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ABSTRACT: Photocatalytic reduction of CO2 to value-added
chemicals is a promising technology for reducing atmospheric CO2,
but selectively producing a specific product still remains a great
challenge. In this study, a Z-scheme heterojunction, N-doped
HTiNbO5/NH2-UiO-66(Zr) (referred to as NH-NU), is devel-
oped to integrate the advantages of semiconductor photocatalysts
and porous CO2 adsorbents for CO2-to-CH4 conversion. The NH-
NU Z-scheme heterojunctions are fabricated via a simple one-pot
solvothermal method, enabling the formation of a tight and
uniform interface between the two phases, thereby facilitating the
separation and transfer of the photoinduced charge carriers, as
confirmed by TEM, EPR, electrochemical studies, and work
functions. As a result, the as-prepared photocatalyst demonstrates a
significant increase in selectivity for CH4 production through CO2 photoreduction, achieving a 10-fold enhancement compared to
that of the pristine MOF, NH2-UiO-66. Moreover, there is no obvious decrease in the photocatalytic activity for CH4 production
across four consecutive cycles. In situ FT-IR spectroscopy and DFT calculations reveal that charge-enriched N-doped NH-NU-3
composites stabilize various C1 intermediates in multistep elementary reactions, leading to superior selectivity in the CO2-to-CH4
conversion process. This work establishes that efficient and selective heterogeneous catalytic processes can be achieved through the
stabilization of reaction intermediates by designing suitable Z-scheme heterojunctions.
KEYWORDS: photocatalytic CO2 reduction, NH2-UiO-66, N-HTiNbO5, CH4 production

1. INTRODUCTION
The conversion of CO2 into value-added chemicals such as CO,
HCOOH, CH3OH, and CH4 through catalytic reduction is a
promising technology that addresses both the energy crisis and
environmental issues we face.1−3 Photocatalytic conversion of
CO2 has emerged as a sustainable approach for the capture and
utilization of CO2.

4−6 However, CO2 reduction is a highly
energy-intensive process due to the stable C�O bonds in CO2
(with an extremely high dissociation energy of CO2 of 805 kJ
mol−1).7 Therefore, the development of efficient and selective
photocatalysts proficient in CO2 adsorption and activation has
become a significant interest within the realm of CO2
photoreduction.
Metal organic frameworks (MOFs) possess an adaptable pore

structure, high porosity, and excellent specific surface area.8,9

MOFs also have a good CO2 uptake capacity and have been
widely applied for CO2 photoreduction. The Cu and Ni single
sites can be successfully incorporated into MOFs to afford
MOF-808-CuNi, which shows 99.4% CH4 selectivity and a
production rate of 158.7 μmol g−1 h−1 with a Ru-based sacrificial
reagent.10 Zr-MBA-Ru/Re-MOF can be prepared via post-
synthetic linker exchange (PSE) followed by metalation of

MOF-808 and exhibits highly efficient CO2-to-CO formation
with a maximum production rate of 440 μmol g−1 h−1 in an
aqueous medium without any sacrificial electron donor.11

Adenine-modified MOFs, AD-MOF-2, exhibits a very high
HCOOHproduction rate of 443.2 μmol g−1 h−1 in pure aqueous
solution.12 However, it is still challenging to produce CH4 with
high selectivity via CO2 photoreduction using a MOF-based
material, especially in an aqueous mediumwithout any sacrificial
electron donor. The poor photocatalytic performance of MOF
materials may be a result of low electron/hole separation and
charge transfer rate. Thus, designing hybrid heterojunctions
involving MOFs, capable of adsorbing and activating CO2,
promoting separation and transformation rate of charge carrier
to improve reduction efficiency, remains an important yet
challenging strategy.
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Z-scheme heterojunctions have proven efficient in spatially
separating photogenerated electron/hole carriers with high
redox capabilities.13−19 2D ultrathin Z-scheme ZnIn2S4/g-C3N4
heterojunctions are constructed via in situ growth of ZnIn2S4 on
g-C3N4 and exhibit an enhanced photocatalytic hydrogen
production rate of 14.8 mmol g−1 h−1.15 The Z-scheme 2D/
2D heterojunction of CsPbBr3/Bi2WO6 shows an improved
CO2 photoreduction rate of 9.4 μmol g−1 h−1 for CO and 14.3
μmol g−1 h−1 for CH4 with ethyl acetate and isopropyl alcohol as
the reaction medium.16 100% CO selectivity is obtained from
the CO2 photocatalytic reduction using a lanthanum single atom
anchored on a black phosphorus Z-scheme heterojunction.17

