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Urea photosynthesis over a MOF-on-MOF
S-scheme heterojunction

Yamin Xi1, Chaoqi Zhang1, Tong Bao1, Suzhao Liu1, Tianxiang Wang1, Wenjing Tu1,
Yuntian Guo1, Yingying Zou1, Chengzhong Yu 1,2,3 & Chao Liu 1,2,4

Photocatalytic nitrate reduction reaction coupled carbon dioxide reduction
reaction holds great promise for sustainable urea synthesis, the design of
photocatalysts with efficient C-N coupling and charge separation is crucial yet
challenging. Herein, we report the synthesis of a novelMOF-on-MOF S-scheme
heterojunction photocatalyst with interfacial dual active sites for efficient urea
production via nitrate reduction reaction coupled carbon dioxide reduction
reaction. The integration of semiconducting Zr-MOF and Co-MOF produces
interfacial Co and Zr dual sites for NO3

- activation and CO2 adsorption,
synergistically promoting C-N coupling with reduced energy barriers. Besides,
the S-scheme heterojunction enables the strong redox capability and facil-
itates the charge transfer. Consequently, the rationally designedMOF-on-MOF
heterojunction achieves a high urea yield of 3523.4 μg g⁻¹ h⁻¹ and an apparent
quantum yield of 1.16% at 365 nm in the absence of sacrificial agents. This work
paves the way for the development of high-performance photocatalysts for
urea production.

Urea (CO(NH2)2) serves as the most widely used nitrogen fertilizer in
agriculture and a vital feedstock for chemical production1–3. The
industrial urea production is primarily based on the Bosch-Meiser
process by the reaction of ammonia (NH3) and carbon dioxide (CO2)
under harsh conditions (150 °C–200 °C, 150–250 bar), which con-
sumes large amounts of fossil fuels and emits substantial CO2

4–7.
Photocatalytic N2 and CO2 co-reduction (PNRR&CRR) offers an ambi-
ent and sustainable alternative approach for urea production by using
sunlight as the energy input, N2, CO2 and H2O as the raw materials8,9.
However, the efficiency of PNRR&CRR remains unsatisfactory with
urea yields lower than 1500 µg h−1 gcat

−1 in purewater, possibly ascribed
to the low solubility of N2 and high dissociation energy of N ≡N bond
(941 kJmol−1)10,11.

Compared with inert N2, nitrate (NO3
-) is more active with lower

N =O cleavage energy (204 kJmol−1) and higher aqueous solubility11,12.
Substituting N2 with NO3

- to couple with CO2 is energetically more
favorable for urea photosynthesis13. Besides, CO2 is a common

greenhouse gas and NO3
- is a widespread environmental pollutant in

wastewater14,15. Photocatalytic co-reduction of NO3
- and CO2 (P-

NitRR&CRR) thus represents a promising strategy for simultaneous
environmental remediation and value-added chemical production.
Even the NitRR&CRR route has been reported in the field of
electrocatalysis16,17, the alternative P-NitRR&CRR route is hardly
achieved. There is only report that delivered a urea production yield of
just 0.22μg h−1 gcat

−1 using Cs2CuBr4/TiOx-Ar as the photocatalyst13.
The development of high-performance photocatalysts to drive P-
NitRR&CRR for urea synthesis remains a critical challenge.

As an important class of porous crystalline materials, metal-
organic frameworks (MOFs) hold great promise as efficient photo-
catalysts owing to their large specific surface areas, high porosities and
organic light-harvesting units, ligand-metal charge transfer pathway,
as well as high tunability in compositions and structures13,18,19. Even
MOFs photocatalysts have been extensively investigated, their appli-
cation in photocatalytic urea synthesis remains unexplored.
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Compared with traditional MOFs, construction of MOF-on-MOF het-
erostructures as heterojunction photocatalysts represents an emer-
ging strategy for further improving the photocatalytic properties by
enhancing light absorption, promoting charge separation and offering
additional interfacial active sites19. To date, MOF-on-MOF photo-
catalysts have demonstrated promising potentials in the fields of N2

fixation19, water splitting20, CO2 reduction21 and pollutant
degradation22, however the design of such photocatalysts for urea
synthesis via the P-NitRR&CRR strategy has not been reported.

Herein, we report a MOF-on-MOF S-scheme heterojunction pho-
tocatalystwith interfacial dual active sites for efficient P-NitRR&CRR to
urea production (Fig. 1). By growing Co-HHTP (HHTP = 2,3,6,7,10,11-
hexahydroxytripehenylene) on NU-1000 (NU = Northwestern Uni-
versity), NU-1000@Co-HHTP is formed (Fig. 1a) with a S-scheme het-
erojunction (Fig. 1b) and interfacial Zr-Co dual active sites (Fig. 1c). The
Co sites facilitate the reduction of NO₃- to *NO intermediates, while the
Zr sites adsorb CO2 for subsequent C-N coupling with *NO on neigh-
boring Co sites, lowering the energy barrier for the generation of key
C-N coupling intermediates. Further combined with the facilitated
charge separation and strong redox capability of S-scheme hetero-
junction (Fig. 1b), the elaborately designed NU-1000@Co-HHTP pho-
tocatalyst exhibits a urea yield rate of 3523.4μg g-1 h-1 and an apparent
quantumyield (AQY) of 1.16% at 365 nm, competitivewith the reported
photocatalysts.

Results
The synthesis procedure of NU-1000@Co-HHTP heterostructure is
schematically presented in Fig. 1a. Firstly, NU-1000 was prepared
through a solvothermal reaction employing ZrOCl2·8H2O as
metal sources and 4,4′,4′′,4′′′-(pyrene-1,3,6,8-tetrayl)tetrabenzoate
(H4TBAPy) as ligands

20,23. The field-emission scanning electron micro-
scope (SEM) and transmission electron microscopy (TEM) images of
the resultant NU-1000 show a well-defined hexagonal rod-like mor-
phology with smooth surface and solid nature (Supplementary
Fig. 1a–c). The length and diameter are measure to be approximately
890 and 370 nm, respectively. The powder X-ray diffraction (XRD)

pattern of NU-1000 (Supplementary Fig. 1d) matches well with the
simulated crystal structure (CCDC 1580411)24.

