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Selective photoreduction of CO, with H,O to hydrocarbons is challenged by inadequate and uncontrollable
electron and proton feeding. Herein, this limitation is overcome by integrating H,O dissociation, CO,
reduction, and O evolution catalysts into a dual S-scheme heterojunction and regulating exposed facets
of the heterojunction supports. In this design, H* and OH™ species generated by H,O dissociation on the
NH,-MIL-125 support transfer to the T-COF shell and Fe,Os insert for CO, reduction and O, evolution,
respectively. Mechanistic investigations reveal that increasing NH,-MIL-125{001} facet exposure
promotes proton spillover, while simultaneously causing more active electrons to accumulate on the T-
COF instead of NH,-MIL-125. This suppresses H, evolution on the NH,-MIL-125 core, directing more
protons to the T-COF shell for CO, reduction. Consequently, the *CO intermediate becomes more
prone to hydrogenation to CH4 rather than desorption to CO or C-C coupling to form C, products,
thereby progressively increasing CH4 production while decreasing H,, CO, CoHy, and C,Hg evolution.
The three-in-one heterojunction with the highest proportion of NH,-MIL-125{001} facets achieves
a remarkable CH, productivity of 154.3 pmol gea t h™t with a selectivity of 87.4%. This work highlights

the synergistic advantages of heterojunction construction and facet engineering in concurrently
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Introduction

Solar-driven conversion of carbon dioxide (CO,) and water
(H,0) into value-added carbonaceous fuels and chemicals has
garnered extensive attention from both industry and academia
for mitigating global warming and addressing the energy
crisis.™” Generally, a variety of reduction products can be ob-
tained due to the complex reaction steps and diverse interme-
diates involved. Among them, hydrocarbons such as methane
(CH,) are particularly desirable due to their higher energy
densities and greater economic value.>* However, achieving
high activity and selectivity in photocatalytic upcycling of CO, to
hydrocarbons remains challenging. The main reason is that the
supply of hydrogen protons and the utilization efficiency of
photogenerated carriers in most individual semiconductor
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optimizing electron and proton supply for CO, hydrogenation.

photocatalysts are insufficient to sustain the multi-step proton-
coupled electron transfer (PCET) processes.”® As a result of the
sluggish kinetics of PCET steps, CO,-to-CO conversion, which
involves fewer electrons and protons, is usually the dominant
reaction in CO, valorization.”® Furthermore, even when
a semiconductor photocatalyst simultaneously possesses effi-
cient charge separation efficiency and strong H,O activation
capability to provide ample electrons and protons, the absence
of robust CO, adsorption and activation sites leads to prefer-
ential proton reduction over CO, hydrogenation. This results in
H, emerging as the primary reduction product.’

To circumvent these challenges, it is highly desirable to
develop novel photosynthetic systems that integrate compo-
nents with complementary functionalities. In conventional
hybrid catalyst designs, one component facilitates the feeding
of protons by boosting water dissociation (H,0 — H' + OH"),
but lacks the capacity to generate active electrons for reducing
protons to H,.'***> These protons then diffuse to a second
component, which is rich in photoelectrons and effective in CO,
reduction, giving rise to an acceleration of the PCET processes.
While such tandem catalyst designs have demonstrated prog-
ress in CO, hydrogenation reactions, their practical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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implementation faces significant limitations. The uncontrol-
lable supply of electrons and protons makes it difficult to
regulate product selectivity, as the upgrading of CO, to different
hydrocarbons requires varying numbers of electrons and
protons.”* Moreover, sluggish O, evolution kinetics substan-
tially impair the efficiency of tandem CO, hydrogenation
processes.™ The marked disparity between CO, reduction and
H,O oxidation rates not only causes an accumulation of holes,
exacerbating charge recombination, but also leads to an
agglomeration of OH ™, impeding further H,O decomposition.
As a result, the supply of electrons and protons is reduced,
which in turn constrains the progression of CO, hydrogenation
reactions. To conquer these issues, the incorporation of auxil-
iary components that facilitate OH™ oxidation becomes essen-
tial. Specifically, integrating H,O dissociation, CO, reduction,
and O, evolution components into a three-in-one artificial
photosynthetic system enables more balanced electron/hole
and H'/OH™ consumption, demonstrating significant poten-
tial for elevating the net efficiency of photoredox catalysis.
Furthermore, strategic modulation of electron and proton
distribution between the H,O dissociation and CO, reduction
components offers promising opportunities to fine-tune the
product selectivity of these three-component photosynthetic
systems.

Meticulous design and fabrication of heterojunction photo-
catalysts are crucial for optimizing synergistic effects between
components.’> Among various heterojunction types, S-scheme
heterojunctions, which integrate both reduction and oxidation
catalysts, have demonstrated superior photoinduced carrier
separation ability while maintaining enhanced redox capabil-
ities.’™"” Recent studies have revealed that advancing from
single to dual S-scheme heterojunctions confers two significant
benefits: the generation of additional internal electric fields
(IEFs) between components, enabling more efficient charge
transfer and separation, and the creation of extra spatially
separated redox sites that facilitate tandem reaction
processes.'®" The spatial configuration of heterojunction pho-
tocatalysts is also of great importance. Core-shell architectures,
featuring intimate interfacial contact and extensive contact area
between components, offer distinct advantages by ensuring
effective IEF formation and enhanced interfacial charge trans-
fer.>*** The optimal arrangement positions the H,O dissocia-
tion component at the core, encapsulated by a CO, reduction
shell component. This configuration enables efficient outward
diffusion of protons generated in the core, which then partici-
pate in CO, hydrogenation reactions at the shell surface.”> A
reversed arrangement would be suboptimal, as protons gener-
ated in the shell would diffuse away from the catalyst instead of
toward the core sites, reducing their utilization efficiency. This
optimal core-shell architecture also necessitates a porous shell
structure to facilitate H,O transport to the core and encourage
proton migration to the shell.

Crystal facets exposed on the supports of core-shell struc-
tured S-scheme heterojunctions exert significant influence over
both charge kinetics and surface reactivity.>*** Different facets
exhibit diverse surface atomic arrangements and coordination
environments, which give rise to varied surface energy band
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structures and distinct reactant adsorption/activation patterns.
Such variations impact the IEF intensity, thereby affecting
carrier separation efficiency, while also influencing H,O disso-
ciation rates and consequently the supply of active
hydrogen.”>** Based on these mechanisms, facet engineering of
supports in purposefully designed dual S-scheme hetero-
junction photocatalysts presents a promising strategy for
controlling both electron and proton delivery during CO,
hydrogenation, ultimately enabling precise regulation of
product distribution. With the above thoughts in mind, in this
work, NH,-MIL-125(Ti) (MIL = Materials of Institute Lavoisier),
a representative visible light-responsive metal-organic frame-
work (MOF), with varying ratios of exposed {001} and {111}
facets, was adopted to support Fe,O; nanocrystals, affording
well-defined S-scheme NH,-MIL-125/Fe,O; (NM/F) hetero-
junctions. These heterojunctions were further coated with T-
COF (TAPT-BTCA-COF, TAPT = 2,4,6-tris(4-aminophenyl)-
1,3,5-triazine, BTCA = 1,3,5-benzenetricarboxaldehyde)
shells—a visible light-harvesting covalent organic framework
(COF)—to create dual S-scheme NH,-MIL-125/Fe,O;@T-COF
(NM/F@T) heterojunctions. Combined experimental and theo-
retical results reveal that the NH,-MIL-125 support is primarily
responsible for splitting H,O molecules into H and OH™, the
Fe,O; insert is committed to the oxidation of OH™ to O,, and the
T-COF shell accepts H" from the NH,-MIL-125 core while cata-
lyzing CO, reduction. Compared to the {111} facets of NH,-MIL-
125, NH,-MIL-125{001} facets are more conducive to the
adsorption and activation of H,O molecules, resulting in
enhanced H' generation. Additionally, increased exposure of
{001} facets weakens the IEF between NH,-MIL-125 and Fe,O;
but strengthens the IEF between Fe,O; and T-COF, resulting in
a higher distribution of photoelectrons in T-COF rather than
NH,-MIL-125. Consequently, fewer active electrons are available
on the NH,-MIL-125 core for H' consumption in H, production,
promoting H' transfer to the T-COF shell for CO, reduction. The
increased availability of electrons and protons favors the step-
wise hydrogenation and deoxygenation of *CO intermediates
over their desorption to CO or dimerization to *OCCO. As
aresult, the CH, yield of NM/F@T increases progressively as the
percentage of {001} facets rises, while H,, CO, C,H,, and C,H,
outputs follow the opposite trend. NM/F@T with maximum
NH,-MIL-125{001} facet exposure demonstrates excellent
activity (154.3 pmol g., " h™") and selectivity (87.4%) in CO,
methanation. To our knowledge, this is the first work that
integrates H,O dissociation, CO, reduction, and O, evolution
catalysts into dual S-scheme heterojunctions for tandem CO,
photofixation and regulates the product selectivity through
MOF facet engineering.