The Z-scheme heterojunction UiO-66/NH2-MIL-125/g-C3N4
is also constructed via aMOF-on-MOF strategy and shows high-
performance photocatalytic degradation of ofloxacin anti-
biotics.18 However, there are few reports on MOFs-based Z-
scheme heterojunctions for selective CO2 photoreduction to
single valuable products, especially in an aqueous medium
without any sacrificial electron donor.
Herein, a highly stable MOF NH2-UiO-66(Zr) has been

selected as a platform to develop an advanced MOF-based Z-
scheme heterojunction due to its high CO2 adsorption capability
and suitable range of visible light absorption.20,21 Additionally,
HTiNbO5 possesses several characteristics of a layered
structure, can be easily synthesized, has favorable charge transfer
property, and has been introduced to modify NH2-UiO-66(Zr)
to form a Z-scheme heterojunction to increase the intensity of
light absorption and improve the transfer rate of photogenerated
charges. The strong adhesion of HTiNbO5 to the MOFs

photocatalyst, NH2-UiO-66, aids the transfer and separation of
photocatalytic charge carriers. Furthermore, the introduction of
nitrogen into HTiNbO5, to form N-HTiNbO5, can increase the
electrical conductivity, whereby the recombination of photo-
generated charge carriers is prevented by the Z-scheme
heterojunction, allowing the selective formation of the desired
product, CH4, from CO2 reduction without any sacrificial
electron donor.

2. EXPERIMENTAL SECTION

2.1. Materials
In this research, all chemical reagents used were purchased from
Sinopharm Chemical Reagent Co. in China. And all chemicals and
reagents used in this research were of analytical grade and used without
any further purification.

2.2. Preparation of NH2-UiO-66(Zr)
NH2-UiO-66(Zr) was synthesized, according to the literature, by a
solvothermal method.21

2.3. Preparation of HTiNbO5 and N-HTiNbO5

HTiNbO5 nanosheets were prepared as reported with some
modifications.22−26 KTiNbO5 samples were prepared through high-
temperature solid-state reactions using TiO2, Nb2O5, and K2CO3 with a
molar ratio of 2:1:1.1. The well-stirred mixture was reacted in an
aluminum crucible in air for 10 h at 1100 °C. The obtained white
powder was washed several times with deionized water until the pH
value was approximately 7 and then dried at 80 °C to give a white solid.
Proton-exchanged KTiNbO5 (HTiNbO5) was prepared by suspend-

ing 1.5 g KTiNbO5 in 150 mL of 6 M HNO3 solution and stirring for 6
days, whereby the HNO3 solution was replaced every 2 days. The

Figure 1. (a) Synthesis processes of NH-NU. (b) X-ray diffraction (XRD) patterns and (c) FT-IR spectra of the as-prepared photocatalysts.
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resulting solid was then washed with H2O, collected by centrifugation,
and dried at room temperature to give a white solid.
The exfoliation of HTiNbO5 was carried out in an aqueous solution

of tetrabutylammonium hydroxide (TBAOH). 1 g of HTiNbO5 was
added to 100 mL of deionized water, and the pH value was adjusted to
9.5−10 using TBAOH. The mixture was stirred for 7 days, and then the
supernatant was obtained following centrifugation. Subsequently, 1 M
HCl was added dropwise and a white precipitate formed. The white
precipitate was separated and dried using a freeze dryer for 15 h to
obtain the layered HTiNbO5 nanosheet.
To synthesize the N-doped HTiNbO5 nanosheet, 1 g of the

HTiNbO5 nanosheet and 2 g of urea were mixed and placed in an
aluminum crucible, which was then heated to 400 °C for 4 h. The
product was washed with 0.1MHNO3 and deionized water three times,
respectively, before being dried at 70 °C to obtain N-doped HTiNbO5
(N-HTiNbO5).

