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ABSTRACT Utilizing solar energy to achieve artificial photosynthesis of 
chemical fuel is prevalent in tackling excessive CO2 emission and fossil 
fuel depletion. Grievous charge recombination and weak redox capability 
aggravate the CO2 photoreduction performance. Engineering tailored 
morphology and constructing matched heterostructure are two significant 
schemes to ameliorate the CO2 photoconversion efficiency of g-C3N4-
based composite. Herein, a novel S-scheme ultrathin porous g-C3N4 
(UPCN)/Ag2MoO4 (AMO) composite was designed by in-situ growing te-
tragonal α-AMO nanoparticles (NPs) (5-30 nm) on UPCN nanosheets 
(NSs). The S-scheme charge transfer route endows UPCN/AMO with fast 
charge separation and strong redox capability, demonstrated by X-ray 
photoelectron spectroscopy (XPS), photoelectrochemical tests, steady-state and time-resolved photoluminescence (PL) spectra, and 
DFT calculations. The UPCN/AMO composite exhibits elevated CO2 photoreduction performance with CO and CH4 yield rates of 6.98 
and 0.38 μmol g-1 h-1, which are 3.5 and 2.9 folds higher than that of pristine UPCN, respectively. Finally, the CO2 photoreduction 
intermediates are analyzed, and the CO2 photoreduction mechanism is discussed. This work provides a reference for various g-C3N4-
based composites applied in artificial photosynthesis. 
Keywords: S-scheme, g-C3N4, Ag2MoO4, heterojunction, CO2 photoreduction 
 

n INTRODUCTION 
Photocatalytic CO2 reduction to carbonaceous fuel is a rewarding 
project for CO2 accumulation and fossil resource depletion.[1-3] 
Nevertheless, the grievous charge recombination and weak redox 
capability still slack CO2 photoreduction research pace.[4-7] For 
one thing, CO2 photoconversion to hydrocarbon fuels involves an 
uphill reaction that needs high activation energy.[8-10] For another, 
CO2 photoreduction needs the synergistic effect of the photogen-
erated holes and electrons.[11-13] It requires that the electrons on 
the conduction band (CB) possess sufficient reductive capability 
to activate the CO2 molecules, and the holes on the valance band 
(VB) possess enough oxidative power to produce protons by oxi-
dizing water.[14-17] In this way, a pristine semiconductor whose en-
ergy is appropriate for carbon dioxide reduction has a wide 
bandgap, which is detrimental for the utilization of visible light.[18-25] 
S-scheme heterojunction photocatalysts can simultaneously ac-
complish fast charge separation and strong redox ability, poten-
tially appealing for improved CO2 photoreduction performance.[1]  

Recently, g-C3N4 (CN) has served as a CO2 photoreduction can-
didate due to an appropriate bandgap of about 2.7 eV and negative 
CB potential.[26-28] The CO2 photoreduction activity of pristine CN 
remains undisireble due to the fast charge recombination and weak 
oxidative capability.[29,30] Therefore, developing a novel S-scheme 
CN-based composite remains imperative to ameliorate charge sep-
aration and redox ability for improved CO2 photoreduction perfor-
mance.[14,31,32] Some CN-based composites, such as g-C3N4/ 
ZnO,[17] TiO2/C3N4/Ti3C2 Mxene,[33] g-C3N4/Zn0.2Cd0.8S,[34] g-C3N4/ 

Sn2S3-DETA,[35] Cu2V2O7/g-C3N4,[36] Au@Void@g-C3N4/SnS,[37] 
and LaPO4/g-C3N4,[38] were fabricated for ameliorating CO2 photo- 
reduction performance. To further understand the CO2 photore-
duction mechanism and improve the CO2 photoreduction perfor-
mance, more novel oxidative photocatalysts are worthwhile to be 
developed. Ag2MoO4 (AMO) exhibits outstanding photodegrada-
tion and antibacterial performance owing to a positive VB 
level.[39,40] Meanwhile, the band structure of AMO theoretically 
matches well with that of CN.[41] Thereby, it is feasible to design 
an S-scheme CN/AMO composite to raise the CO2 photoreduc-
tion efficiency.  

