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Abstract
Grasping how the morphology of a layered double hydroxide (LDH)-based catalyst alters its catalytic
activity provides an available strategy for the rational design and fabrication of high-e�ciency catalyst at
micro-scale. Herein, three NiFe-LDH materials with different morphologies (2D-plate-like hexagon, 2D/3D-
�ower-like solid sphere and 2D/3D-�ower-like hollow sphere) and regulable oxygen vacancies (OVs) were
fabricated using a morphological regulation method of Ostwald ripening. The 2D/3D-�ower-like hollow
sphere NiFe-LDH (FH-NiFe-LDH) exhibited the most considerable activity for the abatement of acid
orange 7 (AO7) with the �rst order rate constant up to k = 0.023 min− 1. Characterizations demonstrated
that FH-NiFe-LDH possessed a larger speci�c surface area, hence profoundly allowed for more exposure
of active sites to facilitate electron transfer. Simultaneously, various concentrations of OVs were detected
in the morphologically tunable NiFe-LDHs and enhanced the reactivity of OVs-connected Ni or Fe,
therefore manifesting the morphologic origin of catalytic performance. According to the quenching
experiments, sulfate radical (SO4

•−), hydroxyl radical (•OH), and oxygen radical (O2
•−) were identi�ed to be

involved in the decomposition process.

1. Introduction
Catalysts with tunable morphology allow for controllable exposure of highly active atoms or regions,
facilitate the capacity of electron transfer between substrates and catalysts, and hence profoundly favour
the enhancement of catalytic activity. Comprehending the structural origin between morphology and
activity provides an available strategy of chemical tailoring for active sites in inexpensive transition
metal-based catalysts to enhance the catalytic activity (Li &Shen 2014, Strasser et al. 2018). Layered
double hydroxides (LDH), as a typical representative of inorganic layered catalysts, has drawn much
attention because of its unique supermolecule structure, controllable element composition, and
diversi�ed morphological architecture. Additionally, by virtue of the desirable properties, including low
cost, high catalytic performance, durable stability, and unique structural properties (e.g., topological
transitions, intercalation, and combination with other function materials), LDH-based catalysts have been
extensively used in the �elds of water splitting (Zubair et al. 2017), CO2 reduction (Huang et al. 2019),
photochemistry (Atienzar et al. 2011), and especially environmental remediation (Wang et al. 2018a).
Designing(Fang et al. 2019, Hong et al. 2019, Wang et al. 2018b) micro-scale crystals of LDH with
appropriate morphology can regulate their catalytic activity since the active center (e.g., defects, exposed
facets, and electronic states, etc.) affected by tunable morphology can be trippingly handled for speci�c
catalytic processes with improved activity. Recently, a series of LDH and their calcination products with
various morphologies have been proposed as heterogeneous catalysts. For instance, NiFe-LDHs with
�ower-like, granular-sheet-like and sphere-like structures, etc., were successfully synthesized and exhibited
different catalytic activity, rea�rming the morphological regulation of LDH can tailor the catalytic
performance (Fang et al. 2019, Hong et al. 2019, Wang et al. 2018b). Therefore, rational design of LDH
with tunable structure and morphology while satisfying the requirements simultaneously for the
abatement of aqueous contaminants is a prospective micro-regulation strategy.
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In decades, persulfate-based advanced oxidation processes (PS-AOPs) have received widespread
academic advertence for the oxidation of aqueous refractory organics since these methods possess a
strong oxidizing capability, high redox potential, and low energy input demands (Hodges et al. 2018, Ike et
al. 2018). The mechanism of PS activation based on the radical-driven with reactive oxygen species
(ROS) has been recognized by the majority of articles (Duan et al. 2018a, Duan et al. 2018b, Liu et al.
2019a, Zhang et al. 2014). To be speci�c, a typical PS activation process is as follows: Firstly, PS is
adsorbed on the surface of the catalyst to form a complex; Secondly, electron transfer occurs from
catalyst to PS; Thirdly, dissociation of the peroxide bonds (O-O) in S2O8