Results and discussion

Catalyst synthesis and characterization

The synthetic routes for the NM/F and NM/F@T samples are
illustrated schematically in Fig. 1a. First, NH,-MIL-125 with
varying percentages of {001} and {111} facets was prepared
through a solvothermal process involving the reaction of tita-
nium isopropoxide with 2-amino-1,4-benzenedicarboxylic acid

Chem. Sci., 2025, 16, 17688-17702 | 17689


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03122b

Open Access Article. Published on 28 August 2025. Downloaded on 1/22/2026 3:02:40 PM.

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

(cc)

Chemical Science

View Article Online

Edge Article

|a . p— ——— S ' :
i ) Fe,0, W {8 : consigs i i o i)
1 e B\ 5 Q) s . & b G 1
I & e “yh !
| -_— D> > ¥ Y + ., Y, 1
1 DMF/MeOH =7.5/2.5 e A e e a e :
: NM(S) NM(S)/F NM(S)F@T ¢ ¢ ¢ Yo e 2 A
1 T o, — — M1 M2 |
: * ! d ACN | HAc : :
(. > —_— ® > ° i
1 Y DMF/MeOH = 8.5/1.5 i . i 1
I AA, S ; :
: b @ ¢ NM(T) NM(T)/F NM(T)/F@T & 4 ,
| il b — — P I
| NH,-BDC &) ' Nk :
1 - i o !

1 e ".( L] L e - . al
- (VRS A of = a 1
1 0\ > 1
1 1
1 1
1 0@ 1
I 1

NM(O)/F

NM(O)/F@T

s
2 00] ]

Fig.1 Synthesis and electron microscopy characterization studies of NM/F and NM/F@T: (a) schematic illustration of the synthesis of NM/F and
NM/F@T samples; (b;—d;) TEM images of (b;) NM(S)/F, (c1) NM(T)/F, and (d1) NM(O)/F; (b,—d,) TEM, (bz—d3) STEM and EDS mapping images of (b,

and bz) NM(S)/F@T, (c, and c3) NM(T)/F@T, and (d, and dz) NM(O)/F@T.

(NH,-BDC) in a mixture of N,N-dimethylformamide (DMF) and
methanol (MeOH).”” As the DMF/MeOH volume ratio increases
from 7.5:2.5 to 8.5: 1.5, and then to 9.0: 1.0, the NH,-MIL-125
nanocrystals exhibit distinct morphologies: sheet, truncated
octahedron, and octahedron, which are denoted as NM(S),
NM(T), and NM(O), respectively. As revealed by scanning elec-
tron microscopy (SEM) (Fig. S1), the morphological evolution of
NH,-MIL-125 from a sheet to a truncated octahedron, and

17690 | Chem. Sci., 2025, 16, 17688-17702

eventually to an octahedron, is characterized by a gradual
shrinkage of the top and bottom {001} facets, accompanied by
a stepwise expansion of the eight side {111} facets. As a result,
the average percentage of exposed {111} facets increases from
43% to 78%, and then to 100% for NM(S), NM(T), and NM(O),
respectively (Fig. S2 and Table S1). Subsequently, Fe,O; nano-
cubes with an average edge length of around 65 nm and exposed
crystal planes of (012)/(102) were pre-synthesized (Fig. S3), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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then deposited onto the surfaces of NM(S), NM(T), and NM(O)
to create NM(S)/F, NM(T)/F, and NM(O)/F, respectively. Trans-
mission electron microscopy (TEM) and SEM images (Fig. 1by,
¢4, d; and S4a,, by, ¢;) show that cubic Fe,O; nanocrystals are
evenly distributed on the surface of NH,-MIL-125, establishing
seamless face-to-face contact. Finally, by condensing benzene-
1,3,5-tricarbaldehyde (M1) and 2,4,6-tris(4-aminophenyl)-1,3,5-
triazine (M2) in a mixture of acetonitrile (ACN) and acetic acid
(HAc),” NM(S)/F, NM(T)/F, and NM(O)/F were coated with T-
COF to produce NM(S)/F@T, NM(T)/F@T, and NM(O)/F@T,
respectively. TEM and SEM observations reveal that needle-
like T-COF uniformly covers the NH,-MIL-125 surface
(Fig. 1b,, c,, dy, and S4a,, b,, ¢,). No protrusion of the T-COF
shell is observed on the top of Fe,Oj3, suggesting that both T-
COF and Fe,O; supported by NH,-MIL-125 are exposed to the
atmosphere, with lateral contact between them. This arrange-
ment creates well-defined MOF@COF core-shell hetero-
structures, featuring Fe,O; partially embedded within the COF
shell and the coexistence of MOF-Fe,O;, Fe,O;-COF, and MOF-
COF heterointerfaces. In the high-resolution TEM (HRTEM)
images of NM/F@T samples, the lattice fringes at the triple-
phase interfaces of NH,-MIL-125, Fe,O3;, and T-COF are
obscured because both the MOF core and COF shell lose crys-
tallinity upon exposure to electron beam irradiation, owing to
the susceptibility of light elements in the organic portions to
high-energy electrons (Fig. S5). Scanning TEM (STEM) images of
NM/F@T samples, along with their corresponding elemental
mapping, further substantiate that the Ti-rich NH,-MIL-125
cores are decorated with Fe,O; inserts and simultaneously
enveloped by homogeneous N-rich T-COF shells (Fig. 1bs, cs,
and d;).

NM(S), NM(T), and NM(O) exhibit similar powder X-ray
diffraction (XRD) patterns that align with the simulated
results, indicating their high purity and crystallinity (Fig. S6).
The diffraction peaks of Fe,O; correspond to the rhombohedral
phase hematite (JCPDS 33-0664), while T-COF peaks match well
with the simulated AA stacking mode.* Characteristic peaks of
NH,-MIL-125, Fe,03, and T-COF appear simultaneously in the
XRD patterns of NM/F@T samples, verifying the successful
construction of three-phase heterojunctions. The optical prop-
erties of the samples were analyzed using UV-vis diffuse
reflectance spectroscopy (DRS). NM(S), NM(T), NM(O), Fe,O3,
and T-COF exhibit strong absorption in the visible region, with
corresponding bandgaps (E,) determined to be 2.66, 2.63, 2.65,
1.83, and 2.71 eV, respectively (Fig. S7 and S8). NM/F@T
samples display similar UV-vis DRS profiles that reflect
a simple superposition of the spectra of their constituent
components, indicating that photon absorption does not
significantly impact their ultimate photocatalytic performance.
N, sorption experiments reveal that the Brunauer-Emmett-
Teller (BET) specific surface areas of NH,-MIL-125 samples
range from 733.2 to 815.5 m” g~ ', exceeding those of Fe,0; (9.8
m? g ') and T-COF (606.8 m> g~ ') (Fig. S9 and Table S2). NM(S)/
F@T, NM(T)/F@T, and NM(O)/F@T exhibit comparable BET
areas, ranging from 347.4 to 391.3 m> g~ ', which eliminates the
influence of surface area differences on their photocatalytic
properties. The reduced surface areas of NM/F@T samples

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compared to NH,-MIL-125 and T-COF are likely attributed to the
mass occupation by Fe,O;. Inductively coupled plasma-mass
spectroscopy (ICP-MS) results indicate approximate contents
of NH,-MIL-125 and Fe,O; in different NM/F and NM/F@T
samples, ruling out any compositional effects on their photo-
catalytic activities (Table S3).