2.4. Preparation of HTiNbO5/MOF and N-HTiNbO5/MOF
A series of HTiNbO5/MOF and N-HTiNbO5/MOF catalysts were
prepared by a solvothermal method, in which the mass of HTiNbO5 or
N-HTiNbO5 added was altered. Typically, HTiNbO5 or N-HTiNbO5
solutions were diluted to 50 mL in DMF to give various concentrations
and then sonicated overnight. Next, 0.2332 g of ZrCl4 was added to the
solution, which was sonicated for 30 min, followed by the addition of
0.1812 g of 2-aminoterephthalic acid and sonication for a further 30
min. Afterward, the mixture was transferred to a Teflon-lined autoclave
and crystallized in an oven at 120 °C for 24 h. After cooling to room
temperature, the obtained product was centrifuged, repeatedly washed
with DMF and methanol, and then dried at 60 °C for 8 h to yield
HTiNbO5/NH2-UiO-66(Zr) (H-NU-X, where X represents the weight
content of HTiNbO5) or N-HTiNbO5/NH2-UiO-66(Zr) (NH-NU-Y,
where Y represents the weight content of N-HTiNbO5). Figure 1a
illustrates the strategy for the catalyst NH-NU assembly.

2.5. Typical Procedures for Photoactivity Testing
Photocatalytic CO2 reduction was tested over the as-prepared catalysts
H-NU and NH-NU under visible light irradiation. The reaction was
carried out in a closed polytetrafluoroethylene reactor with an internal
volume of 150 mL. A high-pressure Xe lamp (300 W, 500 mW cm−2)
with a cutoff filter (420 < λ < 800 nm) was used to simulate solar
irradiation in the range of visible light. 10mg of catalyst, 1.6 mL of H2O,
and a stirrer bar were added into the reactor, and CO2 was continuously
introduced into the solution with stirring (500 rpm) for 30 min. Next,
the mixture was irradiated with visible light with continuous stirring
(500 rpm), and the gas product was quantitatively analyzed by gas
chromatography (GC) equipped with an FID detector (with
methanizer) at 5 h intervals. The data presented include error bars,
which represent the standard deviations across multiple measurements.
Each data point was determined at least three times to ensure the
accuracy and reproducibility of the results. The error bars reflect the
variability observed in the replicate experiments.

2.6. Stability of Photocatalysts
To examine the stability of the photocatalysts, the used catalysts were
separated by centrifugation and washed several times with H2O and
methanol and then dried under vacuum at 50 °C overnight. The
recovered samples were reused for the next cycle.

2.7. Characterization
The morphology of the as-prepared photocatalysts was measured using
a JEM-F200_TFEG transmission electron microscope (TEM) with an
accelerating voltage of 200 kV and a GEMINI 300 scanning electronic
microscope (SEM). The power XRD patterns were obtained using a
Bruker D8 ADVANCE XRD diffractometer operated at 40 kV and 40
mA. The light absorption properties were recorded using a UV-2600
UV−vis diffuse reflectance spectrometer with BaSO4 as the reflectance
standard. The N2 physisorption isotherms were conducted by using a
Micromeritics Tristar 3000 analyzer to confirm the Brunauer−
Emmett−Teller (BET) surface area and the pore size distributions.
The CO2 adsorption capacity of the materials in this study was
determined by a Quantachrome autosorb-iQ-2MP physical adsorption

instrument. Before the test, 40−50 mg of the target material was
weighed and pretreated at 105 °C for 12 h. The surface properties of the
samples were confirmed using Fourier transform infrared spectroscopy
(FT-IR, Thermo Scientific Nicolet IS50 Analyzer) and X-ray
photoelectron spectra (XPS, A ESCALAB 250Xi system). The reaction
intermediates of photocatalytic CO2 reduction were detected by in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS,
Nicolet iS50).
Electrochemical measurements, the photocurrent measurements,

and Mott−Schottky (MS) analysis were measured on a CHI600C
electrochemical workstation using a three-electrode system, Pt foil as
the counter electrode, and a normal hydrogen electrode as the reference
electrode. The working electrode was prepared on indium tin oxide
glass, and 0.5 M Na2SO4 was used as an electrolyte solution.
2.8. Calculation Details
Density functional theory (DFT) calculations were performed using
the Vienna Ab Initio Simulation Package (VASP5.4). We used the
generalized gradient approximation for the exchange−correlation
energy and interatomic interactions with the Perdew−Burke−
Ernzerhof adsorption configurations.27 The cutoff energy was set to
450 eV. Furthermore, (3 × 2 × 1) Monkhorst−Pack k-point meshes
within the Brillouin zone were used for the structural relaxation
calculations.28,29