2− groups of PS generates ROS
(Duan et al. 2019, Li et al. 2016, Li et al. 2018b). To boost the production of ROS, the adsorption e�ciency
of PS molecules on the catalyst surface and the rates of electron transfer from catalyst to PS are
considered to be an e�ciency-determining step. Morphology-engineering not only provides a powerful
approach to tailor the concentration of oxygen vacancies (OVs), strengthens the bonds between PS and
catalyst, regulates the surface of active sites but also mediates electrochemical properties to facilitate the
electron transfer, thus promoting the activation of PS (Liu et al. 2019b). Moreover, from the perspective of
spatial structure, the structure of two-dimensional (2D) provides considerable speci�c area, leading to
more active sites being exposed. The transfer path of electrons is also shortened by virtue of its thin
thickness (Dong et al. 2020). Nevertheless, the structure of three-dimensional (3D) hierarchical can
produce countless micro or nanopores that promote diffusion, transport, and adsorption for molecule
units of contamination (Dong et al. 2020, Han et al. 2019). Consequently, constructing the novel 2D/3D
homojunction with speci�c active sites via morphology-engineering is dramatically desired and
signi�cant to obtain the more high-e�ciency and low-cost catalysts for further development of PS-AOPs.

To date, most of the reported studies merely obtained one kind of micro-structures for a speci�c goal. In
addition, the comprehending of morphology engineering was super�cial and mainly depended upon the
serendipitous �ndings. Herein, inspired by the above contents, NiFe-LDH crystals with morphologies of
2D-plate-like hexagonal, 2D/3D-�ower-like solid sphere, and 2D/3D-�ower-like hollow sphere were
synthesized and employed as model heterogeneous catalysts to activate PS for the decay of AO7. A
morphological regulation mechanism based on Ostwald ripening was applied to form hollow structures
in which the F− played a crucial role (Huang et al. 2017). The morphology-dependent catalytic
performance was compared in detail. The results demonstrated that FH-NiFe-LDH revealed superior
catalytic activity, with an apparent reaction rate constant at 0.023 min− 1, because of the existence of
higher surface energy, higher OVs concentration, and excellent electrochemical properties.
Simultaneously, the EPR analysis and quenching experiments proved that PS activation proceeded via a
radical-driven procedure. In this case, OVs played a decisive role in accelerating electron transfer between
catalysts and PS molecules in LDH/PS system. This study provides a valuable guideline for designing
morphology-controlled LDH-based 2D/3D-homojunction to enhance the catalytic activity in the �eld of
organic contaminants remediation.

2. Experimental Section
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2.1 Materials and Chemicals
Nickel nitrate (98%), iron nitrate (97%), hydrochloric acid (38%), and tertiary butyl alcohol (≥ 99.7%) were
purchased from China National Medicines Corporation Ltd. (Beijing, China). Urea (99%), ammonium
�uoride (NH4F, 99.5%), ethanol (≥ 99.7%), phenol (≥ 99.0%), and p-benzoquinone (≥ 98.0%), Sodium
persulfate (98%), and acid orange 7 (AO7, 99%) were obtained from Macklin Ltd. (Shanghai, China).
Deionized water was uesd in all experiments. All the chemicals were used without further puri�cation.

2.2 Preparation of catalysts with different morphologies
2D/3D-�ower-like hollow sphere NiFe-LDH (FH-NiFe-LDH) was prepared by the previous study with minor
modi�cations (Huang et al. 2017). Ordinarily, 9 mmol Ni(NO3)2·6H2O, 3 mmol Fe(NO3)3·9H2O, 21 mmol
urea, and 0.1g NH4F were dissolved into 30mL methanol. Then the mixed solution was stirred
continuously for 1 h. Next, the mixture was transferred into a Te�on-lined autoclave and kept at 140°C for
12 h. Lastly, the composites were gathered after washing with deionized water and ethanol three times,
respectively. 2D/3D-�ower-like solid sphere NiFe-LDH(FS-NiFe-LDH) was prepared by the similar synthetic
method applied for FH-NiFe-LDH without NH4F. 2D-plate-like hexagon NiFe-LDH(P-NiFe-LDH) was also
prepared by the similar synthetic process used for FS-NiFe-LDH by deionized water instead of methanol.

