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Abstract
Environmental pollution and rapid consumption of energy and fuel resources are two major
issues in the modern world. To address these issues, we engineered a silicate-bridged g-
C3N4/NdFeO3  Z-scheme  nanocomposite  and  used  it  for  photocatalytic  CO2  conversion,

2,4-DCP degradation, and methanol-assisted H2  evolution. Compared to NdFeO3  and g-

C3N4 nanoparticles, the NdFeO3 and g-C3N4 nanosheets, respectively, have larger surface

areas, developed morphologies, enhanced charge separation, and improved photocatalytic
performance. Remarkably, the introduction of g-C3N4 nanosheets into NdFeO3 nanosheets

(NFONS) effectively optimizes the band gap position, promotes charge separation through
a  Z-scheme  electron-transfer  mechanism,  enlarges  the  surface  area,  and  improves
photocatalytic  efficiency.  In  addition,  the  silicate  (Si-O)  bridge  served  as  an  electronic
bridge charge-transfer facilitator, resolved lattice mismatch, and enhanced photocatalytic
efficiency by modulating photoelectrons. Compared with pristine NFONS, the optimized
5CNNS-1.5Si/NFONS  nanocomposites  delivered  a  14.17-fold  improvement  in  CO2

conversion  activity,  a  7.25-fold  increase  in  photocatalytic  2,4-DCP  degradation,  and  a
2.64-fold  increase  in  methanol-assisted  H2  generation.  Scavenger  experiments  and  the

photocatalytic pollutant degradation mechanism confirmed that photogenerated holes (h+)
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and  superoxide  radicals  (•O2
-)  are  the  dominant  reactive  species  that  initiate  the  photocatalytic  activities.  Our

findings  offer  valuable  insights  into  the  design  of  Z-scheme  nanocomposites  and  their  employment  for
multifunctional  photocatalytic  applications.

INTRODUCTION
Environmental pollution and the energy crisis are two major global issues. The emission of CO

2
 and toxic

organic pollutants, such as 2,4-dichlorophenol (2,4-DCP), poses a serious threat to the environment
[1]

. 2,4-

DCP is well known to be carcinogenic and is frequently found in industrial wastewater
[2]

. Moreover, green

hydrogen production can offer an alternative to fossil fuels and address the ongoing energy crisis
[3]

. In this

regard, the development of efficient, affordable, and environmentally friendly strategies for CO
2
 reduction,

organic pollutant degradation, and production of green energy fuels is crucial
[4]

.

Recently, nanotechnology and photocatalysis have emerged as prominent strategies to address

environmental pollution and the energy crisis
[5]

. Similarly, semiconductor-based catalysts can convert CO
2

into valuable fuels, produce H
2
, and degrade organic pollutants by utilizing solar energy

[6,7]
. It is well known

that the major part of the solar spectrum is visible light (~50%)
[8]

. Therefore, it is highly challenging to find

suitable visible-light-active materials that can work under visible light and effectively utilize the abundant

solar light
[9]

.

Among visible light-active nanocatalysts, NdFeO
3
 (NFO) has gained tremendous attention and emerged as a

potential material in different sectors, owing to its distinctive electronic structure, non-toxic characteristics,

and appropriate energy band gap (~2.0 to 2.2 eV)
[10,11]

. Nonetheless, the overall efficiency of NFO is hindered

by multiple factors, such as a small surface area, inadequate morphology, fewer active sites, positive

conduction band position, and low charge separation
[12]

. Therefore, controlling NFO morphology is a

suitable approach to address these limitations by increasing surface area and enhancing photocatalytic

activity. Notably, NdFeO
3
 nanosheets (NFONS) offer abundant reactive sites, a large surface area, and

shorter distances for transferring photogenerated carriers compared with NFO nanoparticles. However, the

positive conduction band of NFONS and poor charge separation still limit their photocatalytic efficiency.

Therefore, developing a Z-scheme heterojunction is an effective approach to enhance charge separation and

activate photogenerated charge carriers
[13]

. The Z-scheme heterojunction of p-type NdFeO
3
 with n-type g-

C
3
N

4
 improves charge separation and shifts it to the visible region, leading to improved photocatalytic

performance
[14,15]

. Very recently, Z-scheme heterojunctions have attracted considerable attention and

considered an effective strategy for simultaneously addressing organic pollutants and energy crises
[16]

. In

addition, g-C
3
N

4
 nanosheets (CNNS) offer several advantages, including superior visible-light absorption, a

high surface-to-volume ratio, and enhanced photocatalytic activity compared with g-C
3
N

4
 nanoparticles
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(CNNP). Thus, the more negative CB position and high surface area of CNNS make them a good choice for

designing Z-scheme heterojunctions and improving NFONS efficiency
[17]

. However, the interfacial mismatch

between these semiconductors (g-C
3
N

4
 and NdFeO

3
) remains a critical issue. Very recently, electronic

bridges (Si-O, Mg-O, and Al-O)
[18]

 can address this issue and enhance efficient electron flow across lattice-

mismatch materials. With this in mind, we introduced a silicate (Si-O) bridge into the CNNS/NFONS

heterojunction, which acts as an interfacial electronic channel and bridge that promotes charge migration,

serving as both a linker and a charge-transfer facilitator. In short, this approach resolves the lattice-mismatch

issue and improves photocatalytic efficiency
[19,20]

.