By subsequent reaction of NU-1000 with Co2+ and HHTP in
1-propanol solution, the NU-1000@Co-HHTP heterostructure was
obtained25. The SEM image (Fig. 2a) of NU-1000@Co-HHTP exhibits
uniform microrods with rough surface. At higher magnification
(Fig. 2b), Co-HHTP nanorods with an average length of 71 nm and
diameter of 39 nm are found densely adhered on the surface of NU-
1000. From the SEM image of one broken particle (Supplementary
Fig. 2) and the TEM image (Fig. 2c), the formation of rod-on-rod core-
shell heterostructure is clearly demonstrated. Figure 2d displays the
HRTEM image collected from a single nanorod on the shell. The lattice
fringes with a d-spacing of 1.91 nm (indicated by the yellow circle)
correspond to the (100) plane of crystalline Co-HHTP26. The spatial
elemental distribution was then examined by energy dispersive X-ray
(EDX) spectroscopy. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and elemental
mapping images as well as the line scanning spectra of NU−1000@Co-
HHTPare shown inFig. 2e, f. The signals ofC andOelements areevenly
detected throughout the whole particle, while those of Zr and Co
elements are predominately distributed in the internal core and
external shell regions, respectively, further verifying the core-shell
heterostructure of NU−1000@Co-HHTP. Moreover, the Co and Zr
mass ratio of NU-1000@Co-HHTP was measured to be 13.02% and
8.29%, respectively, via inductively coupled plasma-optical emission
spectrometry (ICP-OES, SupplementaryTable 1). The Zr/Comolar ratio
was thus calculated to be 10.11:10.00, corresponding to a NU-1000/Co-
HHTP mass ratio of 1.25/1.00.

To investigate the crystalline and chemical structures of NU-
1000@Co-HHTP, XRD and Fourier-transform infrared (FTIR) spectro-
scopy analyses were performed. In addition to NU-1000, Co-HHTP
nanorods (Supplementary Fig. 3) were also prepared as a control
sample by using the similar synthesis protocol of NU-1000@Co-HHTP
without the addition of NU-1000. The mass ratios of Co and Zr of Co-
HHTP and NU-1000 were determined as 18.66% and 23.44%, respec-
tively, close to the theoretical values. As shown in Fig. 2g, h, the
characteristic diffraction peaks of both NU-1000 and Co-HHTP are
detected in the XRD pattern of NU-1000@Co-HHTP. In the FTIR
spectrum of NU-1000@Co-HHTP (Supplementary Fig. 4), the bands at
1603, 1412 and 783, 712, 664 cm-1 are attributed to the νas(-COO

-), νs(-
COO-) and Zr-O vibration of NU-1000, respectively26. Besides, the
peaks assigned to the benzene skeleton vibrations of Co-HHTP are also
observed at 1454, 1365, and 1215 cm-127. In addition, the peak of
adsorbed H2O is also found at 1655 cm⁻¹.

N2 sorption analysis (Fig. 2i) was used to characterize the textural
properties of NU-1000, Co-HHTP and NU-1000@Co-HHTP. The N2

sorption isotherm of Co-HHTP shows a type I hysteresis loop with
microporous nature. Different from Co-HHTP, NU-1000 and NU-
1000@Co-HHTP exhibit amicro-mesopore coexisting structure28. The
Brunauer-Emmett-Teller (BET) specific surface areas of NU-1000, Co-
HHTP and NU-1000@Co-HHTP are calculated to be 1150.1, 322.78, and
933.42m² g⁻¹, with corresponding pore volumes of 0.86, 0.43, and
0.75 cm3g-1, respectively (Supplementary Table 2). From the pore size
distribution curve of NU-1000@Co-HHTP, bothmicropores of 1.12 nm
from Co-HHTP and mesopores of 2.30 nm originated from NU-1000
are observed (Supplementary Fig. 5). The above results demonstrate
the successful fabrication of NU-1000@Co-HHTP heterostructures.

The electronic structure and coordination environment of the
samples were investigated using X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) analy-
sis. As shown in Fig. 3a, the Co K-edge absorption for NU-1000@Co-
HHTP exhibits an increased edge energy than that for Co-HHTP. In
contrast, the Zr K-edge position for NU-1000@Co-HHTP negatively
shifts compared to that for NU-1000. The observations suggest the
electron transfer from Co-HHTP to NU-1000 within NU-1000@Co-

S-scheme heterojunction
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Fig. 1 | Synthesis process and catalytic mechanism of NU-1000@Co-HHTP.
Illustration of a the synthesis process, b S-scheme heterojunction, and c P-
NitRR&CRRmechanism of NU-1000@Co-HHTP. The dotted circles in (c) highlight
the interfacial active sites for catalyzing P-NitRR&CRR.
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HHTP, resulting in the generation of electron deficient Co and
electron-sufficient Zr sites. In the Co K-edge Fourier transform (FT)
EXAFS spectra (Fig. 3b, Supplementary Table 3), the characteristic
peak at 1.71 Å is assigned to Co-O coordination between Co and HHTP

ligands in Co-HHTP. For NU-1000@Co-HHTP, apart from the Co-O
bond, a distinct peak attributed to the Co-O-Zr bond emerges at 2.75 Å
(Fig. 3b). Figure 3e displays the Zr K-edge spectrumof NU-1000, where
the peaks located at around 1.51 and 3.29 Å correspond to the Zr-O and
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Zr-O-Zr bond, respectively. For NU-1000@Co-HHTP, an additional
peak of Zr-O-Co bond is found at ≈2.77 Å, in accordance with the
results of Co K-edge spectra. Compared to the Zr-O-Zr bond, the
shorter bond length of Zr-O-Co is attributed to the smaller radius of Co
than Zr. Moreover, the derived wavelet transform diagrams (Fig. 3c, f)
offer visual evidence for the formation of Zr-O-Co chemical bonds at
the NU-1000@Co-HHTP heterointerface.

The optical properties and electronic band structures of the
samples were explored by ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis DRS) andMott-Schottky analysis. From the UV-
vis DRS spectra and corresponding Tauc plots (Figs. 4a and 4b), NU-
1000 exhibits an absorption edge at 460 nm with a bandgap (Eg) of
2.65 eV, close to the reported results29. After combination with Co-
HHTP with a narrower bandgap of 1.40 eV, NU-1000@Co-HHTP
shows significantly enhanced light absorption intensity than NU-
1000 from UV to near-infrared region. Figure 4c shows the Mott-
Schottky curves of NU-1000 and Co-HHTP at the frequencies of 500,
1000, and 1500Hz. The positive slopes of two samples reflect their
n-type semiconductor features29. Based on the transverse intercept
values, the flat-band potentials of NU-1000 and Co-HHTP were
determined to be 0.01 and -0.09 V, respectively. For n-type semi-
conductors, the conduction band (CB) position is typically ~0.1 eV
below the flat-band potential30,31. Therefore, the CB potentials of NU-

1000 and Co-HHTP are calculated to be -0.09 and -0.19 V (vs RHE),
respectively.