Photocatalytic performance analysis

Armed with the structural and compositional information of
NH,-MIL-125, NM/F, and NM/F@T, we evaluated their photo-
catalytic CO, reduction performance in a solid-gas reactor
(Fig. S10), using water vapor as the proton donor without any
sacrificial agents. As shown in Fig. 2a-c, all NH,-MIL-125 samples
primarily produce H,, accompanied by small amounts of CO and
CH, as CO, reduction products. The H, evolution rates and
selectivities decrease in the order: NM(S) > NM(T) > NM(O), while
CO and CH, activities and selectivities follow the reverse
sequence. This pattern suggests that the {001} facets of NH,-MIL-
125 are more favorable for H, generation but less active in
reducing CO, compared to the {111} facets, consistent with
previous reports.***> When NH,-MIL-125 combines with Fe,O3,
there is a significant elevation of H,, CO, and CH, outputs.
Notably, the photocatalytic enhancement becomes more
pronounced as the proportion of NH,-MIL-125{111} facets
increases. Consequently, the yields of H,, CO, and CH, escalate in
the following order: NM(S)/F < NM(T)/F < NM(O)/F. The subse-
quent T-COF coating further augments CO and CH, evolution
rates of NM/F@T while suppressing H, production, thereby
improving selectivity toward CO and CH, formation. This
behavior underscores the pivotal role of T-COF in promoting CO,
reduction while inhibiting the competing proton reduction
pathway. In addition to H,, CO, and CH,, the NM/F@T samples
also produce trace quantities of C,H, and C,Hs, indicating that
the presence of T-COF also enhances the transformation of CO,
to C, products (Fig. 2d and e). Notably, both the productivity and
selectivity of NM/F@T for H,, CO, C,H,, and C,Hg evolution
display a progressive augmentation in the sequence NM(S)/F@T <
NM(T)/F@T < NM(O)/F@T. CH,, however, is an exception, with its
productivity and selectivity following the opposite trend. As such,
NM(S)/F@T delivers the highest CH, evolution rate of 154.3 umol
geae - h7', along with the maximum CH, selectivity of 87.4%
among the samples. These values are 1.8/1.5 and 3.6/3.3 times
higher than those of NM(T)/F@T and NM(O)/F@T, respectively.
Moreover, NM(S)/F@T demonstrates the most dramatic
improvements in CO, methanation after T-COF incorporation,
furnishing a 120.5-fold increase in CH, activity and a 57.6-fold
enhancement in CH, selectivity compared to NM(S)/F. In
contrast, NM(T)/F@T and NM(O)/F@T exhibit more moderate
gains, with CH, activity and selectivity increasing by factors of
25.8/20.4 and 6.0/4.8, respectively, relative to their binary coun-
terparts. These results collectively corroborate a strong correla-
tion between the photocatalytic performance of the samples and
the exposed facet of NH,-MIL-125.

Regarding the H,O oxidation half reaction, O, was the sole
detected product. Fig. 2f clearly reveals a progressive decline in
the O, release rate of NH,-MIL-125 as its morphology
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03122b

Open Access Article. Published on 28 August 2025. Downloaded on 1/22/2026 3:02:40 PM.

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

(cc)

View Article Online

Chemical Science Edge Article
a 500 b 180 100  C200 100
- 1100
— — £~ 150+ | ~
7 400+ _ 80 T gl Lso
T e 7 [80g - 5120 S S
] AT S = 3 4 < 8 =
2 300 22 leo 2 2 Leo 2
9 reoz 2 2 9 2
£ £ E 904 £ E 100 g
= o = o = K
200 ° T r40 g o — 40 ©
i F40G S 60 e et
= = > =
O « 504 o
-~ 100 l20 8 30 /—> (207 T t20
18 / ¥ I~
0 0 ol o7 0 ol — —= 0
S (o] S o S o
d s 100 € 6 100 Taoo
1.0
350 R
= 124 teo _ = 51 o T - 7
T S Ty 2 '7“300_ > F0.8 o
o S o 44 = B ©
s 9 F60 T 5 lgo & D 2504 =
g 2 £ Z ° 0.6 ©
= g a 34 ;— 5200— g
4 L [} L = A
3 03 3 ,] 40 % = 1s0] 04 e
= oo S >100 e
T, 34 t20 © T, b20 © oo 0.2
& o 14 50 :
0 e Vo 4 0 0 —=>19 0 0.0
S o} S (o} S (o]
g - h 160 I 200 100
“co 4'CH‘ 140: * This work - ) CH, o,
~120] —‘_: 3504 * * * &
= " E i
2> %, 601 MOF-525-Mn o 3001 S
a o ’ 5 g 250 g0 2
k e - : S 40 MIL-100(Fe) e 2
£10 15 20 25 30 35 12 14 16 18 = a3 ~ 200 °
@ miz mi/z 2 % - %
s [ 18 D 1OF-808-ED = 150 ®
% o, o, -“—>" 204 . MIL-101(Cr) H T
x ~ NH,-UiO-66@MIL-101 * 5 100 2 o
5 NZZ, [TTCOF °
(CsPbBr, QDs/UIO-66(NH,), " 19 o 501
1 *  “cozFario, Cu (BTC),@TiO, o 0
T T T T T T T T T
y y ¥ Y 0 20 40 60 80 100 120 1 2 3 4 5
10 20 30 40
1 zom/z 3 40 miz CH, selectivity (%) Cycles

Fig. 2 Photocatalytic performance of NH,-MIL-125, NM/F, and NM/F@T: (a—e) product yields and selectivities for (a) H,, (b) CO, (c) CHy, (d)
C,Hy4, and (e) C;He; (f) O, yields and hole/electron utilization ratios; (g) mass spectra of BCO, BCH,, *°0,, and 0, produced from *CO, and
H,!0 isotope experiments over NM(S)/F@T; (h) comparison of CH, productivity and selectivity of NM(S)/F@T with existing MOF- and COF-
based catalysts; (i) recycling tests over NM(S)/F@T (the yields of C, products are too low to be displayed in Fig. 2i).

transitions from sheets to truncated octahedra, and finally to
octahedra, mirroring the trend observed in their H, outputs. For
all NH,-MIL-125 variants, O, productivity increases incremen-
tally with sequential Fe,O; deposition and T-COF coating.
Notably, the magnitude of this enhancement greatly depends
on the shape of NH,-MIL-125. In the case of NM(S), the Fe,O3
deposition and COF coating lead to 2.4-fold and 2.2-fold
increases in O, yield, respectively. As for NM(T) and NM(O),
these values are 5.4/1.5 and 10.0/1.1, respectively. That is to say,
the O, evolution enhancement induced by Fe,O; anchoring
becomes more significant with a larger proportion of NH,-MIL-
125{111} facets, while the enhancement from the T-COF coating
is more pronounced when there is a greater percentage of NH,-
MIL-125{001} facets. Based on the evolution rates of redox
products and the number of photocarriers required for their
generation (H' +2e~ — H,; CO, + 2H" +2e~ — CO + H,0; CO,+
8H' + 8¢~ — CH, + 2H,0; 2CO, + 12¢~ + 12H" — C,H, + 4H,0;
2C0, + 14e” + 14H'" — C,H, + 4H,0; 2H,0 + 4h" — O, + 4H"),
the molar ratios between hole and electron utilization rates
were calculated. As shown in Fig. 2f, for all NH,-MIL-125
samples, this ratio falls far below the theoretical value of 1,
inferring that H,O oxidation lags behind CO, reduction. In
contrast, the ratios for NM/F samples range from 0.87 to 1.00,