In our current research, we successfully engineered a Si-bridge-mediated g-C
3
N

4
/NdFeO

3
 Z-scheme

heterojunction and employed it for multifunctional catalytic applications. Our findings will provide new

insights into the synthesis of NdFeO
3
-based materials and their potential applications in pollutant

degradation and sustainable energy production.

EXPERIMENTAL
Materials preparation

All starting materials and reagents utilized in the research were of analytical grade, and the experiments were

conducted with deionized water that had been subjected to double distillation. The reagents utilized include

Ethanol (C
2
H

5
OH), ethylene glycol (HOCH

2
CH

2
OH), sodium hydroxide (NaOH), nitric acid (HNO

3
),

polyvinylpyrrolidone (PVP), 2,4-dichlorophenol (C
6
H

4
Cl

2
O), and urea (CO(NH

2
)

2
) were purchased from

Aladdin Group Co., Ltd. Iron(III) nitrate nonahydrate (Fe(NO
3
)

3
·9H

2
O), neodymium(III) nitrate

hexahydrate (Nd(NO
3
)

3
·6H

2
O), sodium silicate (Na

2
SiO

3
), and methanol (CH

3
OH) were purchased from

Sinopharm Chemical Reagent Co., Ltd, Sigma Aldrich Merck Ltd, China with standard purity and utilized

without additional purification.

Synthesis of NFONS

NFONS were synthesized by a hydrothermal method; the detailed synthesis scheme is shown in

Supplementary Figure 1A. In the standard experiment, Nd(NO
3
)

3
·6H

2
O (4.82 g, 11.0 mmol) and

Fe(NO
3
)

3
·9H

2
O (4.44 g, 11.0 mmol) were dissolved in a mixed solvent of 55 mL DI water, 25 mL ethanol, and

30 mL methanol. Next, an equal molar solution of PVP was added, and the mixture was stirred at 400 rpm

for 1 h to yield a clear reddish solution. After this, the solution was divided equally between two 100 mL

Teflon-lined stainless-steel autoclaves (55 mL each) and heated at 180 °C for 12 h in an oven to complete the

hydrothermal reaction. After cooling to room temperature, the product was well washed 3 times with

ethanol and deionized water. Next, the as-received product was dried in an oven at 80 °C overnight and then

calcined for 2 h in a muffle furnace at 500, with a heating rate of 4 °C per min
[21]

.

Synthesis of CNNS

We obtained CNNS by calcination, as shown in Supplementary Figure 1B. In a standard experiment, 15 g of

urea was placed in a ceramic crucible and heated in a muffle furnace at 550 °C for 4 h at a rate of 5 °C min
-1

(ramp time ≈ 105 min). The furnace was then allowed to cool naturally to room temperature. The collected

samples were treated 5 times with 0.2 M HNO
3
, and then rinsed 3 times with water and absolute ethanol. The

purified samples were then dried in an oven at 80 °C for 12 h. Finally, the resulting yellowish product was

ground to a fine powder
[22]

.

Synthesis of g-C3N4 nanosheet/NdFeO3 nanosheet Z-scheme nanocomposites

We synthesized the g-C
3
N

4
 nanosheet/NdFeO

3
 nanosheet Z-scheme nanocomposites by a wet chemical

method. In the standard experiment, we mixed different amounts of CNNS with the as-prepared NFONS. In

a typical procedure, 1 g of NFONS was dispersed in a 100 mL ethanol-water mixture (1:1, v/v). Subsequently,
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a defined mass of CNNS corresponding to the desired mass ratios (1%, 3%, 5%, and 7%) was added to the

NFONS dispersion. The resulting mixture was ultrasonicated for 1 h to obtain a homogeneous dispersion

and enhance interfacial contact between the CNNS and NFONS. After ultrasonication, the mixture was

stirred continuously at 400 rpm for 4 h at 85.0 °C. Once the solvent was evaporated completely, the powder-

form composite was then dried in an oven at 80 °C to remove residual solvents. Finally, the dried material

was calcined at 400 °C for 120 min in air, at a heating rate of 5 °C min
-1

, to remove impurities, improve

interfacial bonding, and strengthen the structural features of the composite
[23]

. Remarkably, the resulting

products were denoted as XCNNS/NFONS, where X denotes the mass percentage ratio of CNNS to NFONS.