X-ray photoelectron spectroscopy (XPS) was applied for unveiling
the charge transfer between NU-1000 and Co-HHTP within NU-
1000@Co-HHTP heterostructure. In addition to NU-1000 and Co-
HHTP, a physically mixed NU-1000/Co-HHTP sample was also pre-
pared as comparison. The full survey spectrumof NU-1000@Co-HHTP
(Supplementary Fig. 6) reveals the presence of Zr, Co, O and C ele-
ments, consistent with the element mapping observations. The high-
resolution XPS spectra of Co 2p, Zr 3d and O 1s collected without
irradiation are shown in Fig. 4d–f. The Co 2p spectrum of Co-HHTP
(Fig. 4d) could be deconvoluted into Co 2p3/2 and 2p1/2 peaks of Co2+ at
781.53 and 797.13 eV, and two satellite peaks at 786.09 and 802.79 eV,
respectively. By integrating with NU-1000, the binding energies of Co
2p peaks for NU-1000@Co-HHTP increase by 0.25 eV, corresponding
to the decreased electron density of Co. The Zr 3d spectrum of NU-
1000 presents two distinct peaks at 182.89 and 185.24 eV, attributed to
Zr 3d5/2 and Zr 3d3/2, respectively. In opposite to Co, the Zr 3d peaks of
NU-1000@Co-HHTP exhibit a negative shift of ≈0.29 eV, manifesting
the electron transfer from Co in Co-HHTP to Zr in NU-1000. The O 1 s
spectrum of NU-1000 is displayed in Fig. 4f, which can be fitted into
two peaks of O-C =O group and Zr-O bond at 532.67 and 531.14 eV,
respectively. For Co-HHTP, the two peaks at 531.85 and 530.24 eV

  
  

21 3 4
hν (eV)

(α
hν

)2
(e

V)
2

NU-1000
Co-HHTP

1.40 eV

2.65 eV

b c
 
 
 

E (V vs RHE)

C
-2

(1
09

F-2
)

1500 Hz
1000 Hz
500 Hz

Co-HHTP

0.40.0 0.4

  
  
 

E (V vs RHE)

C
-2

(1
09

F-2
)

1500 Hz
1000 Hz
500 Hz

NU-1000

0.0

-0.09 V 0.01 V

Wavelength (nm)

( ytisnetnI
sti nu .b ra

400 600 800200

a

NU-1000
Co-HHTP

NU-1000@Co-HHTP

d e

 

 

 

 

 

( ytisnetnI
stinu .bra

)

810 800 790 780
Binding energy (eV)

NU-1000@Co-HHTP

Co-HHTP

Co 2p

2p1/2
2p3/2Sat. Sat.

Co2++0.25 eV

NU-1000@Co-HHTP-Light

-0.31 eV

 

 

 

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

185 180

Zr 3d

Binding energy (eV)

3d5/2
3d3/2

-0.29 eV

+0.30 eV

NU-1000@Co-HHTP

NU-1000

NU-1000@Co-HHTP-Light
f  

536 534 530 528
Binding energy (eV)

532

In
te

ns
ity

 (a
rb

. u
ni

ts
) O 1s

NU-1000 ΔE=-0.41 eV

ΔE=0.49 eV
C-O

Co-OCo-HHTP

NU-1000@Co-HHTP

O-C=O Zr-O

Zr-O-Co

g h i

Fig. 4 | Energy band structure and charge transfer mechanism. a UV-vis DRS
spectra of NU-1000, Co-HHTP, NU-1000/Co-HHTP, NU-1000@Co-HHTP, b Tauc
plots and cMott-Schottky plots of NU-1000 and Co-HHTP, XPS spectra of d Co 2p,
e Zr 3d and f O 1s of NU-1000, Co-HHTP and NU-1000@Co-HHTP, g–i schematic

illustration of the S-scheme charge transfer mechanism of NU-1000@Co-HHTP.
The dash lines and arrows in (d–f) indicates the binding energy shift of Co 2p, Zr 3d
and O 1s peaks. Source data for Fig. 4 are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-026-69281-8

Nature Communications |         (2026) 17:2423 4

www.nature.com/naturecommunications


belong to the C-O group and Co-O bond, respectively. The combina-
tion of the two components generates a distinct peak at 530.73 eV in
the spectrum of NU-1000@Co-HHTP, positioned between Co-O peak
ofCo-HHTPandZr-OpeakofNU-1000, suggesting the formationofZr-
O-Co chemical bonds at the NU-1000/Co-HHTP interface22,32. In con-
trast to the significant variations in binding energies of the elements
observed in NU-1000@Co-HHTP, the electron states of Co and Zr in
NU-1000/Co-HHTP exhibit negligible changes compared to NU-1000
and Co-HHTP, suggesting the more intimate interfacial contact
between the two components in NU-1000@Co-HHTP.

To elucidate the electron transfer of NU-1000@Co-HHTP under
visible-light illumination, in situ irradiated XPS (ISIXPS) measurement
was further carried out. Compared to the spectra in darkness, the
binding energies of Co 2p peaks in the ISIXPS spectrum decrease by
0.31 eV (Fig. 4d), while those of Zr 3d peaks present a positive shift of
0.3 eV. The observations indicate the transportation of photo-
generated electrons fromNU-1000 toCo-HHTPunder light irradiation.
Subsequently, ultraviolet photoelectron spectroscopy (UPS) was
employed to measure the work function (Φ) and Fermi levels (Ef) of
NU-1000 and Co-HHTP. Supplementary Fig. 8 shows the UPS spectra
measured at -10 V bias, where the Φ values of NU-1000 and Co-HHTP
were determined to be 4.38, and 3.99 eV, respectively, using the for-
mula of Φ= hv- (Ecutoff - Efermi), where Ecutoff and Efermi represent the
secondary electron cutoff and Fermi edge, respectively. Subsequently,
the Ef values of NU-1000 and Co-HHTP were calculated to be -4.38 and
-3.99 eV (vs vacuum level), respectively, according to the formula of
Φ = Ev – Ef (Ev = 0)33. Further based on UPS measurements performed
without external bias (Supplementary Fig. 9), the valence band max-
imum (VBM) positions were determined to be 6.60 eV for NU-1000
and 5.23 eV for Co-HHTP using the equation of EVB = 21.22 − (Ecut off -
EFermi - Ecut on)

20. Then, the VB potentials relative to NHE are calculated
as 2.57 V forNU-1000 and 1.20 V for Co-HHTP according to the formula
of EVB (vs. RHE) = EVB – 4.03, well matching with the values measured
byMott–Schottky diagrams and Tauc plots. Besides, valence bandXPS
(VB-XPS) measurement was performed to further analyze the valance
band of the samples. Based on the VB-XPS spectra (Supplementary
Fig. 10), the VB values of NU-1000 and Co-HHTP were determined as
2.58 and 1.22 V (vs. RHE), respectively. In combination with the results
ofMott–Schottky diagrams and Tauc plots, the band structures of NU-
1000 and Co-HHTP are depicted in Fig. 4g.

