fig. 2b and Fig. S3-S6 in
the ESIt), which prompts further investigation into the influ-
ence of screw dislocations on growth kinetics along different
crystallographic directions and assesses the impact of strain
energy on the equilibrium shapes of defective crystals. For this
purpose, we carried out the experiments by adding a modulator
(polyvinyl pyrrolidone, PVP) into the growth solution with a
low reactant concentration (see the ESIt). Morphological exam-
ination of intermediate products during the reaction process
(see the ESIT) revealed the formation of a unique material with
a square spiral terrace characteristic (Bi-TCPP-NPs) at the initial
4 hour stage, as detected via SEM (Fig. S7 in the ESI}). This
morphology can be described as a set of spiral open-loops
gradually rotating along the 001 axis, with terraces aligned par-
allel to the (100) direction. Notably, SEM images show that
spirals appear on one side of a nanoplate, while the other side
remains smooth. AFM measurements revealed a thickness of
ca. 200 nm for the nanoplates at the 4 hour stage (Fig. S8a in
the ESIf). Additionally, a flower-like structure composed of

Fig. 2 Morphologies of normal growth (a) and spiral growth (b) in bulk crystals of Bi-TCPP. (c and d) SEM images of Bi-TCPP nanoplates with left-
handed (M) and righthanded (P) configurations. (e—h) TEM images of different scales of Bi-TCPP nanoplates, accompanied by cocrystallite BiOCl
circled in red at the beginning of the reaction. (i) HAADF image and FFT pattern of the nanoplates of Bi-TCPP. (j) AFM image of the nanoplates of Bi-
TCPP via cross-sectional analysis of its growth steps on the helical surfaces. (k) AFM image of the nanosheets of Bi-TCPP after exfoliation and their

height profiles.

This journal is © the Partner Organisations 2024

Inorg. Chem. Front,, 2024, 1, 8037-8046 | 8039


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi01580k

Open Access Article. Published on 01 October 2024. Downloaded on 2/10/2026 11:16:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

numerous interleaving nanosheet petals was noticed.
Extending the reaction time to 8 hours resulted in more promi-
nent nanoplates with larger terraces, reaching a mesoscopic
diameter of ca. 10 pm. During this stage, we also noted a sig-
nificant increase in edge site growth. Subsequent crystal
growth over approximately 24 hours resulted in nanoplate
thickening to the micron level (Fig. S8b in the ESI}). The emer-
gence of spiral nanoplate morphology can be explained
through the Burton-Cabrera-Frank (BCF) theory.'® When a
screw dislocation intersects a crystal surface, it generates step
edges that propagate as self-sustaining growth spirals. Under
conditions of low supersaturation, if the velocity of steps at the
dislocation core (v.) matches that at the outer edges (v,), the
resulting dislocation hillocks exhibit a shallow slope, forming
highly flattened pyramids resembling nanoplates. In addition,
as the nanoplates grew, the flower-like material gradually
diminished and eventually disappeared. To validate these
observations, we monitored the reaction using powder XRD
(PXRD) to study the phase transition (Fig. S9 in the ESIt). The
nanoplates were identified as Bi-TCPP, and their conversion
from the flower-like phase was consistent with the PXRD data.
Furthermore, we obtained a pure phase of the flower-like
material by adjusting conditions without the TCPP ligand. This
compound was further characterized using elemental analysis,
PXRD, SEM and transmission electron microscopy (TEM)
(Fig. S10-S12 in the ESI}). All results confirmed the flower-like
material as BiOCl. The above findings collectively indicate a
transition process from BiOCI to Bi-TCPP-NPs.