17692 | Chem. Sci,, 2025, 16, 177688-17702

and the range does not change significantly upon the subse-
quent addition of T-COF. This suggests that Fe,O; plays
a crucial role in facilitating O, generation, effectively optimizing
the balance between CO, reduction and H,O oxidation.
Control experiments without a catalyst or light irradiation
were conducted. Under these circumstances, no H,, O,, or
carbonaceous products were detected, confirming the photo-
catalytic nature of the CO, reduction and H,O oxidation reac-
tions (Fig. S11). To further identify the carbon source of the
main carbon-containing products, **C isotopic labeling experi-
ments were carried out. As displayed in Fig. 2g, mass spec-
trometry (MS) signals with m/z values of 29 and 17 can be
assigned to *CO and '*CH,, respectively, providing unambig-
uous evidence that the C; products are derived from CO,
reduction.® Additionally, when H,"'°0 is replaced by H,'®0 as
the reactant, a new MS signal at m/z = 36 emerges, attributable
to '%0,, validating that the produced O, stems from H,O
oxidation.** The photocatalytic performance of NM(S)/F@T in
CO, methanation surpasses that of most existing MOF and
COF-based catalysts in terms of both activity and selectivity
(Fig. 2h and Table S4). The apparent quantum efficiency (AQE)
for CH, evolution, when plotted as a function of absorption
wavelength, closely correlates with the UV-vis DRS of NM(S)/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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F@T, peaking at 3.32% under 400 nm irradiation (Fig. S12). The
photoactivity of NM(S)/F@T was also rigorously evaluated under
various concentrations of diluted CO, atmospheres. The CH,4
activity and selectivity remain relatively stable when the CO,/(Ar
+ CO,) volume ratio varies from 50% to 100% (Fig. S13). Even
when using a 15%CO,/85%Ar mixture as the gas source, NM(S)/
F@T affords a CH, yield of 64.6 umol g.,. ' h™" and a selectivity
of 68.0%, approximately 41.9% and 77.8% of those measured in
pure CO,, respectively. This excellent photocatalytic perfor-
mance under a diluted CO, atmosphere can be ascribed to the
synergy of the porous MOF core and COF shell in enhancing
CO, capture and enrichment. To assess the durability of NM(S)/
F@T, five consecutive photocatalytic cycles were performed,
each lasting 4 h. As shown in Fig. 2i, by the fifth cycle, all the
product yields from CO, reduction and H,O oxidation remain
above 83.9% of the initial cycle, without obvious fading in CH,
selectivity. The excellent stability and reusability of the NM(S)/
F@T catalyst can be ascribed to its stable structure and
composition, as verified by comparative XRD, TEM, and X-ray
photoelectron spectroscopy (XPS) analyses before and after
cycling tests (Fig. S14-S16). Similarly, the used NM(T)/F@T and
NM(O)/F@T catalysts also exhibit structures and morphologies
similar to their fresh counterparts, suggesting that the stability
of NM/F@T is unrelated to the exposed crystal facets of the NH,-
MIL-125 substrate (Fig. S17 and S18).

Facet-dependent photocatalytic mechanisms of NH,-MIL-125

To gain a comprehensive understanding of the facet-dependent
photocatalytic performance of NH,-MIL-125, the separation
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efficiency of photogenerated carriers was judged by photo-
luminescence (PL) spectra. As shown in Fig. S19, the PL inten-
sity of NM(T) is lower than that of NM(O) but higher than that of
NM(S), indicating a progressive reduction in radiative charge
recombination with increased exposure of the {001} facets.
Complementary photoelectrochemical (PEC) measurements
further substantiate this trend. Specifically, NM(S) exhibits the
highest photocurrent density and the smallest electrochemical
impedance spectroscopy (EIS) arc radius, followed by NM(T)
and NM(O), suggesting decreasing charge separation efficiency
and increasing carrier transfer resistance (R) (Fig. S20, S21 and
Table S5). The origins of this phenomenon were systematically
investigated by comparing the local coordination environments
of the {001} and {111} facets. As illustrated in Fig. 3a and b, the
NH,-MIL-125{001} facets predominantly comprise saturated
six-coordinated Ti atoms (Tie.), whereas the NH,-MIL-125{111}
facets contain both Tis. and low-coordinated Ti atoms (Tigc
and Tis.). Previous research has demonstrated that saturated
Tis. atoms are more efficient at accepting photoelectrons from
ligands via the reduction of Ti*" to Ti*", in comparison to their
less-coordinated Ti,. and Tis. counterparts.*® To rigorously
validate this point, electron paramagnetic resonance (EPR)
measurements were conducted under both dark and light
irradiation conditions. As presented in Fig. 3¢, NM(S), NM(T),
and NM(O) samples exhibit weak EPR signals at g = 1.947 with
comparable intensities in the dark, indicative of a small quan-
tity of Ti*" species. Upon light illumination, the EPR signals of
all samples intensify, following distinct amplitudes: NM(S) >
NM(T) > NM(O). This trend suggests that a greater proportion of
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Fig. 3 Facet-dependent H,O dissociation abilities of NH,-MIL-125: (a and b) structure models of (a) NH,-MIL-125{001} and (b) NH,-MIL-125
{111} facets (brown: C, blue: N, red: O, azure: Ti, white: H); (c) EPR spectra of NM(S), NM(T), and NM(O) under dark conditions and light irradiation;
(d) water vapor adsorption isotherms of NM(S), NM(T), and NM(O); (e) LSV curves of NM(S), NM(T), and NM(O) for the HER; (f) Gibbs free energy of
transition states for H,O dissociation on NH,-MIL-125{001} and NH,-MIL-125{111} facets.
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Ti*" is reduced to Ti*" as the percentage of {001} facets
increases. The formation of Ti** is further corroborated by
a color change from the original yellow to brown when NH,-
MIL-125 samples, dispersed in water, are irradiated with visible
light under a N, atmosphere (Fig. S22). Obviously, the brown
coloration deepens progressively with an increasing content of
{001} facets, providing additional evidence for the involvement
of more photoinduced electrons in the reduction of Ti*".>*3°
Therefore, it can be concluded that NH,-MIL-125{001} facets,
characterized by a higher concentration of Tis. atoms, demon-
strate superior capability in capturing photoelectrons, thereby
enhancing charge separation.

In addition to charge separation and transfer kinetics, the
facet effect on the surface reaction kinetics of the NH,-MIL-125
samples was also examined. As disclosed by water vapor
adsorption isotherms in Fig. 3d, NM(S) presents the highest
water vapor uptake, while NM(O) shows the lowest uptake
among the three samples. This observation suggests that NH,-
MIL-125{001} facets are more favorable for the adsorption of
H,0 molecules compared to NH,-MIL-125{111} facets. The
water contact angles on NM(S), NM(T), and NM(O) surfaces are
45.1°, 75.2°, and 82.5°, respectively, unveiling the higher
hydrophilicity of NH,-MIL-125{001} facets relative to NH,-MIL-
125{111} facets (Fig. S23). Linear sweep voltammetry (LSV)
curves for the hydrogen evolution reaction (HER) reveal that the
overpotential ranks in the order NM(S) < NM(T) < NM(O)
(Fig. 3e). This trend reflects more efficient HER kinetics on the
NH,-MIL-125{001} facets relative to the {111} facets. To eluci-
date the underlying mechanism, we simulated the energy
profiles of H,O dissociation on the NH,-MIL-125{001} and NH,-
MIL-125{111} facets using density functional theory (DFT)
calculations. As shown in Fig. 3f, the dissociation of *H,O into
*H and *OH on {111} requires overcoming an energy barrier of
1.04 eV. In contrast, {001} exhibits a lower energy barrier of
0.72 eV, indicating superior H,O activation ability to cleave O-H
bonds and consequently enhanced proton generation for H,
generation.”” Taken together, the combined effects of better
H,0O adsorption and activation behaviors, coupled with the
greater electron trapping capabilities of NH,-MIL-125{001},
facilitate more efficient proton reduction, contributing to the
superior photoactivity of NM(S) in H, evolution.