Based on the UV-vis DRS, Mott-Schottky, XPS and UPS results, the
charge transfer mechanism within the NU-1000@Co-HHTP hetero-
junction is postulated. As the energy band structures (Fig. 4g) reveals
higher band positions and Ef of Co-HHTP than NU-1000. Upon contact
to form a heterojunction, the free electrons in Co-HHTP are trans-
ferred to NU-1000 until the Ef equilibrium is reached, leading to an
internal electric field (IEF) pointing from Co-HHTP to NU-1000 at the
interface (Fig. 4h). Driven by the IEF, the bands of Co-HHTP and NU-
1000 bend upward and downward, respectively. Under illumination,
electrons are excited from the VB of Co-HHTP and NU-1000 to their
CB, leaving photogenerated holes in the VB. Subsequently, the IEF and
band bending facilitates the migration of photogenerated electrons in
CB of NU-1000 to VB of Co-HHTP with the photogenerated holes
consumed (Fig. 4i). Consequently, the photogenerated electrons and
holes are accumulated in CB of Co-HHTP and VB of NU-1000 with
maximumly preserved redox capability. The charge transfermanner of
NU-1000@Co-HHTP heterojunction well aligns with the S-scheme
mechanism34.

The photocatalytic performance of urea synthesis via co-
reduction of NO₃- and CO₂ was evaluated in a sealed quartz photo-
reactor system containing CO₂-saturated NO₃- aqueous solution
(Supplementary Fig. 11). The yield of generated urea was quantified by
colorimetric method and 1H nuclear magnetic resonance (NMR)
spectroscopy (Supplementary Figs. 12 and 13). As shown in Fig. 5a and
Supplementary Fig. 14, NU-1000@Co-HHTP with an optimized dosage

of 0.5mgmL-1 delivers a urea production amount of 4.70 µmol within
4 h, exceeding NU-1000 (0.26 µmol), Co-HHTP (0.89 µmol) and NU-
1000/Co-HHTP (0.59 µmol).Moreover, the ureaproduction rate ofNU-
1000@Co-HHTP is calculated to be 3523.4 µg h⁻¹ g⁻1 (Fig. 5b), ~18.4, 5.3
and 8-folds higher than that of NU-1000 (191.8 µg h-1 g-1), Co-HHTP
(664.7 µg h-1 g-1) and NU-1000/Co-HHTP (440.9 µg h-1 g-1), respectively,
indicating the enhanced photocatalytic activity of NU-1000@Co-
HHTP. Furthermore, quantitative 1H NMR analysis indicates that the
urea yield is consistent with the result obtained from the colorimetric
method (Supplementary Fig. S15).

Except for urea, other possible byproducts including NH3, NO2
-,

CO and H2 were also detected by UV-Vis spectroscopy and gas chro-
matography (Fig. 5b, Supplementary Figs. S16 and S17). When cata-
lyzed by NU-1000, CO is generated as the main byproduct with the
highest yield of 853.2 µg h⁻¹ g⁻¹ among all samples. In contrast, Co-
HHTP predominately produces NH3 with a yield 727.6 µg h-1 g-1, higher
than that of NU-1000 (195.2 µg h-1 g-1), NU-1000/Co-HHTP (242.4 µg h-1

g-1) and NU-1000@Co-HHTP (166.4 µg h-1 g-1). Besides, NO2
- is almost

undetectable with only trace amounts of H₂ for all samples. Based on
these results, it is speculated that NU-1000 and Co-HHTPmainly favor
CO₂RR and NO₃⁻RR, respectively. By integrating NU-1000 and Co-
HHTP, the C-N coupling toward urea production over NU-1000@Co-
HHTP is greatly promoted.

Except for the P-NitRR&CRR process, the coupledwater oxidation
reaction was also explored. As shown in Supplementary Fig. 18, the
yield ofO2 as theoxidationproduct follows theorder ofNU-1000@Co-
HHTP (962.3μmol g-1 h-1) > Co-HHTP (213.2μmol g-1 h-1) > NU-1000/Co-
HHTP (184.9μmol g-1 h-1) > NU-1000 (101.2μmol g-1 h-1).

Afterwards, the apparent quantum yield (AQY) was examined to
assess the light utilization efficiency under monochromatic light
irradiation from 365 to 650 nm. As presented in Fig. 5c, the AQY of
NU-1000@Co-HHTP exhibits a wavelength-dependent trend, in line
with the absorption spectrum. A maximum AQY value of 1.16% is
achieved at 365 nm (Fig. 5c, Supplementray Table 4). Both the urea
yield and AQY of NU-1000@Co-HHTP are competitive with the
reported photocatalysts used in both NRR&CRR and NitRR&CRR
systems (Supplementary Table 5)8,10,13,31,35–38. Nevertheless, the per-
formance of NU-1000@Co-HHTP-based P-NitRR&CRR system is
inferior to the state-of-the-art electrocatalytic NitRR&CRR (E-
NitRR&CRR) systems (Supplementary Table 6), inspiring further
advances in the design of efficient photocatalysts and photocatalytic
systems.

To study the urea formation pathway through CO2 and NO3
- co-

reduction, an isotopic labeling experiment was conducted. In the 1H
NMR spectrum (Fig. 5d), the characteristic signals corresponding to
(15NH₂)₂CO and (14NH₂)₂CO are detected when using 15NO₃- and 14NO3

-

as the nitrogen source, respectively38. Upon changing the feeding gas
to 13CO2, a typical singlet peak of 13CO(NH2)2 is observed in the C NMR
spectrum (Supplementary Fig. 19), indicating that the carbon in urea is
derived from CO₂. In addition, almost no urea could be formed in the
reaction systems with only CO2 or NO3

-, and without catalysts or light
irradiation, verifying that urea is produced from P-NitRR&CRR
(Fig. 5e). Except for activity, the catalytic stability of NU-1000@Co-
HHTPwas also explored. As shown in Fig. 5f,≈97.3%of the original urea
yield is preserved after ten consecutive reaction cycles with each cycle
lasting for 4 h, suggesting the stability of NU-1000@Co-HHTP. Addi-
tionally, comparative characterizations of NU-1000@Co-HHTP before
and after photocatalysis using SEM, TEM, XRD, FTIR and ICP (Sup-
plementary Figs. 20, 21 and Table 7) reveal almost unchanged mor-
phology, crystal structure and chemical composition. In the
supernatant after reaction, only trace amounts of Co and Zr were
detected (0.030 and 0.024mg/L, respectively). The mass ratios of
leached Co and Zr from NU-1000@Co-HHTP are thus estimated as
0.07% and 0.03%, respectively, further demonstrating the structural
stability of NU-1000@Co-HHTP. Besides, the decreased intensity of
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satellite peak of Co2+ in the XPS spectrum may be caused by the
increased oxidation state of Co sites by adsorbing NO3

