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a b s t r a c t

Developing photocatalyst with high activity, superior stability and prominent selectivity for CO2 conver-

sion is of great importance for the target of carbon neutralization. Herein, 3D dahlia-like NiAl-LDH/CdS

heterosystem is developed through in-situ decoration of exfoliated CdS nanosheets on the scaffold of

NiAl-LDH and the on-spot self-assembly. The formation of a hierarchical architecture collaborating with

well-defined 2D/2D interfacial interaction is constructed by optimizing the ratio of CdS integrated in

the formation of the heterojunction. The light-harvesting capacity of NiAl-LDH/CdS is improved by this

unique scaffold, and the charge transfer between NiAl-LDH and CdS is effectively facilitated by virtue of

the unique 2D/2D interface. As a result, the 3D hierarchical NiAl-LDH/CdS heterosystem presents 12.45

μmol g−1 h−1 of CO production (3.3 and 1.6 folds of pristine NiAl-LDH and CdS) with 96% selectivity and

superior stability. This 3D hierarchical design collaborating with 2D/2D interfacial interaction provides a

new avenue to develop ideal catalysts for artificial photosynthesis.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Environmental issue has aroused great concern to the human

society, especially the global warming caused by the enormous dis-

charge of CO2 in the atmosphere. Currently, fossil fuels are still

the main source of energy, resulting great energy and environmen-

tal crises. In this circumstance, there is an urgent need to develop

new sustainable energy production and protection technologies in

an environmentally and economically feasible way [1-3]. Photocat-

alytic technology uses clean and inexhaustible solar energy to con-

vert CO2 into renewable fuels, which is considered one of the most

promising strategy. Although great progress has been made, the ef-

ficiency of photocatalytic CO2 conversion is still unsatisfied [4-7].

Development of efficient and stable photocatalysts is the top prior-

ity in order to fulfil the idea of "artificial photosynthesis" [8-11].

Among most of the semiconductors, CdS presents superior light

harvesting capacity and strong redox ability [12-15], which shows

great potential in the field of CO2 conversion [16-19]. However, the

rapid recombination of photogenerated charge carriers restricts the
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catalytic efficiency of bulk CdS. In particular, the severe photocor-

rosion is detrimental to the stability and practical performance of

CdS. Therefore, noble metal modification, morphology modulation

and integration with different semiconductors have been widely

investigated [20-23]. However, most works concerning the protec-

tion of CdS against photocorrosion are physical shielding, and the

photoinduced holes may accumulate on CdS, resulting in oxida-

tion of S2−. Effective strategies should be proposed to alleviate the

holes accumulation and strengthen the photon capture as well as

the CO2 adsorption.

Layered double hydroxides (LDHs) have received extensive at-

tention due to their strong visible light response, controllable

metal cation composition and tunable band structure. In addition,

the abundant hydroxyl groups on the surface of LDHs are beneficial

for the adsorption of CO2, which is fundamental to the conversion

[24,25]. What is more, the 2D structure provides a unique plat-

form for collaborating with other semiconductors. Herein, a dahlia-

like NiAl-LDH/CdS hybrid with well-defined 2D/2D interface is de-

veloped. The construction of three-dimensional hierarchical archi-

tecture endow the hybrid with enhanced light harvesting capac-

ity due to the multiple scattering cross section. The formation of

type-II heterojunction effectively promotes the separation of pho-
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Fig. 1. (a) Illustration of the synthesis of the 3D hierarchical NiAl-LDH/CdS hybrid. (b) XPS survey spectra of NiAl-LDH, CdS and NiAl-LDH/CdS-2. (c) Ni 2p, (d) Al 2p,

(e) S 2p, (f) Cd 3d and core-level XPS spectra.

toinduced charge carriers. In particular, the photoinduced holes can

be exported from CdS to NiAl-LDH. As a consequence, the opti-

mized NiAl-LDH/CdS presents significantly improved photocatalytic

activity and prominent stability. These improvement and the cor-

responding mechanism are in-depth investigated by spectral and

electrochemical characterizations.

CdS was prepared via hydrothermal reaction and exfoliated

with ultrasound. The as-obtained CdS nanosheet was in-situ de-

posited on NiAl-LDH during the process of crystallization (Fig. 1a).