Inspired by this, the ultrathin porous g-C3N4 (UPCN)/AMO was 
fabricated by annealing and in-situ growing routes. The S-scheme 
UPCN/AMO heterojunction was discovered by X-ray photoelec-
tron spectroscopy (XPS) and work function calculation. Benefited 
from S-scheme heterojunction, the internal electric field (IEF) 
provides a driven force for photoexcited electrons to migrate from 
AMO CB to UPCN VB. Consequently, the charge with weak redox 
capability will recombine driven by IEF, and the charge with ele-
vated redox capability will be reserved and involved in the CO2 
photoreduction reaction. Meanwhile, with S-scheme heterojunc-
tion and ultrathin sheet-like structure, the oxidation reaction will 
occur on AMO nanoparticles (NPs), and the reduction reaction 
will proceed on UPCN nanosheets (NSs), which achieves spatial 
charge separation. The advanced charge separation efficiency 
was also verified by photoelectrochemical tests, steady-state and 
time-resolved photoluminescence (SSPL and TRPL) spectra. As 
expected, the UPCN/AMO composite elevated CO2 photoreduc- 
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tion performance compared with UPCN. Subsequently, the CO2 
photoreduction intermediates were unveiled by in-situ diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS), 
which is a vital reference for the CO2 photoreduction process. 
Eventually, the CO2 photoreduction mechanism of the UPCN/ 
AMO composite was proposed. 

n RESULTS AND DISCUSSION 
The preparation processes of the UPCN/AMO composite are vivi- 
dly illustrated in Figure 1a. Firstly, multilayered CN was fabricated 
by controllably calcining pure urea at 550 oC in a muffle furnace. 
These multilayered CN will dissociate into UPCN during the se-
condary calcination route at 600 oC. This UPCN surface is nega-
tively charged,[42] which is conducive to the adsorption of Ag+ 
ions.[43-47] The adsorbed Ag+ ions will serve as the nucleation site 
of AMO so that AMO NPs can intimately grow on UPCN NSs to 
form UPCN/AMO composite. The UPCN NSs are curly and po-
rous with a thickness of 1.05 nm (Figure 1b,e,f and Figure S1). 
Instead, the pristine AMO NSs are butterfly-like with a thickness 
of about dozens of nanometers (Figure 1c,g). The UPCN/AMO 

composite morphology is not significantly distinct from pristine 
AMO NSs (Figure 1d). Because when AMO in situ grows on 
UPCN NSs, it will not grow into nanosheets but into small nano-
particles with a diameter of several to dozens of nanometers (Fig-
ure 1h). Moreover, a clear lattice fringe with an interplanar spacing 
of 0.217 nm can readily correspond to the (400) plane of α-AMO. 
In addition, an apparent interface between α-AMO and amor-
phous UPCN marked with a white curve can be observed (Figure 
1i). Meanwhile, the bright white spots on curved UPCN NSs can 
originate from AMO NPs, which further verifies the formation of 
UPCN/AMO heterojunction (Figure 1j). Five elements of C, N, Ag, 
Mo, and O are displayed on the scan region of HAADF-STEM 
(Figure 1k). The elements distribution region matched well with 
the UPCN/AMO sample, further demonstrating that AMO NPs 
successfully anchor on the UPCN surface. 