Facet-dependent charge kinetics of NM/F and NM/F@T

In order to comprehensively elucidate the mechanisms under-
lying the photocatalytic enhancements of NH,-MIL-125 enabled
by Fe,O; loading and T-COF coating, transient photocurrent
and electrochemical impedance spectroscopy (EIS) measure-
ments were conducted on NM/F and NM/F@T samples,
utilizing individual components as controls. As displayed in
Fig. S24, all NM/F samples exhibit higher photocurrent
responses than Fe,O; and the corresponding NH,-MIL-125,
evincing the synergistic effect of the two components in rein-
forcing charge separation. Specifically, the photocurrent
densities of NM(S)/F, NM(T)/F, and NM(O)/F are 1.41, 1.61, and
2.34 times higher than those of NM(S), NM(T), and NM(O),
respectively (Fig. 4a). This outcome mirrors more efficient
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charge separation when Fe,O3 is combined with NH,-MIL-125
{111} facets relative to NH,-MIL-125{001} facets. EIS Nyquist
plots further corroborate these findings, revealing a variable
reduction in the R . of NH,-MIL-125 after Fe,O; deposition. The
magnitude of this decline follows a distinct progression: NM(S)/
F < NM(T)/F < NM(O)/F, providing additional evidence of the
facet-dependent interfacial charge transfer dynamics (Fig. S25
and Table S5). Full encapsulation of NM/F samples within T-
COF leads to further improvements in photocurrent
responses, indicating enhanced charge separation efficiencies
in NM/F@T samples (Fig. S24). In particular, NM(S)/F@T,
NM(T)/F@T, and NM(O)/F@T exhibit 1.82-, 1.43-, and 1.26-
fold increases in photocurrent densities compared to their
respective NM/F counterparts (Fig. 4a). This result suggests that
more pronounced carrier separation occurs when the NH,-MIL-
125{001} facets of NM/F are covered by T-COF. EIS results
manifest that the extent of R, reduction in the ternary samples
positively correlates with the observed photocurrent enhance-
ments, providing compelling support for this finding (Fig. S25
and Table S5).

To unravel the facet-dependent charge separation efficien-
cies of NM/F and NM/F@T, we investigated the charge-transfer
mechanisms between NH,-MIL-125, Fe,0;, and T-COF by
analyzing their energy band structures. Ultraviolet photoelec-
tron spectroscopy (UPS) spectra (Fig. S26) reveal the work
functions (Wg) of NM(S), NM(T), NM(O), Fe,03, and T-COF as
4.70, 4.46, 4.25, 5.65, and 4.40 eV, respectively. Accordingly,
their Fermi levels (Eg) are positioned at —4.70, —4.46, —4.25,
—5.65, and —4.40 eV relative to the vacuum level (eV vs.
vacuum). Based on the UPS valence-band spectra, the highest
occupied molecular orbital (HOMO)/valence band maximum
(VBM) of NM(S), NM(T), NM(O), Fe,03, and T-COF is located at
2.05, 2.04, 2.13, 1.50, and 1.85 eV below the Eg. Consequently,
their absolute positions were calculated to be —6.75, —6.50,
—6.38, —7.15, and —6.25 eV, respectively. Considering their E,,
the corresponding lowest unoccupied molecular orbital
(LUMO)/conduction band minimum (CBM) values were deter-
mined to be —4.09, —3.87, —3.73, —5.32, and —3.54 eV. Applying
the numerical difference of 4.44 V to convert the absolute
vacuum energy to the normal hydrogen electrode potential at
pH = 0, the Er, LUMO/CBM, and HOMO/VBM positions of
NM(S), NM(T), NM(O), Fe,O;, and T-COF were established as
0.26/—0.35/2.31, 0.02/—0.57/2.06, —0.19/—0.71/1.94, 1.21/0.88/
2.71, and —0.04/—0.90/1.81 V vs. NHE, respectively. As depic-
ted in Fig. 4b, the Er, LUMO, and HOMO of NH,-MIL-125
progressively shift upward as the proportion of {111} facets
increases from NM(S) to NM(T) and then to NM(O), in line with
the previous report.*® This trend is corroborated by theoretical
simulations, which reveal that the Wiy of NH,-MIL-125{001}
facets (5.09 eV) is markedly larger than that of NH,-MIL-125
{111} (4.43 eV) (Fig. S27). Moreover, the Eg, CBM, and VBM of
Fe,0; are positioned at lower energy levels relative to the cor-
responding Eg, LUMO, and HOMO of NH,-MIL-125 and T-COF.
In view of their staggered band alignment, EPR experiments
were employed to identify the charge transfer directions
between them using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a free radical trapping agent. As shown in Fig. S28, under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Facet-dependent charge kinetics of NM/F and NM/F@T: (a) photocurrent enhancements of NH,-MIL-125 after Fe,Oz loading and T-COF
coating; (b) energy band structures of NM(S), NM(T), NM(O), Fe,Osz, and T-COF; (c) charge density differences of NH,-MIL-125{001}/Fe,O3, NH,-
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depletion are represented by the yellow and blue regions, respectively, the isosurface is 0.0015 electron per A%); (d) schematic illustrating the
charge transfer in NM/F (top) and NM/F@T (bottom); (e) Ti 2p and Fe 2p binding energy shifts of NH,-MIL-125 and Fe,Os after their hybridization
and then under light irradiation; (f) N 1s binding energy shifts of T-COF after its integration with NM/F and then under light irradiation.

light excitation, no DMPO--O, " signal is detected for Fe,Os3,
because its CBM is less negative than the O,/-O,  reduction
potential. Similarly, NM(S) and T-COF show no DMPO--OH
signal, given that their HOMOs are less positive than the H,O/
-OH oxidation potential. Contrastingly, NM(S)/F produces both
DMPO--0, and DMPO--OH signals, with intensities higher
than those of its individual components. This observation
precludes the formation of a type-II heterojunction, as such
a junction would prevent the generation of -O,” and -OH
radicals.*® NM(S)/F@T also creates both DMPO--O,  and
DMPO--OH adducts, but with notably higher intensities than
NM(S)/F. These features further affirm the stepwise

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhancement of charge separation efficiency as the number of
components increases. Additionally, the charge density differ-
ences of NH,-MIL-125{001}/Fe,O;, NH,-MIL-125{111}/Fe,03,
Fe,03/T-COF, NH,-MIL-125{001}/T-COF, and NH,-MIL-125
{111}/T-COF heterointerfaces involved in the NM/F and NM/
F@T samples were calculated and are shown in Fig. 4c. For
the first three heterointerfaces, negative charges predominantly
accumulate on the Fe,O; side, while positive charges are mainly
distributed on the NH,-MIL-125 and T-COF sides, reflecting the
flow of free electrons from NH,-MIL-125 and T-COF to Fe,O;
upon contact. Bader charge analysis further reveals that the
electron transfer amounts from NH,-MIL-125{001}, NH,-MIL-
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125{111}, and T-COF to Fe,O; are 0.72, 0.91, and 0.83 e,
respectively, authenticating greater electron donation from
NH,-MIL-125{111} facets relative to NH,-MIL-125{001} facets.
For the latter two interfaces, charge redistributions are less
pronounced, with significantly smaller Bader charges (0.15 and
0.11e) compared to the former three interfaces, indicating that
no effective electric field can be established to drive the trans-
port of photogenerated charge carriers. This difference is
primarily attributed to the smaller Er disparities between NH,-
MIL-125 and T-COF compared to their respective disparities
with Fe,Os;.