As shown in Fig. S1 (Supporting information), CdS presents a

hexagonal wurtzite phase structure (JCPDS No. 41-1049) [26], and

a typical hydrotalcite structure can be declared for NiAl-LDH. After

combination, NiAl-LDH/CdS composites exhibit similar diffraction

pattern to the pristine NiAl-LDH owing to the uniform distribu-

tion of CdS. In order to determine the content of CdS in the hy-

brid, ICP-MS was conducted and showed in Table S3 (Supporting

information). The weight ratio of CdS is 11.1%, 21.2%, 26.5% in NiAl-

LDH/CdS-1, NiAl-LDH/CdS-2, NiAl-LDH/CdS-3. XPS was used for in-

vestigation of the composition and charge transfer of the samples.

As shown in Fig. 1b, NiAl-LDH is composed of Ni, Al, C and O

elements, and CdS is comprised by Cd and S elements. For NiAl-

LDH/CdS-2, the peaks of Cd and S can be observed, though the in-

tensity of them are weak. Moreover, the co-existence of Ni, Al, Cd

and S elements in the hybrid can be demonstrated from their high-

resolution spectra. Figs. 1c and d show the high-resolution spectra

of Ni 2p and Al 2p of the sample. The peaks at 856.0 eV and 873.6

eV are attributed to Ni 2p3/2 and Ni 2p1/2, respectively [27]. Af-

ter doping with CdS, the Ni 2p3/2 and Ni 2p1/2 in NiAl-LDH/CdS-

2 transfer to 856.2 eV and 873.8 eV with higher binding energies.

For Al3+, its high-resolution spectrum can be decomposed into two

peaks of 68.2 eV and 74.2 eV [28]. After compounding CdS, the

binding energy of these two signals is also significantly increased.

For pristine CdS (Fig. 1e), the Cd 3d high-resolution spectrum can

be divided into two peaks located at 405.1 eV and 411.8 eV, cor-

responding to Cd 3d5/2 and Cd 3d3/2 [29]. After hybridization, the

binding energy of Cd 3d reduced to 404.8 eV and 411.5 eV. The

binding energies at 158.8 eV and 161.3 eV are corresponded to S

2p3/2 and S 2p1/2, respectively, which proves the existence of S2−

(Fig. 1f). The peaks for S 2p3/2 and S 2p1/2 decreased to 158.5

eV and 161.0 eV in the NiAl-LDH/CdS. According to the variation

of binding energy for NiAl-LDH and CdS after the integration, the

electron migration from NiAl-LDH to CdS can be proposed [30].
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Fig. 2. FE-SEM images of (a) CdS, (b) NiAl-LDH/CdS-1, (c) NiAl-LDH/CdS-2 and (d)

NiAl-LDH/CdS-3. (e) The whole TEM image and (f) EDS elemental mapping images

of NiAl-LDH/CdS-2. (g) HAADF-STEM image and (h) HRTEM image from the edge of

the NiAl-LDH/CdS-2.

As shown in Fig. S2 (Supporting information), the bare NiAl-

LDH presents a 3D hierarchical architecture, which is comprised

by a large number of self-assembled and stacked nanosheets.

The diameter of a particle is about 5 μm. Figs. 2a-d show the

SEM images of CdS and NiAl-LDH/CdS composites. CdS displays a

two-dimensional sheet structure. After integration, NiAl-LDH/CdS-

1 (Fig. 2b) and NiAl-LDH/CdS-2 (Fig. 2c) present the similar ap-

pearance with pristine NiAl-LDH due to the low content of CdS. It

is worth noting that the volume of the cavity between the NiAl-

LDH layers decreases in NiAl-LDH/CdS-2. This suggests that CdS

nanosheets are decorated on the scaffold of NiAl-LDH plates. When

30 mL CdS suspension was used, the number of stuffed cavities in-

creases for NiAl-LDH/CdS-3, and many aggregates present on the

surface of the sample (Fig. 2d). Based on the above observations,

the formation of uniform interface between CdS and NiAl-LDH

can be proposed in NiAl-LDH/CdS-1 and NiAl-LDH/CdS-2. Whereas,

NiAl-LDH/CdS-3 has a large number of separated blocks.

TEM investigation was then performed on NiAl-LDH/CdS-2. As

shown in Fig. 2e, NiAl-LDH/CdS-2 is composed of a large number

of nanosheets, which is consistent with the result observed in the

SEM. From the lower left corner of a particle (Fig. 2g), the two-

dimensional and sheet-like stacked structure can be further clari-

fied. As observed in the high-resolution transmission electron mi-

croscope (HRTEM) image (Fig. 2h), the lattice spacing of 0.37 nm

is corresponded to the (0 0 2) crystal plane of NiAl-LDH [31], and

0.26 nm can be designated to the (1 0 2) crystal plane of CdS [32].