The phase of AMO, UPCN, and UPCN/AMO composite was 
detected by XRD (Figure 2a). The diffraction peaks of pristine 
AMO can be assigned to tetragonal α-AMO and cubic AMO 
(JCPDS No. 21-1340 and 08-0473), of which α-AMO is the main 
phase.[39,48] A weak diffraction peak of UPCN at 2θ = 27.4o caused 
by interplanar stacking can correspond with the (002) crystal 
plane of UPCN.[49,50] The broad diffraction peak also indicates the 
multilayered UPCN was dissociated into UPCN NSs. The diffrac-
tion peaks of UPCN/AMO are similar to that of pristine AMO, but 
the ratio of cubic AMO slightly increases. The diameter of cubic 
AMO is smaller than that of tetragonal α-AMO, which also illus-
trates that when AMO grows on UPCN, its size will decrease to 
form NPs rather than be butterfly-like NSs.[48,51] Regretfully, the 
diffraction peak of UPCN NSs fails to be observed on the diffrac-
tion peaks of the UPCN/AMO composite. Therefore, the FT-IR 
spectra were employed to evidence the existence of UPCN NSs 
(Figure 2b). For UPCN NSs, the absorption peak at 808 cm-1 origi- 
nates from the breathing mode of s-triazine rings.[52] The absorp-
tion peaks between 1130 and 1720 cm-1 correspond to C-N 
stretching vibration and heptazine-based structure.[53] The ab-
sorption peaks in the 2920-3460 cm-1 range derive from amidogen 

Figure 1. (a) Diagram illustration for the formation process of UPCN/AMO 
composite; FESEM images of (b) UPCN NSs, (c) AMO NSs and (d) 
UPCN/AMO composite; TEM images of (e,f) UPCN NSs, (g) AMO NSs 
and (h) UPCN/AMO composite; (i) HRTEM image, (j,k) HAADF image and 
corresponding elements mappings of UPCN/AMO composite. 

Figure 2. (a) XRD patterns, (b) FT-IR spectra, (c) N2 adsorption-desorption 
isotherms and corresponding pore-size distribution (inset), and (d) CO2

adsorption isotherms of AMO, UPCN and UPCN/AMO composite. 
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and hydroxyl groups.[54] For AMO, the absorption peak at 681 cm-1 
results from the stretching vibration of the Mo-O octahedron.[55] 
The absorption peaks of UPCN/AMO composite exhibit strong 
signals of UPCN, evidencing the existence of UPCN. In addition, 
the UPCN of UPCN/AMO composite can also be detected by 
electron paramagnetic resonance (EPR) spectroscopy (Figure 
S2). No apparent EPR signal for AMO can be observed, indicating 
few defects. Instead, a strong EPR signal with a g value of 2.005 
for pristine UPCN can be ascribed to aromatic circulation in tri-s-
triazine structures of UPCN. The UPCN/AMO composite exhibits 
a stronger EPR adsorption peak, denoting that AMO can trigger 
the charge delocalization of UPCN, thus benefiting charge sepa-
ration.[56] The nitrogen adsorption-desorption isotherms and hys-
teresis loop of UPCN, AMO, and UPCN/AMO can be classified 
into type IV and H3, uncovering mesoporous capillary condensa- 
tion and slit-type pores from curved NSs (Figure 2c).[57-59] The 
UPCN exhibits a higher specific surface area, larger volume, and 
stronger CO2 adsorption due to ultrathin porous sheet-like struc-
ture than pristine AMO (Figure 2c,d and Table S1). In contrast, the 
UPCN/AMO shows a lower specific surface area, pore volume, 
and weak CO2 adsorption ability than pristine UPCN, demonstrat-
ing the successful load of AMO NPs on UPCN NSs.  

The elemental ingredients and chemical states were investi-
gated by XPS. The C 1s and N 1s orbitals match well with pristine 
UPCN, and the Ag 3d, Mo 3d, and O 1s orbitals are linked to pris-
tine AMO (Figure 3a). The absorption peaks of UPCN/AMO com-
posite can be readily indexed to pristine UPCN and AMO, and no 
other impurity can be observed, indicating the successful prepa-
ration of UPCN/AMO composite. The three characteristic peaks 