− 39.
To unravel the mechanism of photocatalytic C-N coupling, in situ

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
was employed to monitor the reaction intermediates in real-time. The
DRIFTS spectra and corresponding contour projection diagrams of
NU-1000, Co-HHTP and NU-1000@Co-HHTP are shown in Supple-
mentary Figs. 22, 24 and Fig. 5g, h. In the spectra of NU-1000@Co-
HHTP collected in darkness, the peaks assigned to the adsorbed CO2,
H2O and NO3

- are observed at 3555, 1642 and 978 cm-1,
respectively38,40–43. Under light illumination for 20min, the peak
intensities of NO3

- and H2O are reduced with an additional peak of *NO
intermediate generated at 1886 cm-144. At 40min, the peaks of *NO and
CO2 are synchronously weakened, accompanied with the formation of
*O₂CNO at 2056 cm⁻¹, a key C-N coupling intermediate via the inter-
action between CO₂ and *NO45. Compared to the widely recognized
*OCNO intermediate (∼2075 cm⁻¹)45, the peak of *O₂CNO exhibits a
red shift of ~19 cm⁻¹, which may be attributed to the lower C-N bond
order of *O₂CNO than that of *OCNO. In addition, other peaks attrib-
uted to the bending and wagging modes of -NH2 (1206 and 3630 cm-1)
and stretching mode of C-N bond (1425 cm-1) of urea also emerge5,46,47.
By prolonging the reaction time to 60min, the peak intensities of CO2,
H2O, NO3

- and *NO further decrease while those of *CO₂NO and urea
are gradually intensified, indicating the continuous occurrence of P-
NitRR&CRR toward urea production.

For NU-1000 (Supplementary Fig. 22a, b), the spectra collected
under dark conditions also exhibit strong peaks of the three reac-
tants. After irradiation of 60min, the adsorbed CO2 is largely con-
sumedwith onlymarginally reducedNO3

- peak. The peaks of *O₂CNO
intermediate and urea aremuch weaker than those of NU-1000@Co-
HHTP. Moreover, the peak at 1460 cm-1 belongs to the *CO inter-
mediate, suggesting CO as themain byproduct from CO2RR over NU-
100048. In addition, the absence of *CO signals in the in-situ DRIFTS
spectra forNU-1000@Co-HHTP andCo-HHTPmaybe ascribed to the
low CO₂ reduction activity and weak *CO adsorption at the Co sites,
which result in undetectably low surface *CO concentrations49–51. The
speculation is further supported by the CO temperature-
programmed desorption (CO-TPD) measurement. As shown in Sup-
plementary Fig. 23, the CO-TPD profile of NU-1000 exhibits two
distinct peaks at 133 and 390 °C, assigned to the physisorption and
chemisorption of CO, respectively. For Co-HHTP, both the physi-
sorption and chemisorption temperature is significantly lower than
that of NU-1000, along with reduced peak intensities, indicating
weaker CO adsorption at Co sites of Co-HHTP than NU-1000. After
forming heterojunction, the CO adsorption strength of NU-
1000@Co-HHTP lies between that of the two individual components.
In contrary to NU-1000 (Supplementary Fig. 24a, b), the photo-
catalytic reaction over Co-HHTP is dominated by NitRR to NH3

(1301 cm-1)52,53. The limited CO2 adsorption and activation abilities
result in the low C-N coupling efficiency. The evolution trend of
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byproducts and products in in-situ DRIFTS spectra well match with
the photocatalytic results.

Linear sweep voltammetry (LSV) method was employed to assess
the CO2 and NO3

- reduction activity of the samples. As shown in Sup-
plementary Figs. 25 and 26a–c, the current densities of NU-1000@Co-
HHTP in thepresenceofNO3

-, CO2or bothNO3
- andCO2 are larger than

that in 0.5M Na2SO4 without reactants. Moreover, NU-1000 exhibits
higher current densities than Co-HHTP in the CO2-saturated Na2SO4

electrolyte (Supplementary Fig. 26a), whereas a reversed trend is
observed in Ar-saturated KNO₃ electrolyte, indicating the pre-
dominated CO2RR and NitRR process over NU-1000 and Co-HHTP,
respectively. Upon forming heterojunction, both the CO2 and NO3

-

activation capabilities of NU-1000@Co-HHTP are enhanced compared
to the individual materials. Moreover, in CO2-saturated KNO3 electro-
lyte, NU-1000@Co-HHTP exhibits a significantly lower onset potential
and higher current density than NU-1000 and Co-HHTP, demonstrat-
ing facilitated co-reduction reaction of CO2 and NO3

- for C-N coupling
(Supplementary Fig. 26c).

Owing to themuch lower solubility and diffusion efficiency ofCO2

compared to NO3
- in aqueous media, CO2 adsorption capacity of cat-

alysts has been recognized as a critical rate-limiting factor that governs
the C-N coupling efficiency14,54–56. Therefore, CO2 sorption and CO2-
TPD were further carried out to investigate the CO2 adsorption beha-
viors on different samples. As shown in the CO2 sorption isotherms
(Supplementary Fig. 26d), NU-1000@Co-HHTP exhibit a CO2 adsorp-
tion capacity of 44.76 cm3g-1 at 273 K (Supplementary Table 8), locat-
ing between NU-1000 (68.43 cm3g-1) and Co-HHTP (18.18 cm3g-1). The
CO2-TPD profiles of NU-1000, Co-HHTP and NU-1000@Co-HHTP are
presented in Supplementary Fig. 26e, where the peaks in the low-
temperature region (<200 °C) and high-temperature (200-500 °C)
refer to the physical and chemical adsorption of CO2, respectively. The
temperature and area of physisorption peak follows the order of NU-
1000 >NU-1000@Co-HHTP > Co-HHTP, possibly ascribed to the lar-
gest specific surface area of NU-1000. The chemisorption temperature
of NU-1000 is also higher than Co-HHTP but lower than NU-1000@Co-
HHTP, suggesting the promoted CO2 chemisorption by forming het-
erojunction. The results of photocatalysis tests, in-situ DRIFTS spectra,
LSV curves, CO2 sorption isotherms and CO2-TPD spectra collabora-
tively reveal that NU-1000@Co-HHTP simultaneously integrates the
strong CO2 adsorption capability and NitRR activity, resultantly
improving the C-N coupling efficiency for urea production.