Building on the preceding discussion, an S-scheme charge
transfer pathway is proposed for the NM/F samples. As illus-
trated in Fig. 4d, the Eg level of Fe,O; is lower than that of NH,-
MIL-125 samples, causing free electrons to flow spontaneously
from the latter to the former upon contact until Er equilibrium
is reached. This process gives rise to an IEF directed from NH,-
MIL-125 to Fe,03, accompanied by upward band bending (BB)
of NH,-MIL-125 and downward BB of Fe,O; around the inter-
faces. Upon photoexcitation of the two components, the IEF and
BB induce the transfer of photoinduced electrons from the
conduction band (CB) of Fe,O;z; across the heterointerfaces,
where they recombine with holes in the HOMO of NH,-MIL-125.
Concurrently, high-energy electrons in the NH,-MIL-125 LUMO
and holes in the Fe,O; valence band (VB) remain available for
potential redox reactions. Notably, as the percentage of NH,-
MIL-125{111} facets grows from NM(S) to NM(T) and then to
NM(O), the Ep difference between NH,-MIL-125 and Fe,O;
becomes more pronounced. This escalating discrepancy facili-
tates a more significant flow of free electrons upon hybridiza-
tion of the two components. As a result, the IEF is amplified and
the BB is intensified, accelerating the S-scheme transfer and
recombination of low-energy charges. This, in turn, enables
more efficient separation of active carriers for surface reactions.
The aforementioned mechanism provides a compelling expla-
nation for the observed trend of photocurrent enhancements in
NM/F heterojunctions relative to their NH,-MIL-125
counterparts.

To substantiate the proposed S-scheme charge transfer
mechanism, both ex situ and in situ irradiated XPS (Fig. S29)
measurements were implemented on the NM/F samples, with
their individual components serving as reference samples. In
the ex situ spectra, Ti 2p peaks of NM(S)/F, NM(T)/F, and NM(O)/
F shift to higher binding energies by 0.06, 0.10, and 0.14 eV,
respectively, compared with their corresponding NM(S), NM(T),
and NM(O) counterparts (Fig. 4e and S30). Conversely, relative
to bare Fe,O3, Fe 2p peaks of NM(S)/F, NM(T)/F, and NM(O)/F
move to lower binding energies by 0.19, 0.31, and 0.51 eV,
respectively. These shifts provide solid evidence for the diffu-
sion of free electrons from NH,-MIL-125 to Fe,0j, resulting in
the formation of IEFs and bending of energy bands.* The peak
shifts of NM/F become more prominent as the {111}/{001} facet
ratio of NH,-MIL-125 increases, substantiating that a more
significant redistribution of free electrons leads to augmented
IEF and BB.***® Furthermore, upon visible light irradiation, the
Ti 2p peaks of NM(S)/F, NM(T)/F, and NM(O)/F exhibit negative
shifts in binding energies by 0.10, 0.12, and 0.23 eV,
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respectively, whilst the Fe 2p peaks present positive shifts in
binding energies by 0.20, 0.29, and 0.48 eV, respectively,
consolidating a progressively enhanced S-scheme transfer of
photoelectrons from Fe,O; to NH,-MIL-125 with the increasing
proportion of NH,-MIL-125{111} facets.** When compared to
their individual NH,-MIL-125 and Fe,O; components or under
light irradiation, NM/F@T samples demonstrate the same facet-
dependent deviation trend in both Ti and Fe peaks as observed
in the NM/F samples (Fig. S31). These findings unveil that T-
COF introduction does not significantly alter the directions
and relative intensities of the IEF between Fe,O; and different
NH,-MIL-125, nor does it substantially modify the resulting
orientations and relative efficiencies of photoelectron move-
ment from the former to the latter. Nevertheless, the deviation
degrees for Ti and Fe peaks under light irradiation are less
pronounced and more significant, respectively, compared to
their corresponding NM/F counterparts. This trend clearly
indicates that the T-COF coating weakens the carrier separation
in NH,-MIL-125 while enhancing it in Fe,0;. To further eluci-
date the function of T-COF in steering the charge kinetics, the N
1s spectra of NM/F@T samples were deconvoluted into three
peaks, corresponding to -N="and -NH-" peaks of NH,-MIL-
125 and the -C=N-C- peak of T-COF, respectively (Fig. $31).*>*
Compared to pristine T-COF, the -C=N-C- peak of NM/F@T
samples exhibits a notable shift towards higher binding ener-
gies, suggesting that T-COF acts as a free electron donor upon
hybridization with NM/F. Moreover, the peak shifts for NM(S)/
F@T, NM(T)/F@T, and NM(O)/F@T are 0.23, 0.14, and
0.12 eV, respectively, signifying that T-COF becomes less
electron-deficient as the proportion of NH,-MIL-125{111} facets
increases (Fig. 4f and S31). When irradiated by visible light, the
-C=N-C- peak of NM(S)/F@T, NM(T)/F@T, and NM(O)/F@T
undergoes negative shifts of 0.27, 0.15, and 0.12 eV, respec-
tively. This observation demonstrates that T-COF serves as
a photoelectron acceptor, with its electron-accepting capability
progressively decreasing as the proportion of NH,-MIL-125{111}
facets grows.

Based on preceding analyses, a dual S-scheme charge
transfer model is proposed for the NM/F@T samples. As illus-
trated in Fig. 4d, when T-COF and NM/F come into contact, T-
COF naturally donates free electrons to NM/F to align their
Er. This generates an extra IEF pointed from T-COF to Fe,O3,
inducing an upward BB of T-COF and a downward BB of Fe,0;
around their interface. Upon exposure to light irradiation, the
generated IEFs and BBs drive the transfer of Fe,O; electrons and
their recombination with holes in NH,-MIL-125 and T-COF.
Simultaneously, photoelectrons in NH,-MIL-125 and T-COF,
along with holes in Fe,O;—all possessing strong redox capa-
bilities—are spatially separated, enabling efficient redox reac-
tions. The additional IEF and BB between T-COF and Fe,O;
expedite the S-scheme transfer and recombination of pointless
charges, thus giving rise to a more thorough separation of
powerful carriers in NM/F@T samples compared to their NM/F
counterparts. Due to competitive recombination between Fe,O3
electrons with holes from NH,-MIL-125 and T-COF, the charge
separation efficiency in NH,-MIL-125 is attenuated upon T-COF
introduction, thereby diminishing the number of active

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrons in NH,-MIL-125 available for reduction reactions.
Furthermore, as the Ex of NM(S), NM(T), and NM(O) progres-
sively shifts to higher positions, their respective combinations
with Fe,O; result in a gradual elevation of the aligned Ey for
NM(S)/F, NM(T)/F, and NM(O)/F. Correspondingly, the Eg
difference between NM/F and T-COF decreases as the fraction of
NH,-MIL-125{111} facets increases. This debilitates free elec-
tron redistribution, consequently weakening both the IEF and
BB, and mitigating the S-scheme charge transfer between Fe,0;
and T-COF. The gradual weakening of the IEF is further
substantiated by the progressively decreasing Zeta potentials of
NM(S)/F@T, NM(T)/F@T, and NM(O)/F@T from 14.6 mV to
9.3 mV, and ultimately to 6.8 mV (Fig. S32).** As a result, charge
separation enhancements observed in NM(S)/F@T, NM(T)/
F@T, and NM(O)/F@T relative to their corresponding NM/F
counterparts gradually decline, which aligns with the
observed PEC results. Clearly, as the NH,-MIL-125{111} facets
become more exposed, the IEF strength and the resulting S-
scheme charge transfer efficiency between NH,-MIL-125 and
Fe,0;, as well as between Fe,O; and T-COF, demonstrate
inverse trends, leading to the separation of more active elec-
trons on the NH,-MIL-125 side and less on the T-COF side
(Fig. 4d).