Fabrication of Si-bridge-mediated g-C3N4/NdFeO3 Z-scheme heterojunction

Si-Bridge-mediated g-C
3
N

4
/NdFeO

3
 Z-scheme heterojunction was synthesized in two steps; the

comprehensive synthesis scheme is given in Supplementary Figure 1C. In the 1st step, 0.99 g of as-

synthesized NFONS were dispersed in 100 mL of 1.0 M aqueous sodium silicate (Na
2
SiO

3
) solution (1.0 M

sodium silicate solution was prepared by dissolving 12.21 g of Na
2
SiO

3
 in 100 mL of distilled water). The

suspension was vigorously stirred for 1 h to facilitate silicate-ion adsorption onto the NFONS surface,

forming a silicate bridge. After stirring, the mixture was filtered, and the collected product was dried in an

oven at 85 °C for 12 h. The resultant silicate-modified NFONS was labeled as YSi/NFONS, where Y denotes

the mole ratio of Si bridge to NFONS. In the 2nd step, 1.0 g of silicate bridge-modified NFONS

(YSi/NFONS) was mixed with 0.05 g of previously prepared CNNS in an ethanol-water mixture (1:1, v/v).

The mixture was stirred at 85 °C for 4 h. The resulting products were dried in an oven at 80 °C for several

hours to remove impurities. Finally, the dried products were calcined in air at 400 °C for 2 h at a ramp rate of

5 °C/min
[15]

. Additionally, other experimental methods are described in the Supplementary Materials, and a

list of abbreviations and acronyms used throughout this manuscript is provided in Supplementary Table 1.

RESULTS AND DISCUSSION
In this research, we synthesized silicate-bridged g-C

3
N

4
/NdFeO

3
 nanosheet-based Z-scheme nanocomposites,

which exhibit exceptional visible-light photocatalytic activities for CO
2
 conversion, 2,4-DCP degradation,

and H
2
 generation. Our findings proved that NFONS and CNNS demonstrate superior performance in terms

of surface area, charge separation, and activities compared to NdFeO
3
 nanoparticles (NFONP) and g-C

3
N

4
,

respectively. Remarkably, the introduction of g-C
3
N

4
 nanosheets into NFONS effectively optimizes the band

gap position, promotes charge separation through a Z-scheme electron-transfer mechanism, enlarges surface

area, and improves photocatalytic efficiency. In addition, the introduction of a silicate (Si-O) bridge served as

an electronic bridge, a charge-transfer facilitator, resolved lattice mismatch, and accordingly enhanced

photocatalytic efficiency and modulated photoelectrons.

Comparative investigation of NFONS and NFONP

Here, we successfully prepared NFONS, which have a unique structure, high surface area, enhanced charge

separation, and improved multifunctional activities as compared to NFONP. The transmission electron

microscopy (TEM) image of NFONP [Figure 1A] and the scanning electron microscopy (SEM) image of

NFONP [Supplementary Figure 2A] reveal that these structures show aggregation and that the nanoparticles

are packed, which hinders their overall performance. In contrast, the TEM image of NFONS [Figure 1B] and

the SEM image of NFONS [Supplementary Figure 2B] show well-exfoliated nanosheets with plenty of empty,

active space and well-arranged structures, which increase surface area and, accordingly, overall performance.

The XRD patterns [Figure 1C] reveal that NFONS exhibit well-defined diffraction peaks, indicating good

crystallinity and a well-arranged crystal structure as compared to NFONP. The peaks located at 22.8°, 25.1°,

27.4°, 34.0°, 40.1°, 41.9°, 46.5°, 48.0°, 53.1°, 58.4°, 64.0°, 68.2°, 73.4°, and 77.7° corresponding to (110), (111),

(121), (210), (031), (022), (202), (040), (131), (123), (133), (242), (143), and (420) crystal planes, which

confirm the successful synthesis of NdFeO
3
 phase (JCPDS card no. 01-082-2421)

[24]
. In addition, the
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Figure 1. TEM images (A and B), XRD patterns (C), UV-Vis diffuse reflectance spectra (D), PL spectra (E), Fluorescence spectra reacted
with coumarin, a fluorescent probe for •OH (F), Photocatalytic activities for CO2 reduction (G), 2,4-DCP degradation activities (H), and
Hydrogen generation (I) of NFONS and NFONP.

ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) spectra [Figure 1D] illustrate that the

NFONS band edge is located within the visible light region as compared to NFONP, which means that

NFONS have a narrow band gap as compared to NFONP. Furthermore, the photoluminescence (PL) spectra

[Figure 1E] and fluorescence spectra (FS) related to •OH radicals [Figure 1F] confirm that NFONS possess

superior charge separation as compared to NFONP.

In practice, comparative multifunctional photocatalytic activity studies showed that NFONS delivered 2.19

times higher CO
2
 conversion [Figure 1G], 1.50-fold higher 2,4-DCP degradation [Figure 1H], and a 2.9-fold

increase in H
2
 generation [Figure 1I] compared with NFONP

[25,26]
. Based on these findings, NFONS show

well-defined morphology, good crystal structure, enhanced charge separation, more visible-light activity, and

improved photocatalytic activity compared with NFONP
[27]

.