Fig. 2c and d depict two spirals with opposite directions
creating open-loop terraces. These spirals are commonly
referred to as left-handed (M) and right-handed (P) configur-
ations according to conventional nomenclature. This obser-
vation suggests symmetry breaking at the morphological level
within a porphyrinic MOF system. However, it is quite difficult
to determine the orientation of the helical configuration and
accurately quantify the populations of both forms due to the
presence of various other twisted shapes. Thus, it can be
inferred that there is a relative rather than absolute symmetry
breaking in this system. The primary objective of our study was
to explore spiral morphology using atomic force microscopy
(AFM) to examine the crystal layer surface. Our observations
indicated numerous minor steps on the leading spiral surface
(Fig. 2j). On the opposite side of the crystal, we observed
square-growth hillocks resembling stacks of islands formed
from spiral loops (Fig. S13 in the ESIf). The height of these
minor steps is approximately 2 nm, which is comparable to the
dpo1 crystal spacing (1.9 nm), which corresponds to the height
of a four-layer bismuth-porphyrin array along the c-axis. The
crystal surface is commonly regarded as either “spiral growth”
or “screw dislocation”, typical topological defects that arise
during crystal growth. The major steps, which are 50 nm in
height, consist of numerous layers of minor steps, thereby gen-
erating spiral nanosheets (Fig. S8 in the ESIf}).

The square terraces were further analyzed using TEM and
selected area electron diffraction (SAED). Dark-field TEM
images revealed the rotational growth of layers that shared a

8040 | /norg. Chem. Front,, 2024, 11, 8037-8046

View Article Online

Inorganic Chemistry Frontiers

screw axis (Fig. 2h), while single-crystal SAED patterns were
detected under the high-energy electron beam of TEM (Fig. 2i).
Additionally, the fast Fourier transform (FFT) patterns of the
nanoplates exhibited a distinct porphyrin plane with a four-
connection sql topology distribution, closely matching the
{001} facets. The inverse FFT image of the diffraction point in
Fig. S14f shows lattice displacement of the line defect
(marked with a red line), characteristic of screw dislocation.
Notably, the stacked flake spiral morphology enabled the pro-
duction of micron-sized and ultrathin nanosheets through
solvent-assisted liquid sonication. Examination of terrace
height indicated a thickness of approximately 1.5 nm (Fig. 2k).
Various dislocations exist in nature, but the square spiral
terrace shape has only been seen in a few achiral MOFs.
Isochiral screw dislocations have been proposed as a potential
cause for “Eshelby twisting”, a well-established origin of
chirality."®?® On one hand, the introduction of PVP can
disrupt crystal growth symmetry, promoting growth driven by
dislocations under conditions of low supersaturation. On the
other hand, chiral-like stacking with frustrated packing, which
refers to layer discontinuity, tends to produce a helical mor-
phology. Our findings emphasize the presence of macroscopic
spiral morphologies in complex MOFs characterized by both
chirality and the 2D architecture.

The regulation of morphology notably affects optical
signals, as illustrated in Fig. S15,1 where the circular dichroism
(CD) spectrum of Bi-TCPP nanoplates displays signals corres-
ponding to the porphyrin absorption. In contrast, the CD
spectra of bulk Bi-TCPP samples exhibit negative Cotton effects
(CE) around 415 nm and 440 nm (Fig. S16 in the ESI{). The
characteristic Soret band is distinctly visible for nanoplate
samples, accompanied by negative shoulder CEs at ca. 395 nm,
433 nm, 447 nm and 477 nm. Moreover, enhanced CD signals
between 450 and 700 nm indicate amplification of the Q band
signal in nanoplate samples. Remarkably, consistent CD curves
of nanoplate samples prepared from different batches were
obtained (specifically, the CD spectra were obtained from 30
collections). Generally, when achiral molecules self-aggregate,
they form structures that are either achiral or racemic, lacking
CD signals. However, the contribution of linear dichroism (LD)
to CD signals must be considered. The LD spectra of nano-
plates exhibit mirror-imaged curves compared to their CD, with
strong absorption of ca. 2 x 1072, The LD artifact contributes
an estimated 60% to the CD signal, underscoring the substan-
tial role of system anisotropy in the measured CD.>" Inversely,
LD spectra of bulk samples show profiles distinct from their
corresponding CD spectra, with optical densities below 1 x
107, contributing negligibly to the overall CD spectra.
Accordingly, the CD signal likely originates from the macro-
scopic anisotropic alignment of nanoplates, which exhibit sig-
nificant linear optical polarization along their screw axis, rather
than intrinsic chirality. This anisotropic optical crystal holds
the potential for applications in polarized fluorescence, photo-
current generation, and other areas (Fig. S17 in the ESIY).