Facet-dependent catalytic dynamics of NM/F and NM/F@T

Beyond charge kinetics, the influence of Fe,O; and T-COF on
the surface reactivities of NM/F and NM/F@T was also delib-
erated. Initially, we calculated the CO, and H,O adsorption
energies on NH,-MIL-125{001}, NH,-MIL-125{111}, Fe,05{012},
and T-COF surfaces (Fig. S33). As displayed in Fig. 5a, the CO,
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adsorption energy for T-COF (—1.18 eV) is more negative
compared to those of NH,-MIL-125 (—0.62 and —0.91 eV) and
Fe,03; (—0.51 eV), suggesting that CO, molecule adsorption is
thermodynamically most favorable on the outer T-COF shell.
CO, adsorption isotherms in Fig. S34 confirm this finding:
while implanting Fe,O; on NM(S) reduces the CO, adsorption
capacity of NM(S)/F, subsequent wrapping with T-COF signifi-
cantly enhances the CO, uptake of NM(S)/F@T. Moreover, H,O
adsorption energies on NH,-MIL-125{001} (—0.71 eV) and NH,-
MIL-125{111} (—0.65 eV) are more negative than those of Fe,O;
(—0.36 eV) and T-COF (—0.49 eV), certifying that the NH,-MIL-
125 core possesses a substantially higher affinity for H,O
molecule adsorption. Subsequently, LSV curves were obtained
in Ar- and CO,-saturated electrolytes to gain insight into CO,
and H,O activation behaviors. For both NM(S) and NM(S)/F, the
overpotentials under an Ar atmosphere are significantly smaller
than those under a CO, atmosphere, implying that H, evolution
is the predominant reaction on the catalyst surface, consistent
with the photocatalytic results (Fig. $35).** Unlike NM(S) and
NM(S)/F, the LSV overpotential of NM(S)/F@T in the Ar-
saturated electrolyte is significantly larger than that in the
CO,-saturated electrolyte, suggesting that the newly introduced
T-COF has a greater tendency to reduce CO, molecules rather
than protons.*® Using DMPO as a spin-trapping agent to probe
the generation of hydrogen radicals during the reaction process,
both NM(S) and NM(S)/F display nine strong peaks with an
intensity ratio of approximately 1:1:2:1:2:1:2:1:1inanAr
atmosphere, corresponding to DMPO-H adducts (Fig. S36).*
Contrarily, the peaks for bare Fe,O; are extremely weak. This
suggests that NH,-MIL-125 is primarily responsible for the
generation of active hydrogen. Fig. 5b shows the Gibbs free
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125{111}, Fe,03{012}, and T-COF surfaces; (b) Gibbs free energy diagrams for H, evolution and CO, reduction over T-COF; (c) schematic
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energies for CO, reduction and H, evolution on the T-COF
surface. The free energy of H adsorption is calculated to be
0.42 eV, while converting CO, to *CO requires overcoming
a *COOH formation energy of 0.22 eV, indicating that the initial
steps of CO, reduction are more thermodynamically favorable
than H, evolution. Moreover, the hydrogenation of *CO to
*CHO entails a lower energy barrier compared to the desorption
of *CO. This demonstrates that CO, hydrogenation to form CH,
is more energetically favorable than CO, deoxygenation to
produce CO. Furthermore, LSV measurements were conducted
to evaluate the O, evolution reaction (OER) kinetics of NM(S),
NM(S)/F, and NM(S)/F@T. As depicted in Fig. S37, the onset
potential of NM(S)/F is substantially lower than that of NM(S)
but similar to that of NM(S)/F@T, confirming that Fe,O; plays
a crucial role in catalyzing the OER. Ultimately, based on the
experimental and theoretical results, Fig. 5c illustrates the
operating principle of the NM/F and NM/F@T systems for
photocatalytic CO, reduction coupled with H,O oxidation. NH,-
MIL-125 samples primarily catalyze the H,O dissociation into
H' and OH™ species, and subsequently reduce H' to H,. The
introduction of Fe,Oj3 significantly enhances charge separation,
enabling a higher population of active electrons to participate in
H, evolution on the NH,-MIL-125 surface while simultaneously
facilitating OH™ oxidation to O, on the Fe,O; surface, which
accounts for the improved H, and O, evolution observed in the
NM/F samples. Upon T-COF coating, the number of NH,-MIL-
125 electrons engaging in the reduction of H' decreases.
Consequently, unconsumed reactive hydrogen species diffuse
from the NH,-MIL-125 core to the T-COF shell, where they
participate in CO, upcycling. This process suppresses H,
evolution on the NH,-MIL-125 surface and promotes CO,
hydrogenation within the T-COF shell, effectively elucidating
the enhanced activity and selectivity for CO, CH,, C,H,, and
C,H¢ production in the NM/F@T samples compared to their
NM/F counterparts.

To further clarify the impact of NH,-MIL-125 exposed facets
on the surface reactivities of NM/F@T samples, we conducted
a comparative analysis of DMPO-H signals under light irradia-
tion. In an Ar atmosphere, all NM/F@T samples generate
DMPO-H signals, with signal intensities gradually decreasing as
the percentage of NH,-MIL-125{111} facets increases (Fig. 5d).
This trend indicates a declining formation of active hydrogen,
consistent with the facet-dependent H,O splitting behavior of
NH,-MIL-125. Upon replacing Ar with CO,, the DMPO-H signals
exhibit distinct responses: NM(S)/F@T shows a dramatic
weakening, NM(T)/F@T demonstrates a moderate reduction,
and NM(O)/F@T displays a slight attenuation (Fig. 5e). These
observations suggest that active hydrogen is consumed during
the CO, photoreduction process, with the consumption rate
decreasing progressively as the proportion of NH,-MIL-125{111}
facets rises.*® This results express that more H' diffuses from
NH,-MIL-125{001} facets to the T-COF shell for participating in
CO, photoreduction compared to NH,-MIL-125{111} facets.
During EPR measurements conducted in a CO, atmosphere, we
also observed DMPO-CO,"~ signals when transitioning the
catalyst solvent from water to ACN/triethanolamine aqueous
solution, suggesting CO, activation via the electron reduction
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route: CO, +e~ — CO,"~ (Fig. 5f).* When exposed to equivalent
irradiation periods, NM(S)/F@T exhibits the highest DMPO-
CO,"~ signal intensity, followed by NM(T)/F@T, and then
NM(O)/F@T. This observation indicates that greater exposure of
NH,-MIL-125{001} facets enhances the activation of CO, mole-
cules on the T-COF surface.

Following CO, activation, intermediates were generated
during their conversion to final products. These intermediates
were dynamically monitored using in situ diffuse reflectance
infrared Fourier transform spectra (DRIFTS) under a humid
CO, atmosphere. To investigate the influence of NH,-MIL-125
facets on the CO, photoreduction pathway, DRIFTS measure-
ments were performed on NM(S)/F@T and NM(O)/F@T under
identical conditions (Fig. 6a and b). Prior to light irradiation,
only peaks of adsorbed CO, were observed for both samples,
including asymmetric stretching of CO, at approximately 2365~
2570 cm ' and overtone bands of CO, at around 3575-
3875 cm ™ '35 Upon photoirradiation, multiple peaks associ-
ated with CO, reduction intermediates emerge, with their signal
intensities gradually increasing as irradiation continues, such
as HCO; ™ (ca. 1169-1257, 1378, 1409 cm ™~ Y), b-CO;2~ (ca. 1328,
1353, and 1600 cm ™ '), m-CO;>~ (ca. 1430, 1466, and 1522 cm ™),
-CO, ™ (ca. 1686 cm™'), and ¢c-CO3>™ (ca. 1713-1781 cm™ ').5>
Additionally, *COOH and *CO species were detected at around
1557 and 2043 cm ', respectively.”>*> Both are crucial inter-
mediates in the formation of CO and hydrocarbons. Besides,
a peak at approximately 2100 cm™ " indicates the formation of
CO, aligning well with the proposed reaction pathway in the
Gibbs free energy calculations: CO, — *COOH — *CO — CO.*®
Notably, compared to NM(O)/F@T, NM(S)/F@T exhibits
substantially higher intensities of -CO,” and *COOH, further
supporting its superior ability to activate and protonate CO,.
Moreover, the *CO and CO peak intensities of NM(S)/F@T are
lower than those of NM(O)/F@T, consistent with the former's
faster *CO consumption rate and inferior CO productivity and
selectivity relative to the latter. Furthermore, with extended
illumination time, NM(S)/F@T displays a more pronounced
increase in CO, peak intensity compared to NM(O)/F@T. This
enhancement can be attributed to the more rapid increase in
electron density on the T-COF surface of NM(S)/F@T, which
provides more favorable conditions for the adsorption of Lewis
acidic CO, molecules.