of C1s orbital at 285.0, 286.3, and 288.3 eV can be indexed to C-
C, C-NHx, and N=C-N groups (Figure 3b).[60] While the three char-
acteristic peaks of N1s orbital at 398.5, 399.5, and 400.7 eV can 
be assigned to C=N-C, N-C3, and C-NH groups (Figure 3c).[28] 
These typical chemical ingredients are derived from the unique 
tri-s-triazine structures. Two absorption peaks of Ag 3d orbitals at 
367.9 and 373.9 eV come from the Ag+ ions, while two other ab-
sorption peaks at 368.7 and 374.8 eV result from the Ag0 NPs, 
indicating a few Ag+ ions can generate during the process of CO2 
photoreduction (Figure 3d).[39] Two absorption peaks of Mo 3d or-
bitals at 232.3 and 235.4 eV originate from Mo 3d5/2 and 3d3/2 
orbitals (Figure 3e), respectively. Moreover, three adsorption 
peaks of O 1s orbital at 530.3, 531.8, and 534.5 eV can be in-
dexed to Mo-O, O-H, and Ag-O groups (Figure 3f).[51] Further, the 
C 1s and N 1s orbitals of UPCN/AMO shift to higher binding en-
ergy than that of pristine UPCN, while the Ag 3d, Mo 3d, and O 1s 
orbitals of UPCN/AMO shift to lower binding energy compared 
with that of AMO. The results demonstrate that when AMO con-
tacts UPCN, the UPCN loses electrons, while AMO obtains elec-
trons from UPCN.[61] 

The light absorption ability and bandgap of samples were un-
covered by UV-Vis DRS (Figure 4a). The absorption edge of AMO, 
UPCN, and UPCN/AMO is 392, 453, and 443 nm, respectively, 
illustrating that UPCN is the main component of UPCN/AMO and 
AMO exerts a trivial effect on the visible light-harvesting of UPCN. 
Further, the bandgap of AMO and UPCN calculated by Tauc rela-
tion (Eq. 1) is 3.21 and 2.89 eV, respectively (Figure 4b).[62] 

αhυ = A(hυ - Eg)n/2                  (1) 
Here A, hν, α, and Eg are the constant, photon energy, absorp- 

tion coefficient, and bandgap of photocatalysts. Besides, both 
UPCN and AMO are direct semiconductors (n = 1). 

EVB = X - Ee + 0.5Eg                 (2) 
ECB = EVB - Eg                       (3) 

The electronegativities X of UPCN and AMO are 4.64 and 5.92 
eV. The value of constant Ee is 4.5 eV. According to Eq. 1-3, ECB 
and EVB of UPCN are -1.30 and 1.59 Ev, and those of AMO are  
-0.18 and 3.03 eV. 

The charge generation, migration, recombination, and lifetime 
were detected by transient photocurrent, Nyquist plots, and SSPL 
and TRPL spectra (Figure 5). The photocurrent derives from pho-
togenerated charge migration. Compared with pristine AMO and 
UPCN, the UPCN/AMO composite shows higher transient photo-
current density, revealing that more photogenerated charges are 
generated under illumination (Figure 5a).[63] The inset in Figure 
5b is the equivalent circuit drawing of Nyquist plots. Rs represents

Figure 3. (a) Survey spectra; High-resolution XPS spectra of (b) C 1s, (c) 
N 1s, (d) Ag 3d, (e) Mo 3d and (f) O 1s orbitals of various samples.  
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Table 1. The TRPL Decay Plots Can Be Fitted by the Multi-exponential Eq. 4. 
I(t) = I0 + A1exp(-t/τ1) + A2exp(-t/τ2) + A3exp(-t/τ3)                    (4) 
τ = (A1τ12 + A2τ22 + A3τ32)/(A1τ1 + A2τ2 + A3τ3)                        (5) 
where I0 represent the baseline value; Ai and τi (i = 1, 2, 3) are the relative 
intensity and lifetime indexed to the interior, surficial, and interfacial charge 
recombination. The average lifetime (τ) is calculated by Eq. 5. The fitting 
detail is summarized below. 