An in-depth comparison of CNNS and CNNP

In this phase of our research, we successfully synthesized CNNS by heating urea; remarkably, slow

calcination (5 °C min
-1
) yielded well-exfoliated, high-surface-area CNNS. Our study shows that these CNNS

have a markedly larger surface area, better morphology, more pores, and improved photocatalytic
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Figure 2. TEM images (A and B), XRD patterns (C), UV-Vis diffuse reflectance spectra (D), PL spectra (E), Fluorescence spectra reacted
with coumarin, a fluorescent probe for •OH (F), Photocatalytic activities for CO2 conversion (G), 2,4-DCP degradation (H), and Hydrogen
generation activities (I) of CNNS and CNNP.

performance than CNNP
[28]

. In short, our experimental results demonstrated that CNNS offer exceptional

performance over CNNP. The TEM image of CNNP [Figure 2A] shows aggregation and that the

nanoparticles are packed, which hinders their overall performance, while the TEM image of CNNS

[Figure 2B] indicates well-exfoliated nanosheets, plenty of empty and active space, and well-arranged

structures, which will increase their surface area and, accordingly, their overall performance. The XRD

patterns for CNNS and CNNP are shown in Figure 2C and exhibit similar peaks, suggesting that the two

materials have similar crystal structures. In addition, the UV-Vis DRS spectroscopy displayed in Figure 2D

illustrates that the CNNS band edge is located within the visible light region as compared to CNNP, which

means that CNNS have a narrow band gap as compared to CNNP. Furthermore, the PL spectra [Figure 2E]

and FS spectra related to •OH radicals [Figure 2F] confirm that CNNS possess superior charge separation as

compared to CNNP
[29]

. Compared to CNNP, the CNNS delivered higher multifunctional photocatalytic

activities for CO
2
 conversion [Figure 2G], 2,4-DCP degradation [Figure 2H], and H

2
 evolution [Figure 2I].

To put it briefly, the findings of these studies confirmed that CNNS demonstrate a large surface area, more

porosity, enhanced charge separation, well-exploited sheets, and improved multifunctional photocatalytic

activities as compared to CNNP
[30]

.
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Comprehensive investigations of g-C3N4/NFONS Z-Scheme heterojunction

As discussed above, the visible light activity of the existing NFONS is still not satisfactory, mainly due to

small surface area, low charge separation, and a positive CB. To address these issues, we modified the as-

synthesized NFONS by coupling them with CNNS. This Z-scheme heterojunction increased reactive sites,

expanded the specific surface area, improved the surface-to-volume ratio, adjusted band gaps for

photogenerated carrier transfer, provided more robust thermodynamic stabilization, and finally improved

the multifunctional photocatalytic activity. XRD patterns were recorded to check the crystal nature and

structural properties of the prepared sample. It can be observed from XRD patterns given in Figure 3A that

the peaks located at 22.8°, 25.1°, 27.4°, 34.0°, 40.1°, 41.9°, 46.5°, 48.0°, 53.1°, 58.4°, 64.0°, 68.2°, 73.4°, and 77.7°

corresponding to (110), (111), (121), (210), (031), (022), (202), (040), (131), (123), (133), (242), (143), and

(420) crystal planes, which confirms the successful synthesis of NdFeO
3
 phase (JCPDS card no.

01-082-2421)
[24]

. The identified peaks align with the respective phases
[31,32]

. Remarkably, CNNS exhibits

distinct diffraction peaks at approximately 12.8° and 27.4°, corresponding to the (100) and (002)

crystallographic planes of g-C
3
N

4
, respectively

[33]
. Notably, the XRD patterns of the resulting heterojunction

retain the primary diffraction peaks of NFONS as well as the characteristic diffraction peaks of g-C
3
N

4
,

confirming that both crystalline phases coexist within the CNNS/NFONS composite without substantial

structural distortion of either component. In addition, UV-Vis DRS [Figure 3B] shows a slight shift of

NFONS absorption toward the visible region upon CNNS incorporation, suggesting enhanced light-

absorption properties. It can be seen that after CNNS incorporation, the band edges shift to longer

wavelengths and into the more visible region, and accordingly the band gap decreases, which will not

enhance charge separation, but the resulting samples will also absorb more light and, finally, photocatalytic

activities will increase. PL spectra serve as a valuable tool for evaluating the recombination rates of

photogenerated charge carriers. Generally, PL signals arise from charge recombination upon light excitation,

thereby establishing a direct correlation between the PL response intensity and the enhancement of charge

separation. In short, a more intense PL signal generally indicates low charge separation, while a less intense

PL signal implies enhanced charge separation. Figure 3C shows that the PL intensity of NFONS gradually

decreases as CNNS content increases. Notably, the 5CNNS/NFONS nanocomposite exhibits the lowest PL

intensity, indicating the highest charge-separation efficiency and suggesting the most effective photocatalytic

performance. These results are further verified by FS associated with the •OH generation; it can be seen from

Figure 3C inset that the FS response is increased after adding XCNNS, and the 5CNNS/NFONS showed the

highest response, confirming the best sample
[34]

. For practical applications, we checked the photocatalytic

capability of NFONS and XCNNS/NFONS nanocomposites for CO
2
 reduction, 2,4-DCP degradation, and H

2

generation under visible-light irradiation in an aqueous medium, without co-catalysts.