The dimensions of the HTiNbNO5 cell andNH2-UiO-66 were 6.521
× 3.773× 16.656 Å (α = β = γ = 90°), a = b = c = 20.4832 Å (α = β = γ =
90°). The HTiNbNO5 (0 0 2)- and NH2-UiO-66 (1 1 1)-exposed
surface was chosen for further study.30,31 A 15 Å vacuum layer was
added to prevent lattice interactions. The slabs consisted of a 2 × 2 × 1
supercell with two layers; the top layer was allowed to relax, and the
other layer was fixed in its original positions. N doping to HTiNbNO5
was set to bridge between the Nb and Nb position. The conjugate
gradient method was used to relax the atomic positions, and the
convergence criterion was the presence of a total force of less than 0.05
eV/Å on each ion. The energy convergence criterion for the self-
consistent structure cycle was 10−5 eV/cell. The magnitude of the work
function (Φ) is expressed as the energy required to move an electron
from the Fermi energy level to the vacuum energy level and is defined as
follows, where V(∞) is defined as the electrostatic potential of the
vacuum layer and EF denotes the Fermi energy of the surface: Φ =
V(∞) − EF.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Photocatalysts
The crystallinity of HTiNbO5-, N-HTiNbO5-, NH2-UiO-66-,
and HTiNbO5- or N-HTiNbO5-modified MOF-based photo-
catalysts was investigated by XRD (Figures 1b and S1−S3). The
pattern for HTiNbO5 (Figures 1b and S1) contains peaks at 2θ =
7.9°, 23.9°, and 27.4°, corresponding to crystal planes (002),
(011), and (200), respectively, which matches well with
reported data.32,33 Following N doping of HTiNbO5, the peak
representing the characteristic reflection (002) shifted to a larger
2θ angle of 9.3° from 7.9°, suggesting that the layered structure
is maintained during the heat treatment used during N loading
but with a reduced interlayer distance of 9.5 Å, compared to 11.2
Å in the pristine structure (Figures 1b and S1). Moreover, the
peaks broaden and reduce in intensity, implying that the N-
loading process decreases the crystallinity of the structure.34 The
XRD pattern of NH2-UiO-66 contains peaks at 2θ = 7.3°, 8.3°,
25.6°, 31.8°, and 43.5° (Figure 1b), consistent with that of the
previous reports, therefore confirming the successful prepara-
tion of the MOF.35−37 The doping procedure to synthesize the
H-NU series (Figures 1b and S2) did not significantly affect the
crystallinity of NH2-UiO-66; however, the broadening of the
peaks in the XRD pattern for the NH-NU-series composites
(Figures 1b and S3) suggests that the introduction of N-
HTiNbO5may alter the equilibrium between the organic ligands
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and the metal ions and affect the reactants. As a result, this effect
may be employed to control the nucleation and growth
processes, leading to a change in the lattice constitution of the
MOFs.
Figures 1c and S4 and S5 show the FT-IR spectra of the as-

prepared photocatalysts. In the case of NH2-UiO-66, the peaks
at 1255 and 1338 cm−1 are attributed to C−N stretching
vibrations,38 and the peaks at 1572 and 3460 cm−1 are attributed
to the vibration of O−C−O and N−H of organic linkers,
respectively.39 Two new adsorption peaks at 950 and 916 cm−1

for the H-NU-series and NH-NU-series composites were
observed, which are attributed to Ti−O and Nb−O vibrations
in HTiNbO5 or N-HTiNbO5 (Figures S4 and S5),40

respectively, indicating the successful combination of HTiNbO5
or N-HTiNbO5 nanosheets and the MOF.
The components and chemical state of H-NU-3 and NH-NU-

3 were further investigated by XPS (Figures 2a,b and S6−S8).
The Ti 2p and Nb 3d spectra demonstrated that HTiNbO5 and
N-HTiNbO5 were successfully doped with NH2-UiO-66
(Figures S6 and S7). The N 1s spectrum of the H-NU-3 sample
(Figure 2a) displayed two characteristic peaks at 399.4 and
400.3 eV, respectively, originating from the ligand of NH2-UiO-
66.36 Additionally, a new peak appeared in NH-NU-3 at
approximately 399.1 eV compared to the N 1s peak of H-NU-
3,23 most likely due to the doped nitrogen atoms (Figure 2a,b).
According to the literature,23 the doped nitrogen atoms are
likely situated in the interstitial sites of TiNbO5− lamellae and
chemically bounded to the hydrogen ions incorporated between
the TiNbO5− layered sheets. Moreover, compared with the peak
positions of H-NU-3, the Zr 3d peaks shifted to a lower binding
energy and the Ti 2p peaks shifted to a higher binding energy in
the XPS patterns of NH-NU-3, indicating that certain electronic
interactions have occurred after nitrogen doping (Figure S8).