Samples 
Decay time (ns) Relative intensity Average 

lifetime 
(ns) τ1 τ2 τ3 A1 A2 A3 

AMO 0.83 6.21 - 4983 327 - 2.60 
UPCN 3.17 20.41 - 6881 487 - 8.57 

  UPCN/AMO 3.02 14.99 0.61 3028 370 7687 5.86 

 
the electrical resistance of the Na2SO4 solution. CPE1 and CPE2 
denote the constant phase element between the electrolyte solu-
tion and electrode. R1 signifies the resistance between the con-
ductive glass and photocatalysts. Rct means the charge transfer 
resistance of samples, expressed by the arc radius of Nyquist 
plots in the low-frequency region.[64] The UPCN/AMO composite 
exhibits a smaller arc radius than pristine AMO and UPCN, re-
flecting a lower charge resistance under light irradiation (Figure 
5b). The energy of photocatalysts after charge recombination will 
be released by fluorescence. Therefore, the SSPL intensity can 
reveal the recombination degree of the photoexcited charge.[65,66] 
The UPCN exhibits a vigorous SSPL peak at 475 nm, indicating 
the intense charge recombination (Figure 5c). Instead, the SSPL 
intensity of AMO is weak between 400 and 600 nm. The UPCN/ 
AMO composite presents the lowest SSPL intensity, illustrating 
the charge recombination is well restrained by constructing the 
UPCN/AMO heterojunction. Further, the TRPL decay curves are 
employed to explore the photoexcited charge lifetime (Figure 5d). 
The fitting detail for AMO, UPCN, and UPCN/AMO composite is 
summarized in Table 1. For pristine AMO, the relative intensity A1 
(4983) of shorter lifetime τ1 (0.83 ns) far outweighs the relative 
intensity A2 (327) of longer lifetime τ2 (6.21 ns). The same is true 
for pristine UPCN, illustrating interior photoexcited charge recom-

bination outweighs photocatalyst surface.[62] In contrast, the rela-
tive intensity A1 of UPCN/AMO composite is lower than that of 
pristine AMO and UPCN, indicating that the interior charge recom-
bination is significantly mitigated. A new lifetime τ3 (0.61 ns) for 
UPCN/AMO composite with higher relative intensity A3 (7687) de-
rives from the interfacial photogenerated charge transfer, thus 
demonstrating that the interfacial charge transfer contributes to 
lower interior charge recombination. Therefore, the introduction of 
AMO boosts the charge separation of UPCN, accounting for a 
lower average lifetime of UPCN/AMO composite (5.86 ns) than 
that of pristine UPCN (8.57 ns).  

The photocatalytic activity of UPCN and UPCN/AMO composite 
was evaluated by CO2 photoreduction tests conducted under the 
full spectrum. Due to a weak reduction capability, the pristine 
AMO has no CO2 photoreduction activity (Figure 6a).[51] As a 
comparison, pristine UPCN exhibits high CO2 photoreduction per-
formance, of which the yield rates of CO and CH4 are 1.98 and 
0.13 μmol g-1 h-1. The preferential CO2 photoconversion to CO for 
UPCN is consistent with previous reports. The UPCN/AMO com-
posite exhibits high CO2 photoreduction performance with CO 
and CH4 yield rates of 6.98 and 0.38 μmol g-1 h-1, which are 3.5 
and 2.9 folds higher than that of pristine UPCN, respectively. 
According to Figure 5, the enhanced CO2 photoreduction perfor- 
mance is derived from effective charge separation. The photosta-
bility of the UPCN/AMO composite was investigated by three 
successive CO2 photoreduction tests (Figure 6b). After three runs, 
the CO and CH4 yield rates can remain at 83% and 74%, demon-
strating satisfied CO2 photoreduction durability. Meanwhile, the 
comparison to similar work has been summarized (Table S2). The 
CO2 photoreduction intermediates were monitored by in situ 
DRIFTS (Figure 6c). No available signals can be detected without 
CO2 flow and irradiation. Subsequently, when the CO2 gas with 
water vapor flows through the sample chamber for 60 min, no 
apparent adsorption peaks can be observed. Under illumination 
with CO2 and water vapor flows, the carbonate species (1552, 
1619, 1671, and 1683 cm-1) and H2O (1636 cm-1) adsorbed on 