The interface between the two materials is clearly visible. In partic-

ular, the unique 2D/2D stacking structure can be confirmed, which

is beneficial for the charge transfer between the components dur-

ing the photocatalysis [33]. Moreover, the corresponding EDS ele-

mental mapping images (Fig. 2f) of Ni, Al, O, S and Cd clearly il-

lustrate the homogeneous composition of NiAl-LDH and CdS. Zeta

potential was also measured to illustrate the formation mechanism

of NiAl-LDH/CdS. As shown in the Fig. S6 (Supporting information),

NiAl-LDH exhibits a positive zeta potential, while CdS is negatively

charged. The metal cations in NiAl-LDH are mainly involved in the

construction of NiAl-LDH. Through the self-assembly, a 3D dahlia-

like NiAl-LDH/CdS can be built based on electrostatic interaction.

Due to the coverage of NiAl-LDH by negatively charged CdS, the

zeta potential after hybridization changed significantly.

Fig. 3a shows the UV-DRS spectra of CdS, NiAl-LDH and com-

posite materials. As it can be seen, the pristine CdS shows strong

absorption in the ultraviolet and visible regions, which is con-

sistent with its yellow color. NiAl-LDH presents three absorption

bands at 200-300 nm, 300-500 nm and 600-800 nm. The ab-

sorption at 200-300 nm is originated from the ligand to metal

charge transfer from O 2p to Ni 3d t2g, and the other two bands

are produced by the d-d transition of Ni2+ ions in the octahedral

field [34]. For NiAl-LDH/CdS composites, their absorption profiles

are similar to that of the pristine NiAl-LDH. The slight improve-

ment of the absorption below 520 nm is resulted from CdS in

NiAl-LDH/CdS-1 and NiAl-LDH/CdS-2, whereas, further increase of

CdS and the agglomeration does not contribute to the enhance-

ment of absorption. According to the UV-DRS and the empirical

formula αhυ = A(hυ-Eg)
n/2, the band gap of CdS (2.31 eV) and

NiAl-LDH (2.36 eV) can be obtained (Fig. S3 in Supporting informa-

tion), which are basically consistent with previous reports [35,36].

Fig. 3b shows the N2 adsorption-desorption isotherms of the

samples. NiAl-LDH and NiAl-LDH/CdS-2 show typical type IV and

H3 hysteresis curves, indicating the presence of mesoporous struc-

ture constructed by the aggregation of nanosheets. By contrast, CdS

exhibits a type II and H4 hysteresis loop. The BET specific surface

areas of CdS and NiAl-LDH are 11.18 m2/g and 54.08 m2/g, respec-

tively. The hybridization results in the decrease of BET specific sur-

face area for NiAl-LDH, and this value for NiAl-LDH/CdS-2 is 31.5

m2/g. As observed from the pore size distribution curves (Fig. 3b),

NiAl-LDH and NiAl-LDH/CdS-2 show two pore size distribution

ranges at 2 nm and 5-70 nm, whereas CdS is nonporous. The

loosely packed NiAl-LDH plates resulted in a wide aperture range,

signifying a multiple and complicated pore structure. After depo-

sition of CdS, it is worth noting that the proportion of large pores

is significantly decreased, and the tightly packed structure lead to

the pore size centralized around 18 nm. Meanwhile, the content of

small pores around 2 nm decreases owing to the closely stacked

nanosheets in NiAl-LDH/CdS-2. These unambiguously demonstrate

the formation of a close 2D/2D interface, which is beneficial for

the charge transfer between the two components. As shown in Fig.

S4 (Supporting information), the bare CdS showed a CO2 uptake

capacity of 3.93 cm3/g (P/P0 = 0.03). Whereas, NiAl-LDH shows a

powerful CO2 capture capacity (20.1 cm3/g at P/P0 = 0.03). The

inherent basic property of NiAl-LDH is benefit to CO2 accumula-

tion. Moreover, the 3D hierarchical architecture promotes the dif-

fusion of CO2 in the system, thereby improving the surface utiliza-

tion of active sites. After combination of these two materials, NiAl-

LDH/CdS-2 shows a moderate CO2 adsorption performance (6.27
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Fig. 3. (a) UV-vis diffuse reflectance spectra of the synthesized CdS, LDH and composites. (b) Nitrogen adsorption-desorption isotherm curves for (1) NiAl-LDH, (2) NiAl-

LDH/CdS-2 and (3) CdS, and Diameter distribution curves of the samples. (c) Time evolution of CO over different samples. (d) Average gas production rates over different

catalysts. (e) Stability tests for CO production over NiAl-LDH/CdS-2. (f) The isotope analysis of 13CO using 13CO2 as carbon source by GC-MS. Inset shows the mass spectrum

of 13CO.

cm3/g) due to the decreased BET specific surface areas and the cov-

ering of NiAl-LDH plates.