The total and projected densities of states (TDOS/PDOS) of
H-NU and NH-NU hybrids were calculated by DFT as depicted
in Figure 2c,d. The introduction of N into HTiNbO5 to
construct the NH-NU hybrid shifted the electronic states of the
d orbital to the Fermi level compared to that of the H-NU
hybrid, which is beneficial for electronic transport, therefore
improving the photocatalytic CO2 reduction activity. Notably, a
weak orbital of N was observed close to Fermi level zero, further
indicating that N was successfully doped into HTiNbO5.
The SEM and TEM were used to confirm the morphologies

and the interfacial structures in H-NU-3 or NH-NU-3 formed
from NH2-UiO-66 and HTiNbO5 or N-doped HTiNbO5
nanosheets.41 Figure S9 shows octahedron-shaped NH2-UiO-
66 alongside N-HTiNbO5 nanosheets. As illustrated in Figure
S10, NH2-UiO-66 particles were dispersed across the surface of
N-HTiNbO5 nanosheets, forming a dense interface contact.
HRTEM images were performed to further confirm the intimate
interface closely formed between NH2-UiO-66 and N-
HTiNbO5. Fringes with a lattice spacing of approximately 0.33
nm were observed in the HRTEM images, which subsequently
indexed to the (200) crystal planes of HTiNbO5. In summary,
HTiNbO5 and N-HTiNbO5 were successfully coated with NH2-
UiO-66 in which the close contact facilitates an increased
photogenerated charge separation and migration rate, therefore
enhancing the efficiency of photocatalytic CO2 reduction. The
N2 absorption and desorption isotherms of NH2-UiO-66, H-
NU-3, and NH-NU-3 are displayed in Figure S11. The BET
surface area over NH2-UiO-66, H-NU-3, and NH-NU-3 is 746,
574, and 405 m2 g−1, respectively. The introduction of
HTiNbO5 and N-HTiNbO5 decreases the surface area of the
composite materials as the loading of HTiNbO5 and N-
HTiNbO5 forms heterojunctions, which partially occupy the
surface of NH2-UiO-66. Both H-NU-3 and NH-NU-3 showed

Figure 2. (a,b) N 1s XPS spectra of H-NU-3 (a) and NH-NU-3 (b). (c,d) Total and projected densities of states (TDOS/PDOS) of H-NU-3 (c) and
NH-NU-3 (d).
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promising CO2 adsorption, as illustrated in Figure S12. This

suggests the potential for efficient CO2 activation and

conversion during photocatalytic CO2 reduction.

3.2. Photocatalytic Performance

The photocatalytic activity of the obtained samples was tested
by the CO2 photoreduction. Control experiments were carried
out, in which the reaction was conducted in an N2 atmosphere,

Figure 3. (a,b) Production yield of CO and CH4 over H-NU-3 (a) and NH-NU-3 (b). (c,d) Cycling measurements for photocatalytic CO2 reduction
to CO and CH4 over H-NU-3 (c) and NH-NU-3 (d).

Figure 4. (a,b) UV−vis DRS spectra (a) and the band gaps (b) of NH2-UiO-66, N-HTiNbO5, H-NU-3, and NH-NU-3. (c,d) PL spectra (c) and
transient photocurrent spectra (d) of NH2-UiO-66, H-NU-3 and NH-NU-3.
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in darkness, without H2O, or in the absence of catalysts; in each
case, no detectable CO/CH4 products were produced (Figure

S13). Thus, within the catalytic system, CO2was the only carbon
source, confirming that the products, CO and CH4, were solely