Figure 5. (a) Transient photocurrent, (b) Nyquist plots, (c) SSPL spectra, 
(d) TRPL decay curves of AMO, UPCN, and UPCN/AMO.  
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the UPCN/AMO composite surface can be observed.[67] The result 
uncovers that light excitation can alter the electron density of the 
UPCN/AMO surface and boost CO2 and H2O molecule adsorption. 
The adsorbed carbonate species and H2O molecule are the vital 
precursors of CO2 photoreduction. Meanwhile, the CO2 photo-  
reduction products, such as formaldehyde (1419, 1507, 1717, 
1749 and 1773 cm-1), formate (1340, 1375, 1396, 1459, 1542, 
1559, 1652, 1701, 1734, 1794, 1830, 1846 and 1868 cm-1) and 
methoxyl (1471 cm-1), can also be clearly observed. The car-
bonate species and CO2 photoreduction products change slightly 
after illumination for 20 min, indicating fast CO2 adsorption and 
photoreduction process.[4,68] In addition, the results also discover 
that the CO and CH4 derive from the CO2 photoreduction instead 
of possible impurities. The CO2 photoconversion to CH4 and CO 
is involved in the synergy of two electrons and two protons (Figure 
6d). The reduction of CO2 to CO takes only one step, while the 
reduction of CO2 to CH4 takes four steps. The adsorbed CO2 mole-
cule is first catalyzed to HCOOH, then to HCHO, subsequently to 
CH3OH, and eventually to CH4. The complex reduction process 
can also be a significant factor that the CO yield rate is far higher 
than the CH4 one.[67] 

To classify the charge separation and transfer mechanism of 
UPCN/AMO heterojunction, the work function of AMO (111) and 
UPCN (001) surface and EDD of UPCN (001)/AMO (111) inter-
face were calculated (Figure 7). The work function of AMO (111) 
and UPCN (001) surface is respectively 5.5 and 4.6 eV (Figure 
7a,b). When the vacuum level (EVac) is defined as zero, the bigger 
the work function, the more negative the Fermi level (Ef). There-
fore, the UPCN Ef is more negative than AMO, indicating when 
AMO contacts with UPCN, the electron will transfer from UPCN to 
AMO. The planar-averaged EDD Δρ(z) of UPCN (001)/AMO (111) 
interface exhibits the electron density of AMO (111) surface is posi- 
tive (Figure 7c). In contrast, UPCN (001) surface is opposing, 
which further confirms that electron transfers from UPCN (001) to 
the AMO (111) surface. To visualize this, the side view (Figure 

7d,e) and top view (Figure 7f) of EDD of the UPCN (001)/AMO 
(111) interface were displayed. The AMO (111) surface is full of 
yellow, indicating electron accumulation. In contrast, UPCN (001) 
surface is filled with cyan, denoting the electron depletion, con-
sistent with the work function analysis and planar-averaged EDD 
Δρ(z). Furthermore, the electron transfer from UPCN (001) to 
AMO (111) surface quantified by Bader charge is 0.3 e (Figure 7d). 

The CO2 photoreduction mechanism of the S-scheme 
UPCN/AMO composite was sketchily outlined in Figure 8. First, 
both UPCN and AMO are n-type semiconductors, and the UPCN 
CB and Ef are more negative than AMO (Figure 4,7,8a).[41] There-
fore, after AMO contacts with UPCN, the UPCN surface will be 
positively charged due to electron loss, while the AMO surface will 
be negatively charged owing to electron accumulation (Figure 8b). 
An IEF directed from UPCN to AMO surface will form. When 
UPCN/AMO heterojunction is exposed under illumination, the 
hole will be excited from VB to CB for AMO and UPCN (Figure 8c). 
The IEF will drive the photoexcited electrons of AMO CB to recom-
bine with the photoexcited holes on UPCN CB. Accordingly, ele-
vated oxidative holes on AMO VB and intensified reductive elec-
trons on UPCN CB will be reserved. Therefore, S-scheme UPCN/ 
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Figure 7. Work function of (a) AMO (111) and (b) UPCN (001) surface; (c) Planar-averaged electron density difference (EDD) Δρ(z) of UPCN (001)/AMO 
(111) interface; (d,e) Side view and (f) top view of EDD of UPCN (001)/AMO (111) interface with an isosurface of 1.15 × 10-3 e/Å3. 