The N, adsorption-desorption isotherm of Bi-TCPP at 77 K
showed no uptake (Fig. S18 in the ESIf), which ascribes to its

This journal is © the Partner Organisations 2024
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ultra-microporosity that restricts the entry of N, molecules due
to their relatively large dynamic diameter. The permanent
porosity of Bi-TCPP was confirmed by CO, adsorption-desorp-
tion at 195 K and the Brunauer-Emmett-Teller (BET) surface
area is 492.31 m”* g~'. The CO, isotherms displayed type-I be-
havior, indicating the microporous nature of Bi-TCPP. Water
vapor adsorption tests revealed hydrophilic pores in the
sample (9.96 mmol g~', 95% relative humidity), which
enhances its suitability for subsequent photocatalysis in water
by facilitating water adsorption and sample dispersion
(Fig. S19 in the ESIf). Thermal gravimetric (TG) analysis and
temperature-dependent PXRD were conducted to explore the
thermal stability of Bi-TCPP. Coordinated water was readily
removed at a temperature of ca. 160 °C, while framework
decomposition initiated at approximately 300 °C (Fig. S20 and
S21 in the ESIT). Compared to other chiral MOFs, the incorpor-
ation of Bi-O connectors into Bi-TCPP resulted in a robust,
chiral framework capable of retaining porosity even after acti-
vation. Furthermore, no significant loss of crystallinity was
observed for Bi-TCPP after 24 hour exposure to water and
various solvents (Fig. S22 in the ESIT), confirming its outstand-
ing chemical stability.
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Ultraviolet-visible-near infrared diffuse reflection spectra
(UV-vis-NIR DRS) demonstrate that Bi-TCPP-NPs exhibit a
broad optical absorption range, with absorption edges near
1000 nm, suggesting excellent light-harvesting ability in the
visible and near-infrared regions (Fig. 3a). The band gap (Ey)
of Bi-TCPP-NPs was calculated to be 1.78 eV using the
Kubelka-Munk function (Fig. 3b). UV-vis-NIR absorption
spectra of TCPP, TCPP-bulk and BiOCl are provided for com-
parison. TCPP and Bi-TCPP-bulk show absorption profiles
similar to that of Bi-TCPP-NPs, whereas BiOCl absorbs only at
400 nm (Fig. S23 in the ESIf). The narrow E, of Bi-TCPP-NPs,
enabling efficient photon capture, suggests that these supra-
molecular photocatalysts may enhance photocatalytic activity
for H,0, production under visible light. Mott Schottky
measurements (Fig. 3c) were performed to further study the
electronic structures. The positive slope of the fitted line indi-
cates that Bi-TCPP-NPs are n-type semiconductors, with flat
band potentials (Egg) of Bi-TCPP-NPs determined as —0.51 V
(vs. NHE, pH = 7). The valence band potential (Eyg) was calcu-
lated according to the equation Eyg = Eg + Ecg, yielding a value
of 1.25 V. The Ecp of Bi-TCPP-NPs exceeds the reduction poten-
tial of O,/H,0, (0.68 V vs. NHE, pH = 7), indicating that
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Fig. 3
Band structure diagram of Bi-TCPP-NPs.
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(a) UV-vis-NIR DRS of Bi-TCPP-NPs. (b) Tauc plot for band-gap calculation of Bi-TCPP-NPs. (c) Mott—Schottky plots of Bi-TCPP-NPs. (d)
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Bi-TCPP-NPs facilitate the transfer of photogenerated electrons
on their surface for the conversion of O, to H,0,. The Eyy of
Bi-TCPP-NPs is more negative than the oxidation potential of
H,0/H,0, (1.78 V vs. NHE, pH = 7), implying that direct trans-
fer of photogenerated holes to H,0, is hindered. Conversely,
water oxidation to O, may occur due to the redox potentials
(1.23 V vs. NHE, pH = 7) being lower than the Eyp. The band
structures indicate that Bi-TCPP-NPs are thermodynamically
suitable for the overall photocatalytic H,O, production under
pure water and oxygen conditions (Fig. 3b).