Figure 5. (a) Schematic of directional charge transfer byNH-NU-3 via the Z scheme, calculated work functions of (b)N-HTiNbO5 and (c)NH2-UiO-
66, (d) DMPO-•OH adducts (in water solution) and (e) DMPO-•O2− adducts (in methanol solution) over NH-NU-3 under irradiation for 0 and 30
min, and (f) type II and (g) Z scheme in the NH-NU-3 photocatalyst.
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derived from the photocatalytic reaction and confirming the
need for H2O and a catalyst exposed to visible light irradiation.
As shown in Figure 3a, NH2-UiO-66 produced approximately
3.9 μmol g−1 of CO and 1.1 μmol g−1 of CH4 after 5 h of
irradiation. By contrast, the CO and CH4 production by H-NU-
3 was 13.4 μmol g−1 and 2.3 μmol g−1, 3.4- and 2.1-fold higher
than that of the bare MOF, respectively. Interestingly, NH-NU-
3 exhibited an enhanced selectivity for CH4 evolution of 10.3
μmol g−1 over 5 h, nearly 10 times higher than that of pristine
NH2-UiO-66. Moreover, NH-NU-3 shows higher selectivity
toward CH4 formation over COwith a value of 75% (Figure 3b).
Without the addition of Ru-based photosensitizers and
sacrificial agents, the photocatalytic performance of NH-NU-3
heterojunctions outperforms most similar heterojunctions
reported in the literature (Table S1). More importantly, across
4 five h cycles, the gas evolution rate of CO and CH4 did not
significantly change, suggesting that the as-prepared photo-
catalysts are highly stable under visible light, allowing for reuse in
CO2 reduction (Figure 3c,d). XRD patterns and FT-IR spectra
of H-NU-3 and NH-NU-3 were measured and are shown in
Figures S14 and S15. These results suggest that the crystal
structures and surface functional groups of H-NU-3 and NH-
NU-3 are maintained, further demonstrating their excellent
photocatalytic stability.
3.3. Photoelectrochemical Test

The light absorption properties of the as-prepared photo-
catalysts were investigated by ultraviolet−visible diffuse
reflectance spectroscopy (UV−vis DRS), as shown in Figures
4a and S16. Pristine NH2-UiO-66 exhibited strong light
absorption in the range of 200−450 nm. The absorption edge
of H-NU-3 and NH-NU-3 showed a slight red shift following
doping with HTiNbO5 and N-HTiNbO5. Moreover, for the H-
NU-3 and NH-NU-3 composites, the visible light absorption
intensity increased relative to that of NH2-UiO-66 between 450
and 800 nm. This increased ability to harvest visible light may
enhance the photocatalytic performance of the H-NU-3 and
NH-NU-3 composites. The band gap (Eg) of photocatalysts can
be calculated by plotting (αhν)2 as a function of the
photoenergy,42−44 as displayed in Figure 4b. The band gaps of
NH2-UiO-66(Zr), N-HTiNbO5, H-NU-3, and NH-NU-3 are
2.86, 3.10, 2.82, and 2.79 eV, respectively, indicating that the
band gap narrowed upon the introduction of HTiNbO5 and N-
doped HTiNbO5. Owing to the improved absorption of visible
light, we hypothesize that H-NU-3 and NH-NU-3 can produce
more photogenerated carriers, increasing the photocatalytic
activity. Moreover, the lifetime of photogenerated hole−
electron carriers plays a significant role in the photoreaction
process. To evaluate the separation and migration efficiency of
photocatalytic carriers, photoluminescence (PL) experiments
and transient photocurrent measurements were conducted. The
PL spectra of the as-prepared catalysts with an excitation
wavelength of 320 nm are shown in Figure 4c. BothH-NU-3 and
NH-NU-3 display weaker PL intensity compared to that of
NH2-UiO-66, indicating that photogenerated electron−hole
pairs have a longer lifetime within H-NU-3 and NH-NU-3, thus
increasing the charge carrier migration rate.45 Figure 4d shows
the photocurrent vs time curves for NH2-UiO-66, H-NU-3, and
NH-NU-3. H-NU-3 and NH-NU-3 display enhanced photo-
current responses compared to that of NH2-UiO-66, illustrating
that the presence of HTiNbO5 and N-HTiNbO5 facilitates the
separation of photoinduced electron−hole carriers.