Figure 8. The band structure of UPCN and AMO (a) before and (b) after 
contact; (c) Charge transfer of UPCN/AMO heterojunction under illumination. 
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AMO heterojunction achieves charge separation, heightens redox 
capability, and elevates CO2 photoreduction performance. 

n CONCLUSIONS 
In summary, S-scheme UPCN/AMO composite is dedicatedly fab-
ricated, responsible for raised CO2 photoreduction performance. 
First, the UPCN NSs benefit the load of AMO NPs, which serves 
as a key for the formation of UPCN/AMO composite. In addition, 
AMO NPs promote the charge separation of UPCN and reserve 
the strong redox capability of UPCN/AMO composite by forming 
S-scheme heterojunction with UPCN. Moreover, the UPCN NSs 
also provide massive adsorption sites for CO2 photoreduction. 
Therefore, the elevated CO2 photoreduction performance origin-
nates from the ultrathin porous sheet-like structure and S-scheme 
heterojunction. The design strategy for S-scheme UPCN/AMO 
can be a reference for the artificial photosynthesis of other UPCN-
based composites. 

n EXPERIMENTAL 
Preparation of UPCN NSs. 12 g urea was transferred a 50 mL 
crucible and maintained at 550 oC for 2 h in the air. After cooling, 
the multilayered CN remained. Then the natural CN multilayer 
was heated to 600 oC for 2 h in the air to generate UPCN NSs.[69] 

Preparation of UPCN/AMO Composite and Butterfly-like AMO 
NSs. Typically, CH3COOAg (167 mg) and polyvinyl pyrrolidone 
(833 mg) were successively put in 50 mL deionized water. Then 
375 mg UPCN NSs was added and stirred for a while to ensure 
these UPCN NSs were sufficiently dispersed. Then, 
(NH4)6Mo7O24·4H2O (28.5 mM, 2.5 mL) was poured carefully to 
load the AMO on UPCN NSs. Ultimately, the UPCN/AMO was col-
lected by washing and drying. The butterfly-like AMO NSs were 
synthesized in the same route without introducing the UPCN NSs. 

Characterization. Morphology with elemental distribution was 
observed on JSM 7500F field emission scanning electron micro-
scope (FESEM), Titan G2 60-300 transmission electron micro-
scopy (TEM), Bruker MultiMode 8 atomic force microscope (AFM), 
and aberration-corrected high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) with energy 
dispersive X-ray spectrometer (EDS). X-ray diffraction (XRD) pat-
terns and N2 adsorption-desorption (CO2 adsorption) spectra 
were recorded on Shimadzu XRD-6100 X-ray diffractometer and 
a Micromeritics ASAP 3020 nitrogen adsorption instrument. XPS 
was recorded on the Thermo ESCALAB 250Xi apparatus. Elec-
tron paramagnetic resonance (EPR) spectroscopy and UV-Vis dif-
fuse reflectance spectra (DRS) were respectively collected on 
Bruker EXM nano EPR spectrometer and Shimadzu UV-2600 UV-
Vis spectrophotometer. Fourier transform infrared (FT-IR) and in-
situ DRIFTS were obtained from the Nicolet iS50 spectrometer. 
Photoelectrochemical tests and SSPL (TRPL) spectra were col-
lected on the CHI660C electrochemical workstation and FLS1000 
fluorescence spectrophotometer, respectively. 

CO2 Photoreduction Test and Computational Details. It is pro-
vided in supporting information. 
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