Additional characteristic intermediates involved in CH,
formation were also recorded in the DRIFTS of NM(S)/F@T and
NM(O)/F@T, including *CHO (ca. 1083 cm™ '), *CH;0 (ca. 1046,
1129, and 2847 cm™ '), *CH, (ca. 2918 cm™ '), and *CH; (ca.
2947 cm™ ') (Fig. 6a and b).””*® These intermediates indicate
a deeper hydrogenation and deoxygenation pathway: *CO —
*CHO — *CH,O — *CH30 — *CH, — *CHj; — CH,. During
the identical irradiation duration, NM(S)/F@T experiences
a more pronounced increase in signal intensities of these
intermediates relative to NM(O)/F@T. This outcome certifies
the superior activity of NM(S)/F@T in CO, methanation.
Another notable distinction between the two samples lies in the
peaks of *OCCO (1519 cm ™), *OCCOH (1565 cm '), and *C,H,
(1442 cm ™), which are observable in the DRIFTS of NM(O)/F@T
but absent in that of NM(S)/F@T.*>* This observation suggests

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Facet-dependent photocatalytic mechanisms of NM/F@T: (a and
and (b) NM(O)/F@T; (c and d) schematic illustration of the photocatalytic
and (d) {111} facets.

that NM(O)/F@T is more conducive to the C-C coupling of *CO
to form *OCCO, as well as the subsequent hydrogenation of the
*OCCO intermediate to generate C,H, and C,H,, consistent
with the photocatalytic results. Aside from carbon-containing
species, NM(S)/F@T and NM(O)/F@T also show distinctive
H,0 peaks in their DRIFTS: one depletion peak centered at
1657 cm™ " corresponds to the bending vibration of H,0, two
negative peaks ranging from 3351 to 3572 cm ' represent the
stretching vibrations of adsorbed H,0, and one negative peak at
around 3310 cm™ " is attributed to the stretching vibrations of
surface-bonded O-H.**** For NM(S)/F@T, the intensity varia-
tion of these peaks is more pronounced when compared with
NM(O)/F@T, indicating more rapid consumption of both
physisorbed and chemisorbed H,O molecules. Furthermore,
one positive peak at around 1279 ecm ' is identified as the
OOH* species, suggesting the conversion of H,O to O, through
the pathway: H,O — *OH — *O — *OOH — 0,.%°

On the basis of the above discussion, we provided
a comprehensive visualization of the facet-dependent

© 2025 The Author(s). Published by the Royal Society of Chemistry

NH,-MIL-125{111} core

b) in situ DRIFTS of photocatalytic CO, reduction over (a) NM(S)/F@T
mechanisms of NM/F@T when NH,-MIL-125 is exposed with (c) {001}

photocatalytic reaction mechanisms in NM/F and NM/F@T.
As depicted in Fig. 6c, the NH,-MIL-125{001} facets demon-
strate superior H,O activation capabilities, splitting more H,O
molecules into H" and OH~ species. However, the relatively
inefficient charge separation between NH,-MIL-125{001} and
Fe,0; constrains the photoelectron participation in H' reduc-
tion on the NH,-MIL-125{001} surface, consequently moder-
ating the H, production enhancement in NM/F. Upon T-COF
coating, the higher charge separation efficiency between
Fe,0; and T-COF results in an asymmetric distribution of active
electrons between NH,-MIL-125 and T-COF, reducing the elec-
tron feeding to the NH,-MIL-125 core for H, generation. As
a result, a larger number of unconsumed H' migrate to the T-
COF shell. This facilitates the rapid protonation of *CO inter-
mediates to *CHO, preventing their desorption from the cata-
lyst surface as CO and instead fostering their hydrogenation to
CH,. Additionally, an increased quantity of active electrons in
the T-COF shell engages in the conversion of CO, molecules,
also promoting the 8-electron reduction of CO, to CH,. In
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comparison, as illustrated in Fig. 6d, the NH,-MIL-125{111}
facets demonstrate inferior H,O activation abilities, reducing
the number of H' generated through H,O dissociation. Never-
theless, due to the higher charge separation efficiency between
NH,-MIL-125{111} and Fe,Os, more electrons participate in H"
reduction, boosting H, production in NM/F. This decreases the
amount of H" diffusion to T-COF for CO, reduction, making
*CO more prone to desorption than hydrogenation. Besides, the
relatively lower charge separation efficiency between Fe,O; and
T-COF reduces the number of T-COF photoelectrons partaking
in the activation and conversion of CO,. As such, the 2-electron
reduction of CO, to CO becomes more favorable compared to
CO, methanation. Furthermore, the sluggish *CO hydrogena-
tion process increases *CO coverage on the T-COF sites, facili-
tating *CO-*CO coupling to form *OCCO and promoting the
generation of C, products. Notably, while reducing CO, to C,H,
and C,Hg requires 12 and 14 electrons and protons, respec-
tively, on average, each CO, molecule needs only 6 and 7 elec-
trons and protons—fewer than the 8 electrons and protons
required to produce CH,. Therefore, the formation of C, prod-
ucts is not hindered by the limited availability of electrons and
protons. Overall, the different distributions of active electrons
and protons on NH,-MIL-125 and T-COF, enabled by the S-
scheme and dual S-scheme heterojunctions, should be the
origin of the facet-dependent photocatalytic performance of
NM/F and NM/F@T.

Conclusions

To conclude, we developed dual S-scheme heterojunctions
consisting of H,O dissociation, CO, reduction, and O, evolution
catalysts for photocatalytic reduction of CO, with H,O and
modulated the product selectivities by regulating the exposed
facets of supports in the ternary heterojunctions. In the
designed three-in-one photosynthetic systems, NH,-MIL-125
cores activate H-OH dissociation, after which the generated
H' and OH™ species migrate to T-COF shells and Fe,O; inserts
for CO, reduction and O, evolution, respectively. Combining
experimental characterization studies and theoretical calcula-
tions demonstrates that the H,O dissociation abilities and S-
scheme charge transfer efficiencies in the fabricated NM/F@T
heterojunctions strongly depend on the exposed facets of
NH,-MIL-125 supports. A higher percentage of {001} facet
exposure accelerates H,O splitting, producing more H" while
also creating an uneven distribution of active electrons—fewer
on the NH,-MIL-125 side and more on the T-COF side. Conse-
quently, H, evolution on the NH,-MIL-125 core is effectively
suppressed, allowing more H' to engage in CO, hydrogenation
on the T-COF shell. This enhances the tendency of *CO inter-
mediates to undergo protonation rather than desorption or C-C
coupling. The result is a gradual increase in CH, production
accompanied by a decline in H,, CO, C,H,, and C,H, genera-
tion, with champion CH, activity and selectivity achieved by
NM(S)/F@T with the highest {001} facet exposure. This work
establishes a groundbreaking approach for fostering the
performance of heterostructured photocatalysts in PCET
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reactions through targeted facet engineering that precisely
modulates electron and proton dynamics.
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