To further study the enhanced photocatalytic activity of CO2
reduction byH-NU-3 andNH-NU-3, their band structures were
determined by Mott−Schottky measurements at a frequency of
1 kHz. As shown in Figures S17−S20, the flat-band potentials of
NH2-UiO-66, N-HTiNbO5, H-NU-3, and NH-NU-3 are−0.89,
−0.61, −0.70, and −0.69 eV vs NHE, respectively. Therefore,
the conduction-band (CB) potentials of NH2-UiO-66, N-
HTiNbO5, H-NU-3, and NH-NU-3 are −0.99, −0.71, −0.80,
and−0.79 eV vs NHE, respectively.46,47 Based on the formula of
ECB = EVB − Eg, the valence bands (VB) of NH2-UiO-66, N-
HTiNbO5, H-NU-3, and NH-NU-3 are 1.87, 2.39, 2.02, and
2.00 eV vs NHE, respectively.
3.4. Mechanism Study

The band structures of N-HTiNbO5 and NH2-UiO-66 before
and after the formation of the heterojunction are displayed in
Figure 5a. Upon heterojunction formation and irradiation with
visible light, the photogenerated electrons in the CB of N-
HTiNbO5 were efficiently transferred to the VB of NH2-UiO-66
via the Z-scheme pathway. The increased lifetime of the
photogenerated electron−hole pairs within the NH-NU-3
heterojunctions produces more active sites and increases the
activity of photocatalytic CO2 reduction. To further investigate
the charge transfer mechanism of the Z scheme in NH-NU-3, it
is crucial to determine the work function of N-HTiNbO5 and
NH2-UiO-66, respectively.

36,48 DFT calculations were applied
to investigate the interfacial charge transfer pathways, as shown
in Figure 5b,c. The work functions (Φ) of N-HTiNbO5 and
NH2-UiO-66 were calculated to be 6.459 and 4.833 eV,
respectively, and the Fermi level of N-HTiNbO5 and NH2-
UiO-66 was calculated to be −2.031 eV and −3.655 eV,
respectively, based on the electrostatic potentials between the
vacuum level (Evac) and the Fermi level (EF). Since the work
function of N-HTiNbO5 is larger than that of NH2-UiO-66 and
the Fermi level position of N-HTiNbO5 is lower than that of
NH2-UiO-66, the electrons can be easily transferred from NH2-
UiO-66 to N-HTiNbO5 to form an endogenous electric field in
the absence of light. Furthermore, the electron paramagnetic
resonance (EPR) spectra of the active •OH and •O2− radicals
further confirm that the Z-scheme mechanism occurs within the
NH-NU-3 heterojunctions, as shown in Figure 5d,e. Most
significantly, when NH-NU-3 was irradiated with visible light,
DMPO-•OH and DMPO-•O2− signals were observed, suggest-
ing that the oxidation potential of the photoexcited holes within
the VB of either NH2-UiO-66 or N-HTiNbO5 is higher than the
redox potentials of both the OH−/•OH (2.28 eV vs NHE),
H2O/O2 (0.82 eV vs NHE), and H2O/•OH (1.96 eV vs NHE)
couples.12,49 As EPR is unable to distinguish between the
oxidation potentials of the 2 VBs, UV−vis DRS and Mott−
Schottky analyses were used to confirm that the VB of N-
HTiNbO5 is higher than that of NH2-UiO-66. Moreover, the
reduction potential of the photoexcited electrons in the CB of
both NH2-UiO-66 and N-HTiNbO5 was less than the redox
potential of CO2/CH4 (-0.24 eV vs NHE), CO2/CO (−0.53 eV
vs NHE), and O2/•O2−(−0.33 eV vs NHE), indicating the NH-
NU-3 heterojunction has the ability to reduce CO2 in water
(Figure 5f,e).50−52

Of the two possible mechanisms, the type-II heterojunction
mechanism (Figure 5f) involves the migration of electrons from
the CB of NH2-UiO-66 to the CB of N-HTiNbO5 andmoreover
for the holes to be transferred from the VB of N-HTiNbO5 to the
VB of NH2-UiO-66. However, the potential of the VB in NH2-
UiO-66 is too low to facilitate the oxidation of H2O to generate
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Figure 6. (a) Mass spectra of CH4 and CO which obtained from the photoreduction of 13CO2 over NH-NU-3. (b) In situ DRIFTS spectra at 1200−
1750 cm−1 taken during the CO2 photoreduction process to detect the reaction intermediates within NH-NU-3. (c) Three-dimensional in situ FT-IR
spectra of the photocatalytic CO2 reduction reaction. (d,e) Gibbs free energy diagrams of CO2 photoreduction to CH4 over NH-NU-3 (d) andH-NU-
3 (e). (f,g) Cross-sectional view of charge density difference of NH-NU-3 (f) and H-NU-3 (g).
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•OH, which is detected by EPR. Therefore, the Z-scheme
mechanism justifies the transfer of photoexcited charge carriers
rather than the type-II heterojunction mechanism (Figure 5g).
Additionally, the analysis of charge densities of states (TDOS/
PDOS) (Figure 2c,d) and charge density difference of H-NU-3
and NH-NU-3 (Figure 6f,g) indicate that the charge density on
the interface between HTiNbO5 and NH2-UiO-66 increases
after N-doped modification, boosting the electron transferring
and further improving the CO2 photoreduction rate without a
sacrificial electron donor.
13CO2 and H218O labeling experiments were conducted to