It can be observed from Figure 3D that NFONS have low photocatalytic activity for CO
2
 conversion into CH

4

(0.45 µmol g
-1
h

-1
) and CO (1.30 µmol g

-1
h

-1
). However, photocatalytic performance improved markedly when

coupled with different amounts of CNNS. As compared to other prepared samples, the 5CNNS/NFONS

nanocomposite showed a 6.80-fold improvement in photocatalytic activity by producing CH
4

(3.10 µmol g
-1

h
-1

) and CO (8.80 µmol g
-1

h
-1

). Similarly, the as-prepared samples were evaluated for

photocatalytic 2,4-DCP degradation [Figure 3E]. The 5CNNS/NFONS showed the highest activity (59.0%).

Similarly, as shown in Figure 3F, 5CNNS/NFONS generated 95.7 µmol g
-1

h
-1
 hydrogen, which is 1.87 times

higher than NFONS (51.20 µmol g
-1
h

-1
). The findings unequivocally indicate that integrating CNNS markedly

improves the photocatalytic efficiency of pristine NFONS. In light of these findings, it is confirmed that the

coupling of CNNS with NFONS and forming a Z-scheme heterojunction fruitfully increased reactive sites,

expanded the specific surface area, improved the surface-to-volume ratio, adjusted band gaps for

photogenerated carrier transfer, provided more robust thermodynamic stabilization, enhanced charge

separation and finally improved the multifunctional photocatalytic activities for CO
2
 conversion, 2,4-DCP

degradation and H
2
 generation.
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Figure 3. XRD patterns (A), UV-Vis diffuse reflectance spectra (B), PL emission spectra with inset FS spectra linked with •OH (C),
Photocatalytic activities for CO2 conversion (D), 2,4-DCP degradation (E), and Hydrogen evolution (F) of NFONS and XCNNS/NFONS.

Integration of Si-bridge into g-C3N4 Z-scheme heterojunction as an interfacial linker and electron
transfer mediator

The interfacial mismatch between n-type g-C
3
N

4
/p-type NFONS was solved by introducing a (Si-O) bridge,

which acts as an interfacial electronic channel and electronic bridge that promotes charge migration, serving

both as a linker and a charge-transfer facilitator. In short, this approach resolves the lattice-mismatch issue

and finally improves photocatalytic efficiency
[35]

.
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Figure 4. XRD patterns (A), UV-Vis diffuse reflectance spectra (B), PL emission spectra with FS inset spectra (C), and photocatalytic
activities for CO2 conversion (D), 2,4-DCP degradation (E), and H2 evolution (F) of pristine NFONS and 5CNNS-YSi/NFONS. Error bars in
(D-F) represent the standard deviation of four independent measurements (n = 4).

Aiming to investigate the composite system, various types of characterization were carried out. The XRD

patterns displayed in Figure 4A and the UV-Vis spectra given in Figure 4B demonstrate that the

incorporation of the Si-O bridge does not alter the crystallinity and the band edges, respectively. In addition,

the lowest PL intensity [Figure 4C] and highest FS associated with the •OH generation (Figure 4C inset)

confirm that the incorporation of the Si-O bridge effectively enhances charge separation, and among the

samples, 5CNNS-1.5Si/NFONS showed the highest response. Figure 4D, with standard-deviation error bars,
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Figure 5. TEM images (A and B), HRTEM images (C and D) of the 5CNNS-1.5Si/NFONS nanocomposites.

shows that the 5CNNS-1.5Si/NFONS composite exhibited 14.17-fold and 2.08-fold increases in activity as

compared to NFONS and 5CNNS/NFONS, respectively. Similarly, the as-prepared samples were checked for

photocatalytic 2,4-DCP degradation [Figure 4E] (as standard deviation error bars). The most active

5CNNS-1.5Si/NFONS showed a 7.25-fold increase. Additionally, the 5CNNS-1.5Si/NFONS generated 2.64-

fold more hydrogen compared with NFONS, as standard deviation error bars are shown [Figure 4F].

Notably, if the amount of introduced Si-O or CNNS content is further increased, a decline in photocatalytic

performance occurs, which means that the 5CNNS-1.5Si/NFONS is an optimized sample
[36]

.

The reproducibility, stability, and recyclability of the photocatalytic performance were further verified

through 4 independent measurements. The consistent CH
4
 production [Supplementary Figure 3A], CO

production [Supplementary Figure 3B], 2,4-DCP degradation [Supplementary Figure 3C], and H
2
 evolution

rates [Supplementary Figure 3D] were observed. To confirm reproducibility, four independent runs (n = 4)

were conducted for all samples; the mean ± standard deviation values are given in Supplementary Table 2
[37]

.

Catalyst stability strongly affects photocatalytic performance. With this aim, XRD patterns, photocatalytic

act ivi t ies ,  s tabi l i ty ,  and  reusabi l i ty  were  evaluated  for  5CNNS-1.5Si/NFONS
[ 3 8 ]

.