Subsequently, the charge separation and transfer kinetics of the
samples were examined by using photoelectrochemical (PEC) and
photoluminescence (PL) measurements. As shown in Supplementary
Figs. 26f and Fig. 27a, NU-1000@Co-HHTP has the highest transient
photocurrent response and smallest arc radius among all samples,
indicating its boosted charge separation efficiency. The fitted EIS
spectra and corresponding equivalent circuit are displayed in Sup-
plementary Fig. 27a and Table 9. When integrated with the highly
conductive Co-HHTP (80.12 ± 2.45 Ω cm-2), NU-1000@Co-HHTP
shows a lower charge transfer resistance (Rct) of 65.23 ± 2.17 Ω cm-2

than that of NU-1000 (179.80 ± 4.23 Ω cm-2) and NU-1000/Co-HHTP
(84.95 Ω±4.56 cm-2), implying the stronger transport capability. In
addition, the charge recombination behavior was then explored by
open-circuit voltage decay (OCVD) measurements (Supplementary
Figs. 26g and 27b). Compared to NU-1000, Co-HHTP and NU-1000/
Co-HHTP, NU-1000@Co-HHTP affords higher open-circuit voltage
under irradiation and slower photovoltage decay after the light is
turned off, suggesting the slowest carrier recombination kinetics and
longest photogenerated charge lifetime56,57. In the steady PL spectra
(Supplementary Fig. 26h), NU-1000@Co-HHTP possesses the lowest
fluorescence intensity with inhibited photogenerated electron-hole
recombination. The charge carrier dynamics were further probed by
time-resolved PL (TRPL) spectroscopy fitted with a biexponential
function (Supplementary Fig. 26i). As seen, NU-1000@Co-HHTP

exhibits an obviously longer average fluorescence lifetime of charge
carriers (28.69 ns) than NU-1000 (6.31 ns), Co-HHTP (18.20 ns) and
NU-1000/Co-HHTP (14.32 ns), demonstrating the longer-lived charge
pairs in NU-1000@Co-HHTP. The improvements in charge transfer
and separation also contributes to the enhanced photocatalytic
efficiency of NU-1000@Co-HHTP.

To further understand the enhanced performance of NU-
1000@Co-HHTP, density functional theory (DFT) calculations were
performed. Density functional theory (DFT) calculations (Supple-
mentary Data 1 and 2) were performed to support the experimental
findings. The charge difference distribution diagram (Fig. 6a) shows
the electron accumulation around the Zr atoms and electrondepletion
from the Co atoms, suggesting the electron transfer from NU-1000 to
Co-HHTP, in accordance with the XPS and UPS results. Besides, the
adsorption energies of NO3

- and CO2 reactants on different sites for
NU-1000, Co-HHTP and NU-1000@Co-HHTP were calculated (Fig. 6b
and Supplementary Fig. 28). For Co-HHTP, the adsorption energy of
*NO3

- on Co is -0.96 eV, significantly lower than that of CO2 (-0.12 eV,
Fig. 5b), suggesting the preferential *NO3

- adsorption on Co sites. In
contrast forNU-1000, theCO2 adsorption ismore favorableonZr sites,
as supported by the lower adsorption energy of CO2 (-0.37 eV) than
NO3

- (-0.16 eV). Compared to Co-HHTP and NU-1000, the adsorption
energies of NO3

- (-1.33 eV) onCo sites and CO₂ (-0.52 eV) on Zr sites are
more negative, revealing the enhanced reactant adsorption within the
heterostructure.

Furthermore, the Gibbs free energy change (ΔG) of each ele-
mentary step during the NitRR@CRR process are presented in Fig. 6c
with the corresponding adsorption configurations illustrated in Sup-
plementary Figs. 29 and 30. According to the S-schemecharge transfer
mechanism, the Co centers serve as reduction sites within NU-
1000@Co-HHTP. Therefore, the reaction pathway for urea synthesis
was initiated fromNO3

- reduction. As seen, thepotential determination
step (PDS) for NU-1000@Co-HHTP was recognized as the first C-N
coupling step (*NO+CO2→ *CO2NO)withΔGof 0.2 eV, lower than that
for Co-HHTP (0.58 eV). A similar trend is also found in the second C-N
coupling step (*CONH₂ + *NO → *CONONH₂) with ΔG of 0.15 and
0.44 eV for NU-1000@Co-HHTP and Co-HHTP, respectively. The
observations suggest the promoted C-N coupling over NU-1000@Co-
HHTP. To gain further insight into theC-N coupling step, the transition
state (TS) profiles and optimized configurations of the PDS for the two
samples are displayed in Figs. 6d, e and Supplementary Fig. 31. The
energy barrier from *NO on Co site to TS (ΔGTS) via the coupling with
*CO2 on neighboring Zr site is calculated to be 0.3 eV for NU-
1000@Co-HHTP, significantly lower than that for Co-HHTP (0.79 eV)
that experiences the C-N coupling between *NO and free CO2. There-
fore, the coupling between *NO and CO2 is kinetically more favorable
over NU-1000@Co-HHTP with interfacial Zr-Co dual sites, facilitating
the formation of C-N bonds toward boosted urea synthesis. Given the
difficulties inmodelling the exact structures under catalytic conditions
using DFT calculations, the theoretical results primarily serve to sup-
port the experimental findings.

The experimental results with the aid of DFT calculations reveal
the crucial role of MOF-on-MOF S-scheme heterojunction with inter-
facial dual sites in enhancing photocatalytic C-N coupling efficiency for
urea synthesis. During the photocatalysis process, the Co sites within
the NU-1000@Co-HHTP heterojunction are responsible for the
adsorption and reduction ofNO3

- to *NO intermediate. The adjacent Zr
sites at the interface supply CO2 for the C-N coupling with *NO on Co
sites, reducing the energy barrier for the formation C-N intermediates
(e.g., *NOCO2 and *CONONH2). For NU-1000 with single Zr sites and
Co-HHTP with single Co sites, it is noted that the adsorption energy of
either Zr or Co sites for both CO2 and NO3

- adsorption is negative.
Thus, the chance of urea formation via P-NitRR&CRR cannot be avoi-
ded, as evidenced by the formation of urea with a low yield in the two
individual MOF catalysts. However, the adsorption energy of Co sites
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in Co-HHTP for CO2 is the highest among all test groups, the same is
the NO3

- adsorption energy of Zr sites in NU-1000, in contrast to NU-
1000@Co-HHTP that has the lowest adsorption energy for both CO2

and NO3
- adsorption. Therefore, the overall performance of NU-1000

and Co-HHTP is significantly inferior than NU-1000@Co-HHTP. In
addition, the S-scheme charge transfer pathway facilitates the
electron-hole separation and offers strong redox capability. Collec-
tively, the enhanced performance of urea photosynthesis is achieved.

Discussion
In summary, a NU-1000@Co-HHTP MOF-on-MOF S-scheme hetero-
junction has been designed for efficient P-NitRR&CRR, exhibiting a
highurea yield of 3523.4μg g-1 h-1 and anAQYof 1.16% at 365 nm in the
absence of sacrificial agents. Our systematical investigations reveal
that the formation of interfacial Co-Zr dual sites plays a crucial role in
boosting C-N coupling. The Co sites reduce NO₃⁻ to *NO inter-
mediates, while the Zr sites supply CO₂ for C-N coupling with *NO on
adjacent Co sites, cooperatively lowering the reaction barriers.
Together with the efficient S-scheme charge separation by con-
structing S-scheme heterojunction, the improved P-NitRR&CRR
performance is achieved. Our findings have provided new insights
into the development of high performance photocatalysts for urea
production.