The photocatalytic CO2 conversion were then performed on

NiAl-LDH, CdS and the composites, of which the main product

was CO. Fig. 3c shows the time evolution amount of CO over dif-

ferent samples, and the histogram of CO and CH4 yield are pre-

sented in Fig. 3d. After 6 h irradiation, the CO yield on bare NiAl-

LDH and CdS are 22.74 μmol/g and 45.9 μmol/g, corresponding to

the production rate of 3.79 μmol g−1 h−1 and 7.65 μmol g−1 h−1.

For NiAl-LDH/CdS composites, their performances are significantly

improved. As the content of CdS increases in the hybrids, the

photocatalytic activity of the catalysts gradually enhances. How-

ever, there is an optimal ratio between NiAl-LDH and CdS. NiAl-

LDH/CdS-2 displays the best performance, and its yield and pro-

duction rate reach 74.7 μmol/g and 12.45 μmol g−1 h−1, respec-

tively. Whereas, the photocatalytic efficiencies for NiAl-LDH/CdS-1

and NiAl-LDH/CdS-3 are lower than that of NiAl-LDH/CdS-2. As it

can be seen, the selectivity towards CO is beyond 96% on NiAl-

LDH/CdS-2, which is also the optimum among the composites. Af-

ter four cycles of testing, the CO yield of NiAl-LDH/CdS-2 did not

show any significant decrease (Fig. 3e). Moreover, the XRD and

SEM characterizations for the recycled catalyst were performed. As

observed in Figs. S8 and S9 (Supporting information), neglectable

variation occurs on NiAl-LDH/CdS-2 before and after the photo-

catalysis, proving its good durability and stability. Then, control

experiment was performed, and none of the products can be de-

tected in the absence of radiation, CO2 or catalyst (Fig. S7 in Sup-

porting information), this strongly demonstrates that the photocat-

alytic CO2 reduction is driven by the irradiation on the photocat-

alysts. In addition, an isotropic experiment was conducted using
13CO2 to investigate the carbon source of the products. As shown

in Fig. 3f, the introduced 13CO2 and the generated 13CO are well

separated, which can be observed at 1.6 min and 1.2 min in the

chromatogram, respectively. After ionization of 13CO, the signals of

m/z = 13, 16, and 29 are detected. This undoubtedly confirms that

the carbon source of the products is the introduced CO2.

In order to clarify the photocatalytic mechanism for the differ-

ent samples, fluorescence spectroscopy was used to analyze the

charge transfer behavior of the materials. As shown in Fig. 4a, NiAl-

LDH shows two main emission bands located at 468 nm and 520

nm, which are attributed to the blue light and inter-band emis-

sions. The absorption peak at 520 nm is approximately equal to

the band gap absorption of NiAl-LDH (2.36 eV). After decoration

of CdS, the fluorescence intensity of LDH/CdS-2 quenched signif-

icantly, indicating the decreased radiation recombination of pho-

toinduced electron and hole pairs. Subsequently, nanosecond-scale
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Fig. 4. (a) Photoluminescence spectra, and (b) time-resolved fluorescence decay traces of the samples (the excitation wavelength is 355 nm). (c) transient photocurrent

responses of the as-prepared samples. (d) Electrochemical impedance spectra (EIS) of the samples. (e) Schematic diagram of the possible photocatalytic mechanism of

NiAl-LDH/CdS. (f) In-situ DRIFTS spectra of CO2 photoconversion over different samples under the dark condition and light irradiation.

fluorescence decay spectroscopy was used to characterize the dy-

namics of charge migration (Fig. 4b). The fluorescence radiation

lifetime (τ ) was obtained by fitting of the curve based on double-

exponential function. The average fluorescence lifetime (τ = 2.62

ns) of the photogenerated charge carriers in NiAl-LDH/CdS-2 is

prolonged than that of the pristine NiAl-LDH (τ = 1.23 ns) (Table

S2 in Supporting information). The improvement of charge trans-

fer ability on NiAl-LDH/CdS-2 can thus be proposed. Then, NiAl-

LDH, CdS and NiAl-LDH/CdS composites are separately coated on

FTO, and photocurrent was recorded by switching the light on and

off for several cycles. As displayed in Fig. 4c, no current is gener-

ated in the absence of light. After the lamp is turned on, the cur-

rent increases sharply due to the excitation of NiAl-LDH and CdS,

and the process can be repeated stably. Compared with pure semi-

conductors, the photocurrent intensity of NiAl-LDH/CdS composites

is significantly enhanced, and the charge separation is effectively

improved. The order of the photocurrent intensity of the compos-

ite sample is: NiAl-LDH/CdS-2 > NiAl-LDH/CdS-3 > NiAl-LDH/CdS-

1, which is in accordance with their photocatalytic performances.