Supplementary Figure 4A and B, Supplementary Figure 5A and B show that the sample recovered after
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different characterizations and catalytic reactions maintained a similar physical appearance in terms of color

as well as weight after four consecutive cycles. In addition, thermogravimetric analysis (TGA) shown in

Supplementary Figure 5C confirms that before and after different characterizations and catalytic reactions,

the corresponding TGA curves exhibit nearly identical weight-loss profiles and decomposition patterns.

These results confirmed that the composite structure remained stable. Furthermore, UV-Visible absorption

spectra [Supplementary Figure 5D] confirm that the recovered catalyst showed no notable changes before

and after different characterizations and catalytic reactions. Thus, it is confirmed that our samples have

excellent structural and physicochemical stability during the photocatalytic process.

Based on the aforementioned findings, it has been confirmed that, among the prepared samples, the

5CNNS-1.5Si/NFONS is the most active and amount-optimized sample. Similarly, 5CNNS-1.5Si/NFONS

shows enhanced charge separation, a larger surface area, a well-designed structure, and improved

multifunctional photocatalytic activity. So, the morphology of this sample is further investigated. The TEM

images are depicted in Figure 5A and B, showing that NFONS and CNNS exhibit a sheet-like morphology,

and these closely assembled structures give an enlarged surface area and active sites for multifunctional

applicat ions. In addit ion, the high-resolut ion transmission electron microscopy (HRTEM)

[Figure 5C and D] shows lattice fringes with interplanar spacings of 0.32, 0.29, and 0.26 nm, corresponding

to g-C
3
N

4
 (002), NdFeO

3
 (121), and Si-O bridge (100), respectively. Remarkably, the coexistence of these

lattice features, together with the observed interfacial contact, supports the successful assembly of the

composite structure. Notably, the Si-O bridge may facilitate interfacial charge transfer and photoelectron

modulation between g-C
3
N

4
 and NdFeO

3

[39]
.

IN-DEPTH ELUCIDATION OF THE MECHANISM
Here, we engineered a silicate-bridged g-C

3
N

4
/NdFeO

3
 Z-Scheme nanocomposite and employed it for

photocatalytic CO
2
 conversion, 2,4-DCP degradation, and methanol-assisted H

2
 evolution. NFONP exhibit

restricted photocatalytic applications mainly due to their considerable size and tendency for particle

aggregation. Remarkably, this issue was addressed by synthesizing NFONS using PVP as a stabilizing ligand

and morphological regulator
[40]

. Notably, the shift in morphology from nanoparticles to nanosheets markedly

improved the overall efficiency of NdFeO
3
. Nonetheless, the visible light activity of the existing NFONS is

still not satisfactory, mainly due to small surface area, low charge separation, and a positive CB. To address

these issues, we modified the as-synthesized NFONS by coupling them with CNNS. Fruitfully, making such a

Z-scheme heterojunction increased reactive sites, expanded the specific surface area, improved the surface-

to-volume ratio, adjusted band gaps for photogenerated carrier transfer, provided more robust

thermodynamic stabilization, and finally improved the multifunctional photocatalytic activity. The interfacial

mismatch between CNNS and NFONS was addressed by introducing a (Si-O) bridge, which acts as an

interfacial electronic channel that promotes charge migration and serves both as a linker and a charge-

transfer facilitator. In short, this approach resolves the lattice-mismatch issue and finally improves

photocatalytic efficiency
[41]

. The design strategy of the resultant Z-scheme is illustrated in Figure 6A. It can be

observed that the conduction band (CB) and valence band (VB) potentials of CNNS are approximately -1.3

and +1.4 eV, respectively, whereas the CB and VB potentials of NFONS are approximately +0.27 and

+2.23 eV, respectively
[42]

. Thus, the Z-scheme heterojunction of p-type NdFeO
3
 with n-type g-C

3
N

4
 improves

charge separation, adjusts band-gap position, increases surface area, and accordingly improves photocatalytic

activity. Meanwhile, the Si-O bridge provides an interfacial electronic pathway that facilitates recombination

of photogenerated electrons in the CB of NFONS and the holes in the VB of CNNS. Consequently, the Z-

scheme mechanism enhance reducing capability of the electrons in the CB of CNNS, while the holes in the

VB of NFONS have oxidation ability. Remarkably, the excited electrons work for CO
2
 reduction and H

2

generation, while the retained holes and generated reactive oxygen species contribute to 2,4-DCP

degradation under visible-light irradiation
[43]

. The equations describing the photocatalytic process initiated
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Figure 6. Schematic illustration for the establishment of Z-scheme (A) and single-wavelength photocurrent action spectra (B) for Si-
bridge-mediated g-C3N4/NdFeO3 Z-scheme heterojunction.

under visible light over the Si-Bridge-mediated g-C
3
N

4
/NdFeO

3
 Z-scheme heterojunction for CO

2
 conversion

are given in Supplementary Table 3. These findings were further supported by single-wavelength

photocurrent action spectra measurements under visible light with different modulation periods up to

600 s
[44]

. It can be confirmed from Figure 6B that the optimized 5CNNS-1.5Si/NFONS sample has a

photocurrent response compared to pristine 5CNNS/NFONS and NFONS, which means that coupling of

CNNS and introduction of a Si-O bridge enhanced charge separation, promoted electron generation, and

photoelectrons modulations occurred, and a Z-scheme heterojunction has been established.