Methods
Chemicals
Zirconyl chloride octahydrate (ZrOCl2·8H2O, 98%), cobalt(II) acetate
tetrahydrate (Co(CH3COO)2·4H2O, 99%), 4,4′,4′′,4′′′-(pyrene-1,3,6,8-
tetrayl)tetrabenzoate (H4TBAPy, 98%), 4-phenylbenzoic acid (98%),
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP, 99%), ferric chloride
anhydrous (FeCl3, 99.99%), diacetylmonoxime (99%), thiosemicarba-
zide (99%), p-aminobenzenesulfonamide (99%), N-(1-naphthyl) ethy-
lenediamine dihydrochloride (99%), N,N-dimethylformamide (DMF,
99.8%), 1-propanol (C3H8O, ≥95.0%), 1-propanol (C3H8O, ≥95.0%) and
ethanol (C2H5OH, 99%) were purchased from Adamas-beta. Sodium

hypochlorite solution (NaClO, 6-14%), potassium hydroxide (KOH,
96%), sodium hydroxide (NaOH, 96%), sodium salicylate (C7H5O3Na,
99.5%) and sodium nitroferricyanide dehydrate (C5FeN6Na2O, 99%)
were purchased from Aladdin. Sodium citrate (98%), sulfuric acid,
salicylic acid (99%), hydrochloric acid (36-38%), sulfuric acid (98%) and
phosphoric acid (85%) were purchased from Sinopharm Chemical
Reagent Co. Ltd. All the solutions used in the experiments were pre-
pared by ultrapure water. All the materials were used as received
without further purification.

Synthesis of NU-1000
In a typical synthesis, 40mg of ZrOCl2·8H2O and 1.8 g of
4-phenylbenzoic acid were dissolved in 5mL of DMF in a vial. 10mg of
TBAPywas dissolved in 3mLof DMF in another vial. The two vials were
heated at 90 °C for 1 h. After cooling down to room temperature, the
two solutions were mixed by sonication treatment for 10min. The
resultant suspension was then heated at 120 °C for 1 h. Finally, the
productswere collectedbycentrifugation,washedwithDMFanddried
at 55 °C for further use.

Synthesis of NU-1000@Co-HHTP
5mg of NU-1000 was dispersed into a mixture solution containing
4mL of 1-propanol and 3.5mg of HHTP by sonication for 20min.
Subsequently, 4mL of Co(CH3COO)2·4H2O aqueous solution
(0.8mgmL-1) was poured into the above suspension. By further heat-
ing at 55 °C for 2 h, the final products were collected by centrifugation,
washed with H2O and ethanol for three times and dried overnight.

Synthesis of Co-HHTP
Co-HHTP nanorods were prepared by using the similar synthesis pro-
cess of NU-1000@Co-HHTP except without the addition of NU-1000.

Material characterization
Scanning electron microscopy (SEM) images were collected by scan-
ning electron microscope (HITACHI-S4800). Transmission electron
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microscopy (TEM)were performedon a JEOL 2100 F instrument at 200
KV. A field-emission scanning electron microscope (Helios G4 UX, FEI
Inc. USA) equipped with a focused ion beam (FIB) system and an
energy-dispersive X-ray spectroscopy (EDS) detector (X-Max 150T,
Oxford Instruments, UK)was used to probe the elemental distribution.
X-ray diffraction (XRD) patterns were acquired on a diffractometer
(Bruker D8 Advanced) equipped with Cu Kα X-ray source
(λ =0.154 nm). X-ray photoelectron spectroscopy (XPS) tests were
carried out on a PHI Quantera II ESCA instrument by using Al Kα
radiation (1486.8 eV). The concentrations ofmetal ionsweremeasured
by Agilent 730 inductively coupled plasma-optical emission spectro-
metry (ICP-OES). Diffuse reflectance UV-vis absorption spectroscopy
was recorded on a UV-vis spectrophotometer (Lambda 950). N2

sorption measurements and CO2 adsorption were performed on a
Micromeritics ASAP-2460 at 77 K and 273 K, respectively. The samples
were degassed in vacuum at 423 K for 24h before analysis. The
temperature-programmed desorption of CO2 (CO2-TPD) was carried
out on a Micromeritics Chemisorb 2750. Ultraviolet photoelectron
spectroscopy (UPS) measurements were carried out on an ESCALAB
250XI setup by using amonochromatic He (21.22 eV) radiation source.
PL spectra were recorded on an Edinburgh FS5 spectrofluorometer.
Time-resolved photoluminescence (TRPL) spectra were collected on a
FSL980 transient fluorescence spectrometer. FTIR spectra were
recorded on a Nicolet Fourier spectrophotometer using KBr pellets. A
nuclear magnetic resonance (NMR) spectrometer (600MHz 1H NMR,
Bruker AVANCE III HD) was used to quantify urea and ammonia
concentration.

Evaluation of photocatalytic activity
Typically, 20mg of photocatalyst was dispersed in 40mL of KNO3

(1M) by ultrasonication for 10min. After continuously bubbled with
CO2 for 30min to remove air residual, a 300W xenon lamp (PLS-
SXE300D/300DUV, Perfect Light) was used as the visible light source
(λ > 400 nm) with a light intensity of 100mWcm⁻² to initiate the
reaction. The photocatalytic reaction was conducted for 4 h under
stirring at 600 rpm and the temperature of the reaction solution was
kept at 25 °C by an external circulating cooling water system.
Throughout the reaction, 1mL of reaction solution was collected at
regular time intervals (1 h) and filtrated with 0.22 µm filters to
remove the photocatalysts for quantitative analysis. The produced
urea in the reaction solution was quantified by diacetylmonoxime-
thiosemicarbazide (DAMO-TSC) and NMR methods, respectively. All
errorbars of the resultswere derived from three independent replicate
experiments.

Calculation methods for apparent quantum yield (AQY)
To calculate the AQY, the incident light was passed through a mono-
chromator with the bandpass filter at wavelengths of 365 nm, 400 nm,
450nm, 500nm, 550nm, 600 nm, and 650nm as the light source,
respectively. In addition, an optical powermeter (PL-MW2000, Beijing
Perfectlight Technology) was utilized to detect the light intensity. The
errors of urea yield represent the standard deviations of three inde-
pendent measurements. The AQY was calculated by the following
equation:

AQYð%Þ= numberofreactedelectrons
numberofincidentphotons

× 100%

=
numberofevolvedureamolecules × 16

numberofincidentphotons
× 100%:

ð1Þ

Determination of product concentration
Determination of H2, N2 and CO. The gas products were detected by
gas chromatograph (Agilent 8860 GC).