confirm the derivation of the products, respectively. The signals
of 13CH4 (m/z = 17), 13CO (m/z = 29), and 18O2 (m/z = 36)
confirmed that the detected products were the results of
photocatalytic CO2 andH2O reduction over NH-NU-3 (Figures
6a and S21). In situ DRIFTS was used to identify the reaction
intermediates in the process of photocatalytic CO2 reduction
over NH-NU-3 (Figure 6b,c). The peaks at 1656, 1335, and
1256 cm−1 are attributed to the C�O stretch, the C−O stretch,
and the O−H deformation of *COOH, respectively, which are
recognized as crucial intermediates in the process of CO2
reduction to CO.53,54 The absorption bands at 1374 and 1495
cm−1 are assigned to the *CH3 and *OCH3 groups, respectively,
the vital intermediates for the production of CH4 from CO2
photoreduction.7,10,55−59

To further explore the possible reaction pathway of CO2
photoreduction over NH-NU-3, DFT calculations were
performed to uncover the role of N-HTiNbO5 in achieving
the high selectivity toward CH4.

60 As displayed in Figure 6d,e,
the formation of *COOH is the rate-limiting step (in CO2
reduction) for NH2-UiO-66, H-NU-3, and NH-NU-3, in which
the NH-NU-3 catalyst exhibited the lowest *COOH formation
energy. This may be attributed to the increased charge density at
the interface between HTiNbO5 and NH2-UiO-66 upon the
introduction of N (Figure 6f,g). Therefore, the charge-enriched
interface can more efficiently stabilize the rate-limiting *COOH
intermediates. Moreover, in the case of NH-NU-3, the Gibbs
free energy of CHO* was smaller than the desorption energy of
CO+*, meaning that the formation of CHO* is a spontaneous
exothermic process. On the other hand, CO* desorption is
endothermic with a large activation energy barrier, as shown in
Figure 6d. Thus, it is more thermodynamically favorable forNH-
NU-3 to produce CHO* via the protonation of CO* rather than
by generating CO molecules from the desorption of CO*. This
accounts for the high CH4 selectivity from the CO2 photo-
reduction. In contrast, for H-NU-3, both hydrogenation and
desorption of the CO* group are endothermic with a high
potential barrier (Figure 6e). As ΔG(CO+*) is lower than
ΔG(CHO*), CO formation at the surface of H-NU-3 is favored
but may also occur by protonation of the CO* group.

4. CONCLUSIONS
In summary, highly efficient visible light Z-scheme hetero-
junction photocatalysts based on NH2-UiO-66 and H-TiNbO5
(with and without nitrogen doping) have been developed via a
facile one-pot solvothermal process. Both H-NU-3 and NH-
NU-3 show significantly higher CO2 photoreduction activity
than that of the pristine MOF, NH2-UiO-66. Interestingly, N-
doped HTiNbO5-modified MOFs show high selectivity in the
formation of CH4, whereas HTiNbO5-modified MOFs display
increased selectivity for CO production without any sacrificial
electron donor. In situ DRIFTS spectra and Gibbs free energy
calculations elucidated that these additional N sites can form

charge-enriched interfaces, which lower the overall activation
energy barrier. Moreover, the charge-enriched interfaces alter
the protonation reaction pathway energy from endoergic to
exoergic, thus altering the reaction pathway to produce CH4
rather than CO. Therefore, NH-NU-3 catalyze the highly
selective photoreduction of CO2 toward CH4, nearly 10 times
higher than that of NH2-UiO-66. This work demonstrates that
the selectivity and efficiency of CO2 reduction can be effectively
controlled by the introduction of heteroatom-modified Z-
scheme materials.
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