A CO
2
 temperature-programmed desorption (CO

2
-TPD) analysis was performed to evaluate the CO

2

capturing behavior of the prepared photocatalysts. The CO
2
-TPD profiles given in Figure 7A show two main

desorption peaks at approximately 200 and 650 °C, corresponding to physisorption and chemisorption of

CO
2
, respectively

[45]
. It can be observed that, compared with pristine NFONS, the 5CNNS/NFONS samples

exhibit high CO
2
 adsorption/desorption intensity, and as expected, the 5CNNS-1.5Si/NFONS shows the

strongest CO
2
 adsorption capacity. Remarkably, this enhanced capability facilitates CO

2
 capture and

promotes organic-pollutant adsorption on their surfaces. Furthermore, XPS analysis was performed to

determine the elemental composition and oxidation states of the prepared samples.

The XPS survey Figure 7B and spectrum [Supplementary Figure 6A and B] confirmed the presence of Nd,

Fe, O, C, N, and Si, confirming that the Si-bridge-mediated g-C
3
N

4
/NdFeO

3
 Z-scheme heterojunction was

successfully prepared. In the pristine NFONS sample, the Nd 3d XPS spectrum showed two peaks at 982.97

and 1,002.02 eV, corresponding to the Nd 3d5/2 and Nd 3d3/2 energy levels, respectively, while the Fe 2p

spectrum showed two peaks at 710.30 eV (Fe 2p3/2) and 723.20 eV (Fe 2p1/2), confirming that the Fe ions

are in the +3 oxidation state. Upon formation of 5CNNS/NFONS, these peaks shifted slightly to the left. The

O1s spectra also showed two strong peaks at around 529.5 and 531.5 eV. These peaks originate from the

lattice oxygen and surface chemisorbed oxygen (OH), respectively.

Additionally, the N1s peak observed near 399.0 eV corresponds to sp
2
-hybridization of nitrogen that is linked

to carbon (C-N=C). The C 1s peak at approximately 288.60 eV is associated with sp
2
-hybridized carbon

atoms that are bonded to nitrogen in aromatic structures (N-C=N). In addition, the XPS spectrum of the

pristine Si-O bridge clearly indicates the binding energy of Si 2p. It can be noticed that a gradual positive

shift in the Nd 3d and Fe 2p binding energies was observed after incorporation of CNNS and the Si-O bridge

into the main NFONS sample. Although differential charging effects may influence absolute binding-energy
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Figure 7. CO2-TPD (A), XPS survey spectra (B), FTIR patterns (C), Nyquist plots under light irradiation (D), electrochemical (EC)
reduction curves in N2 (E) and O2 (F) of NFONS, 5CNNS/NFONS, and 5CNNS-1.5Si/NFONS nanocomposites.

positions, the consistent relative shifts among the samples suggest changes in the local electronic

environment and interfacial charge redistribution
[46]

. These electronic variations are consistent with

interfacial interactions between CNNS, the Si-O bridge, and NdFeO
3
, which enhance charge separation and

support the proposed Z-scheme charge-transfer pathway. So, these results validate the successful integration

of CNNS and the Si-O bridge within the NFONS.
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Moreover, the fourier-transform infrared spectroscopy (FTIR) spectra in Figure 7C show distinct peaks

between 1,100, 1,500 and 3,600 cm
-1

, confirming the presence of the desired elements (Nd, Fe, O, N, Si, C)

and functional groups
[47]

. Furthermore, the FTIR spectra of pristine g-C
3
N

4
 and the silicate bridge shown in

Supplementary Figure 7B confirmed the successful synthesis of CNNS and the Si-O bridge. In short, these

findings confirm that the silicate-bridged, incorporated, and g-C
3
N

4
-coupled NdFeO

3
 nanosheet-based Z-

scheme heterojunction was successfully fabricated.

The Nyquist plots [Figure 7D] illustrate the electrochemical performance of pristine NFONS after adding

CNNS and Si-O. As expected, the 5CNNS/NFONS and 5CNNS-1.5Si/NFONS show the highest response
[42]

.

It is widely known that a smaller semicircle radius indicates lower interfacial charge-transfer resistance.

Thus, the 5CNNS-1.5Si/NFONS is the most favorable sample for efficient separation of photogenerated

electron-hole pairs. The electrochemical (EC) reduction curves conducted under N
2
 gas [Figure 7E] and O

2

gas [Figure 7F] reveal that the photocurrent density of NFONS shows a notable increase after adding CNNS

and Si-O
[48]

. From EC measurements, it is concluded that O
2
 acts as a sacrificial electron acceptor; the

positive change in photocurrent observed under O
2
 reflects photogenerated electrons available for reduction

reactions, directly supporting the CO
2
 reduction and H

2
 generation. The holes are available for the oxidative

reaction and 2,4-DCP degradation.