Urea quantification by DAMO-TSC method. Firstly, 500mg of dia-
cetylmonoxime and 10mg of thiosemicarbazide were dissolved in
100mL of H2O to prepare reagent A, and 10mL of H3PO4, 30mL of
H2SO4, and 10mgof FeCl3 were dissolved in 60mL of H2O to prepared
reagent B. Afterwards, 1mL of the reaction solution was collected by
mixing 1mL of reagent A and 2mL of reagent B. After reacting in a
boiling water bath at 100 °C for 20min, the absorbance of themixture
solution was determined by UV-vis spectrophotometer at 655 nm for
quantifying the urea concentration according to the standard
calibration curve.

1HNMRmeasurementwas also conducted to quantitativelydetect
urea. 5mL of the reaction solution was collected, concentrated via
rotary evaporation, and subsequently redissolved in a mixture con-
taining 500μL of DMOS solution, 50μL of DMSO-d₆ and 20μL of
maleic acid (1 ppm). The resulting solution was transferred to an NMR
tube for analysis.

Determination of NO2
-. The mixed solution of

p-aminobenzenesulfonamide (4 g), N-(1-naphthyl) ethylenediamine
dihydrochloride (0.2 g), DI water (50mL) and phosphoric acid (10mL)
was used as the color reagent. 200μL of reaction solution was mixed
with 0.1mL of color reagent. After sitting for 20min, the absorption
intensity of the solution wasmeasured by a UV-vis spectrophotometer
at a wavelength of 540nm. The concentration of NO2

- was then
quantified according to the standard curve (Supplementary Fig. 16)40.

Determination of NH3. The concentration of ammonia product was
measured by NMR. 5mL of 0.1M HCl, 50μL of D2O and 5mL ofmaleic
acid (50 ppm, an internal standard solution) were added into 5mL of
the diluted reaction solution. Afterwards, the concentration of gen-
erated NH3 was determined by NMR according to the standard curve
(Supplementary Fig. 17)40.

Photoelectrochemical test
Photoelectrochemical measurements were performed on a Chenhua
CHI 760E electrochemical workstation in 0.1M Na2SO4 electrolyte (pH
= 7 ± 0.2). A typical three-electrode setupwas employed, consisting of
a Pt wire counter electrode, an Ag/AgCl reference electrode, and a
working electrode made from photocatalyst-modified indium tin
oxide (ITO). The detailed procedure for preparing working electrode
was as follows: 20mg of the catalysts was first dispersed in 60 µL of a
10% Nafion solution. The resultant slurry was then drop-casted onto a
1 cm² area of ITO glass and dried at 55 °C overnight. To record pho-
tocurrent signals, a 300W xenon lamp (PLS Light, model SXE300D/
300DUV) was used as the light source. EIS measurements were per-
formed using an AC perturbation signal of 10mV over a frequency
range of 0.1-105Hz. Mott-Schottky plots were examined with a scan
rate of 5mVs-1 at 500Hz and 1500Hz. During the transient open-
circuit voltage decay (OCVD) tests for 800 s, the visible-light source
was switched on and off with a time interval of 300 s. The average
carrier lifetimes (τn) were determined from the open-circuit voltage
(Voc) decay using the following formula:

τn = � kBT
q

dVoc

dt

� ��1

ð2Þ

where τn represents the average lifetime, Voc is open-circuit voltage, kB
is the Boltzmann constant, T is the temperature (in Kelvin), and q is the
unsigned charge of an electron.

The flat-band potential values are determined using the Mott-
Schottky equation:

1

C2 =
2

ε0εND
E � Efb �

TκB
q

� �
ð3Þ

Article https://doi.org/10.1038/s41467-026-69281-8

Nature Communications |         (2026) 17:2423 9

www.nature.com/naturecommunications


whereC is the space charge capacitance, ND is the donor density, ε and
ε0 are the dielectric constants of free space and the film electrode,
respectively, E is the applied potential, Efb is the flat-band potential, κB
is Boltzmann constant, T is the temperature, and q is the electronic
charge. The Efb value can be determined from the extrapolation to 1/
C2 = 0. For n-type semiconductors, the conduction bands are 0.1 eV
higher than the flat potentials. All the potentials were calibrated with a
reversible hydrogen electrode (RHE)

ERHE = EAg=AgCl + 0:0591 ×pH+0:197 ð4Þ

All the electrochemical tests were performed without IR
compensation.

In situ diffuse reflectance infrared Fourier transform spectro-
scopy measurements
40mg of photocatalyst was vigorously stirred in 25mL of 1.0M KNO3

solution for 6 h, followed by centrifugation and drying at 55 °C for 12 h.
Afterwards, 25mg of the NO3

- adsorbed catalystwas placed in a diffuse
reflectance cell at room temperature with continuous CO2 (99.999%)
purging. The time-dependent FTIR profiles were then recorded under
300W Xeon lamp irradiation.

Computational details
Vienna Ab initio Simulation Package (VASP) was employed to perform
the Spin-polarized density functional theory (DFT) calculations58,59.
The generalized gradient approximation (GGA) in combination with
the Perdew–Burke–Ernzerhof (PBE) functional was used to describe
the exchange–correlation interactions60. In addition, the relation
between ionic cores and valence electrons was modeled using the
projected augmentedwave (PAW)method61,62, and the electronic wave
functions were expanded in a plane-wave basis set with a kinetic
energy cutoff of 500 eV. Gaussian smearing approach with a width of
0.05 eV was applied to simulate the partial occupancies of the Kohn-
Shamorbitals. Structural optimizations were conducted until the total
energy and force converged to within 10⁻⁵ eV and 0.02 eV/Å, respec-
tively. The initial models were built according to the standard crystal
structures of NU-1000 and Co-HHTP. To minimize undesired periodic
interactions, a vacuum layer of 18 Åwas introduced along the direction
normal to the material plane. For Brillouin-zone sampling during
relaxation and self-consistent calculations, a 2 × 1 × 1 Monkhorst–Pack
k-point mesh was employed63. The adsorption energies (Eads) of reac-
tants and intermediates were determined according to the formula of
Eads = Ead/sub - Ead - Esub, where Ead/sub, Ead, and Esub refer to the total
energies of optimized adsorption configuration, individual adsorbate
and substrate, respectively. Besides, the Gibbs free energy (G) was
determined based on the equation:

G= E+ZPE� TS ð5Þ

where E is the total energy, ZPE refers to the zero-point energy, and TS
represents the entropic contributions.

Data availability
The raw data generated in this study are provided in the Supplemen-
tary Information. All data are available from the corresponding author
upon request. Source data are provided with this paper.
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