Bi-TCPP-NPs exhibit narrow band gaps, appropriate elec-
tronic structures, high water stability, and hydrophilicity, all of
which are highly favorable for investigating their photocatalytic
activity in water. Importantly, nanoplates with helical dis-
location morphology have thinner dimensions compared to
bulk samples, which facilitates their dispersion in water
(Fig. S247). Bi-TCPP-NPs also exhibit an enhanced photocurrent
response and impedance, which conduces to the efficient trans-
port of photogenerated charge carriers and separation of elec-
tron-hole pairs under visible-light irradiation (455 nm LED,
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Fig. S25 and S26%). Moreover, the presence of mesoscopic
scales and dislocation defects ensures effective exposure of cata-
Iytic sites in 2D materials. Taking these factors into account, we
examined the photocatalytic capabilities of BiOCl, TCPP, TCPP-
bulk and TCPP-NP samples under visible light irradiation.
Photocatalytic H,O, production activities were conducted in O,-
saturated pure water under blue LED light (4 = 455 nm, 0.2 W
em™?), without additional reagents such as sacrificial agents,
photosensitizers or pH adjustment. These catalysts (15 mg)
were dispersed in 30 mL of pure water, respectively, and the
concentration of generated H,0, was measured after one hour.
Bi-TCPP-NPs exhibited the highest H,0, concentration at
156.22 pM, contrasting with 106.24 pM for Bi-TCPP-bulk,
23.97 pM for TCPP, and a minimal H,O, yield for BiOCl
(Fig. 4a). The superior catalytic activity of Bi-TCPP-NPs is attrib-
uted to their hydrophilic pores, better dispersion and sufficient
exposure of catalytically active sites. The reduced catalytic
activity of TCPP and BiOCl may stem from their weak respon-
siveness to visible light and inherent structural characteristics.
While nanosheets obtained by mechanical exfoliation of the
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(a) Time-dependent photocatalytic H,O, production for BiOCl|, TCPP, Bi-TCPP-bulk and Bi-TCPP-NPs (15 mg of catalyst in 30 mL of water

under visible light, LED 455 nm, for 1 hour). (b) H>O, production of Bi-TCPP-NPs at different catalyst amounts (30 mL of water under LED 455 nm
for 1 hour). (c) H,0, production on Bi-TCPP-NPs and Bi-TCPP bulk (0.1 g L™, 30 mL of water under LED 455 nm). (d) Cyclic stability for H,O, pro-

duction of Bi-TCPP-NPs (0.5 g L™, 30 mL of water under LED 455 nm).

8042 | Inorg. Chem. Front., 2024, 1, 8037-8046

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi01580k

Open Access Article. Published on 01 October 2024. Downloaded on 2/10/2026 11:16:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

TCPP-NP samples also undergo the photocatalytic reaction,
their small size complicates the separation of liquid phase pro-
ducts and catalysts, precluding product detection (Fig. S28 in
the ESIt). Increasing the amounts of Bi-TCPP-NPs enhances
activity, though H,O, production rates exhibit a decreasing
trend. The optimal production rate of 679.79 pmol g~* h™" is
achieved at a catalyst concentration of 0.05 g L™ (Fig. 4b and
Fig. S29 in the ESIt). Compared with photocatalysts that do not
use sacrificial reagents, the catalytic efficiency of Bi-TCPP-NPs
is very close to that of state-of-the-art MOFs (Table S2t).>?
Moreover, Bi-TCPP-NPs significantly outperform bismuth-based
MOFs synthesized with non-porphyrin ligands, as well as exten-
sively investigated C;N,-based materials.”® However, their per-
formance is lower than that of some recently emerged covalent
organic frameworks (COFs).”* Fig. 4c shows a steady increase in
H,O0, production in an hour irradiation period for Bi-TCPP-NPs
and Bi-TCPP-bulk. Cycling experiments reveal that Bi-TCPP-NPs
can be effectively recovered by centrifugation and reused with
negligible degradation in performance. Activity declines after
seven cycles, which indicates the high durability of Bi-
TCPP-NPs (Fig. 4d). Meanwhile, ICP, TEM, XPS, PXRD and FTIR
analyses demonstrate that the structure and morphology of Bi-
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TCPP-NPs remained unchanged after photocatalysis, underscor-
ing their excellent stability in H,0O, synthesis (Table S3 and
Fig. S30-S34 in the ESI{).