Furthermore,  the  BET  surface  areas  of  as-prepared  samples  were  analyzed  as  given  in

Supplementary Figure 8. The optimal sample, 5CNNS-1.5Si/NFONS, showed the largest surface area

(120.6 m
2
/g), compared with 5CNNS/NFONS (108.9 m

2
/g) and NFONS (79.2 m

2
/g). Logically, the enlarged

surface area provides a higher number of active sites, facilitating more effective adsorption of gas molecules

and organic pollutant degradation
[49]

. Similarly, increased surface area enables better water molecule

adsorption and efficient electron-hole pair separation, which are essential for photocatalytic H
2
 generation

[50]
.

In addition, the different pathways for photocatalytic CO
2
 conversion into different valuable products over

5CNNS-1.5Si/NFONS were calculated using DFT [Figure 8A]. The initial step involves the capturing of CO
2

over 5CNNS-1.5Si/NFONS. In the next step, the CO
2
 molecule experiences activation through N—C=O—Ov

bonding, thereby lowering the energy barrier for CO
2
 reduction

[51]
. The CO

2
* is reduced to CO*, part of

which desorbs as CO(g) as a byproduct. The remaining CO* is protonated at the Fe sites of NdFeO
3
 to form

COOH*, the only uphill step in the free-energy profile (ΔG = 0.70 eV) and therefore the potential-

determining step, so the ΔG values describe the reaction thermodynamics [Figure 8B]
[52,53]

.

Subsequently, the COOH* intermediate is subjected to hydrogenation, resulting in the formation of

HCOOH*, which is then further reduced to HCO*. The HCO* intermediate is subsequently transformed

into H
2
CO*, an essential intermediate in the methane synthesis pathway. The final reduction steps generate

CH
4
 from H

2
CO*, with CH

4
 detaching from the surface, facilitated by weak Fe-CH

4
 interactions. The

necessary protons (H
+
) for the hydrogenation steps are mainly supplied through oxidation reactions driven

by the holes retained in the VB of NFONS, which is consistent with the proposed Z-scheme charge-transfer

pathway
[54]

. This pathway emphasizes the effective reduction of CO
2
 to CH

4
 and provides valuable insights

that facilitate hydrogenation and influence product selectivity
[55]

.

Furthermore, the 2,4-DCP degradation pathways are investigated over 5CNNS-1.5Si/NFONS [Figure 9]. It

can be confirmed that 2,4-DCP degradation via the mineralization process involves the gradual breakdown

of the aromatic compound into smaller molecules, ultimately resulting in the release of less hazardous

inorganic minerals
[56]

.
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Figure 8. CO2 conversion and reaction mechanism pathways (A) and Relative free-energy profile (B) over 5CNNS-1.5Si/NFONS.

Figure 9. 2,4-DCP degradation process into inorganic minerals and mechanistic pathways over Si-bridge-mediated g-C3N4/NdFeO3

nanocatalyst.
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To verify the aforementioned 2,4-DCP degradation process, free-radical trapping (scavenger) experiments

were carried out to check the most active species responsible for 2,4-DCP degradation. Generally,

EDTA-2Na, isopropyl alcohol (IPA), and BQ were used to quench h
+
, •OH, and •O

2

-
, respectively, under

optimized experimental parameters and conditions
[ 5 7 , 5 8 ]

. Supplementary Figure 9 shows that the

photocatalytic activities of 5CNNS-1.5Si/NFONS (Optimized sample) for 2,4-DCP degradation were notably

hindered by the presence of EDTA-2Na and BQ. Notably, it can be observed that 2,4-DCP degradation

decreased from 87% (no scavenger) to 44% with EDTA-2Na and 59% with BQ, whereas IPA caused only a

minor decrease to 83%, indicating that h
+
 and •O

2

-
 are the primary reactive species responsible for 2,4-DCP

degradation.

CONCLUSION
In this research, we successfully developed a Si-bridge-mediated g-C

3
N

4
/NdFeO

3
 Z-scheme heterojunction

and used it for multifunctional applications. Our prepared samples showed extraordinary performance in

photocatalytic CO
2
 conversion, 2,4-DCP degradation, and hydrogen (H

2
) generation. Compared with

NFONP and CNNP, the NFONS and CNNS, respectively, have larger surface areas, more developed

morphologies, enhanced charge separation, and improved photocatalytic performance. Compared with

pristine NFONS, the optimized 5CNNS-1.5Si/NFONS nanocomposites delivered a 14.17-fold improvement

in CO
2
 conversion activities, a 7.25-fold increase for photocatalytic 2,4-DCP degradation, and a 2.64-fold

increase in methanol-assisted H
2
 generation. Additionally, our samples showed good stability, highlighting

their potential for practical applications. The computational methodologies, DFT calculations, scavenger

experiments, and reaction pathways provide more explanation and insight into the photocatalytic process,

morphology modification, and photoelectron modulation. Finally, our research findings will provide a

gateway to the design of NdFeO
3
 and g-C

3
N

4
-based nanomaterials for their employment in environmental

remediation and energy fuels production.
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