The separation efficiency of photogenerated electrons and holes is

firstly promoted with the increase of the doping amount of CdS,

and excessive of CdS results in the agglomeration of the materi-

als, thereby interrupting the uniform interface and efficient charge

separation. Therefore, the AC impedance spectroscopy (EIS) test

is then conducted for revealing the interfacial charge transfer be-

haviour. As shown in Fig. 4d, a smaller arc corresponds to a lower

interfacial charge transfer impedance [37]. It can be clearly seen

that NiAl-LDH/CdS-2 exhibits the smallest arc among the samples.

The most effective charge separation and interfacial transport can

be demonstrated in NiAl-LDH/CdS-2.

Based on the above investigations, a mechanism was proposed

concerning the improved photocatalytic performance of hierarchi-

cal NiAl-LDH/CdS heterosystem. The conduction band potential of

CdS and NiAl-LDH is estimated to be −0.56 V and −0.72 V based

on the Mott-Schottky tests (Fig. S5 in Supporting information) [38-

40]. The corresponding valence band positions of CdS and NiAl-

LDH can thus be calculated to be 1.75 V and 1.64 V from the

above-obtained band gap of the materials. Accordingly, the en-

ergy alignment of the composite system can be depicted in Fig. 4e.

When the NiAl-LDH/CdS hybrid is exposed to light irradiation, the

electrons in NiAl-LDH and CdS are both excited from their VB to

CB. Since the conduction band position of NiAl-LDH is more neg-

ative than CdS, electrons will transfer from NiAl-LDH to CdS, and

thus reducing the CO2 to CO on the surface of CdS. At the same

time, the holes migrate from the VB of CdS to the VB of NiAl-

LDH, and the oxidation of CdS can be largely depressed. The con-

struction of this type-II heterojunction not only realizes the effec-

tive separation of photogenerated carriers, but also restricts the
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photocorrosion of chalcogenide semiconductor. Thus the photocat-

alytic activity and stability are simultaneously elevated. Thereafter,

the reaction pathway and existing intermediates during the pho-

tocatalytic CO2 reduction were examined by the in-situ DRIFTS

spectra (Fig. 4f). Upon light irradiation, the absorptions at 1516

cm−1 and 1576 cm−1 are assigned to the monodentate and biden-

tate carbonates (m-CO3
2− and b−CO3

2−) generated by the chemi-

cal adsorption of CO2 on the photocatalyst surfaces. Then ∗COOH
is formed at 1555 cm−1 through the hydrogenation of CO2 (H+

is provided by H2O). Finally, ∗CO is formed around 2133 cm−1

via dehydration reaction and CO is liberated from the surface of

the catalysts. The reaction process can thus be determined as

CO2 → ∗CO2 → ∗COOH → ∗CO + H2O → CO + H2O, which is simi-

lar to previous reports [41,42]. For NiAl-LDH/CdS-2, the absorptions

belong to these intermediates are significantly higher than that of

the pristine CdS and NiAl-LDH, which is in consistence with their

photocatalytic performances.

In summary, 3D dahlia-like NiAl-LDH/CdS hybrid was fabricated

by in-situ decoration of exfoliated CdS nanosheets on the scaffold

of NiAl-LDH and the on-spot self-assembly. A unique hierarchi-

cal architecture coordinating with 2D/2D interface interaction was

successfully constructed. The as-developed NiAl-LDH/CdS presents

significantly improved photocatalytic performance for CO2 conver-

sion (12.45 μmol g−1 h−1), which is 3.3 and 1.6 folds of pris-

tine NiAl-LDH and CdS. In particular, the photocorrosion towards

CdS is largely restricted by virtue of the type-II heterojunction,

thus the stability and cycling performance of the photocatalyst are

significantly improved. In combination with the increased photon

scattering cross-section, this 3D hierarchical structure collaborat-

ing with 2D/2D interfacial interaction provides a new strategy to

develop ideal and efficient photocatalysts.
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