Considering that oxygen reduction reactions (ORRs) and
water oxidation reactions (WORs) are two potential pathways
involved in the photosynthesis of H,0,, we conducted control
experiments to unveil its generation during photocatalysis. As
shown in Fig. 5a, under a O, atmosphere, H,O, production
reached 157.53 pM, whereas with air, it decreased to 72.55 pM.
Trace amounts of H,0, were detected under an Ar atomosphere.
Negligible H,0, formed in the dark. In the presence of AgNO;
(electron-trapping agent), minimal H,0, was generated.
Trapping holes with CH;OH (142.14 pM) reduced H,O, gene-
ration slightly, indicating holes are not directly involved in photo-
catalytic H,O, production. These results suggest that photo-gen-
erated electrons reducing O, is the main pathway for H,O, pro-
duction. Addition of p-benzoquinone (p-BQ, superoxide radical
‘0,”) drastically decreased H,O, production
(24.89 pM), suggesting H,O, formation via the sequential two-
step single electron ORR pathway (O, + e~ — "0,7, 'O,” + 2H" +
e~ — H,0,). Electron paramagnetic spectroscopy (EPR) using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a radical trapping

scavenger,
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(a) The photocatalytic H,O, production rates with different scavengers and atmospheres. (b) EPR spectra of Bi-TCPP-NPs. (c) The Koutecky—

Levich plots obtained by RDE measurements at —0.80 V vs. Ag/AgCl. (d) The proposed mechanistic catalytic diagrams over Bi-TCPP-NPs.
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agent identified DMPO-'O," signals during irradiation (Fig. 5b),
validating the generation of "O,”. Electrochemical analysis on a
rotating disk electrode (RDE) was conducted to determine the
average electron-transfer number. Linear sweep voltammetry
(LSV) curves of Bi-TCPP-NPs in O,-saturated 0.1 M phosphate
buffer solution (pH = 7) were recorded at different rotations to
investigate the mechanism (Fig. 5c). Based on Koutecky-Levich
plots at —0.80 V vs. Ag/AgCl, the average electron transfer
number for Bi-TCPP-NPs involved in the ORR process was deter-
mined to be 2, which is consistent with the proposed photo-
catalytic process. In the WOR half-reaction, the production of
H,0, (147.19 pM) showed minimal variation when IPA was intro-
duced to quench hydroxyl radicals. Additionally, DMPO-'OH
signals were absent in the ESR spectral measurements under
illumination (Fig. 5b), suggesting that hydroxyl radicals do not
participate in the water oxidation process. Ar bubbling to remove
0, and NalO; added as an electron acceptor confirmed the
photochemical generation of O, from water via a four-electron
pathway (2H,O + 4h" — O, + 4H'"). Based on these experiments
and analysis, a plausible mechanism is proposed for Bi-
TCPP-NPs’ photocatalytic H,0, production (Fig. 5d). Under
visible light excitation, electron-hole pairs are separated. Low-co-
ordinated Bi centers facilitate H,O adsorption and act as sites for
the WOR, thereby generating O, and supplying H'". The electron-
rich porphyrin group serves as the active center for the ORR to
produce H,0, through a two-step single-electron ORR process.

Conclusions

In summary, a novel non-centrosymmetric structure, Bi-TCPP,
was constructed by asymmetrically arranging achiral porphyrin
ligands on a 2D grid-like network. Notably, the formation of
Bi-TCPP is accompanied by spiral crystal growth, resulting in
an asymmetric morphology. This work provides a perspective
to understand supramolecular chiral stacking using porphyrin-
based achiral molecules. Moreover, this investigation paves
new pathways for the enhancement of MOF functional pro-
perties by manipulating their morphology through a modu-
lator-assisted strategy.
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