2.3 Characterization of catalysts
Powder X-ray diffraction (XRD) date was collected from a Bruker D8 Advance X-ray diffractometer in
re�ection mode with a Cu-Kα radiation source from 5° to 80°. SEM and TEM images were taken on a
S4800 instrument (Hitachi Corporation, Germany) and a Talos F200S/FEI Tecnai G2 F20 X-Twin (FEI
Company, USA). Fourier transform infrared (FT-IR) were examined by Nicolet 6700 spectrometer to
analyze the chemical bonds. The speci�c surface area was measured by the nitrogen adsorption-
adsorption isotherms at 77 K by nitrogen adsorption system (ASAP 2020, Micromeritics). X-ray
photoelectron spectroscopy (XPS) spectra were recorded on Thermo Fisher, ESCALAB 250XI with Al-Kα
radiation (1486.6 eV) as X-ray source. The presence of oxygen vacancies was determined by Raman
spectra (HORIBA Lab RAM HR Evolution) and Electron paramagnetic resonance (EPR) spectra (a Bruker
A200 spectrometer at 9.432 GHz, using a 100-kHz �eld modulation frequency and a 1.0-G standard
modulation amplitude). Electrochemical characterizations, including electrochemical impedance spectra
(EIS) and cyclic voltammetry (CV) were measured through an electrochemical workstation (CHI608C).
The concentrations of simulated AO7 solution was detected by high-performance liquid chromatography
(HPLC, Agilent 1260 In�nity II) equipped with a C18 reversed phase column (4.6 × 250 mm) and a UV-DAD
detector.

2.4 Evaluation of catalytic activity
The catalytic activity of the as-prepared catalysts was evaluated by activating PS for the abatement of
AO7. Detailedly, 3 mg of catalysts homogeneity dispersed in 50 mL of 30 mg/L AO7 simulated
wastewater. The adsorption–desorption equilibria was established after additional agitation in the dark
for 30 min. The degradation reaction was triggered by the addition of appropriate PS solution. At regular
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time intervals, 1 mL of the liquid sample was withdrawn by a syringe, rapidly �ltered through a 0.22 µm
�lter, and then determined by the HPLC. For the durability test, the reacted catalysts were collected by
centrifuged, washed with ethanol and deionized water, and then vacuum dried for further use.

3. Results And Discussion

3.1 Characterization analysis
To provide information for crystalline structure and phase composition of the as-synthesized catalysts in
the presence of different morphologies, X-ray diffraction (XRD) was carried out. As illustrated in Fig. 1a, a
series of peaks indexed as (003), (006), (012), and (110) located at 11.02°, 22.98°, 34.39°, and 59.26°
were observed in all samples, which can be well-indexed to NiFe-LDH structure (JCPS card no. 40–0215)
(Miranda et al. 2014). Compared with the peaks of P-NiFe-LDH, the (003) re�ection of FH-NiFe-LDH was
shifted, while the (006) re�ection was signi�cantly shifted to lower angles, but the (110) re�ection
remained the same. This result may be attributed to lattice distortion reaction caused by residual stress,
thus leading to more surface defects. Meanwhile, the peak width of FS-NiFe-LDH and FH-NiFe-LDH is
signi�cantly larger than P-NiFe-LDH, indicating that the crystal size in clusters is smaller. Through Bragg’s
equation, the intralayer spacing value of P-NiFe-LDH was calculated to be ~ 7.72Å from the (003) peak.
However, the intralayer spacing value of FS-NiFe-LDH and FH-NiFe-LDH were calculated to be ~ 8.16 and
~ 8.31 Å, respectively. This data demonstrated that the interlayer spacing of the catalysts obviously
increased, which was bene�cial to pollutants’ entering.

Figure 1b displays the FT-IR spectra of the as-prepared catalysts. The broad bands around the 3400–
3600 cm− 1 region are assigned to the -OH stretching vibrations of the surface-bound -OH group. The
obvious -OH stretching vibration of P-NiFe-LDH may possess a superior a�nity with water molecules to
reveal strong hydrophilicity. A sharp absorption at ~ 1375 cm− 1 is observed in all samples, which
ascribed to the asymmetric stretching type of CO3

2−. Meanwhile, the peaks at ~ 795, ~626, and ~ 432

cm− 1 are assigned to M − O vibrations and M − O−H bending (M represent metals) (Li et al. 2008).
Synchronously, two bands at ~ 2935 and ~ 1051 cm− 1 were watched in both FS-NiFe-LDH and FH-NiFe-
LDH which were belonged to the bending vibration absorption of C − H and the C − O stretching of ethanol
(Gao et al. 2014). The stretching vibration of the interlayer water is located at ~ 1634 cm− 1, while the
carbonate in the layer of NiFe-LDH is observed by the strong band at 1385 cm− 1 (Wang et al. 2015). The
results further manifested the existence of intercalated -OH and CO3

2− groups, as well as H2O.

To further investigate the morphology and microstructure of the as-synthesized LDH, SEM was conducted
(Fig. 2). A uniform morphology of plate-like hexagonal can be observed with an average lateral size 500 − 
600 nm, while FH-NiFe-LDH and FS-NiFe-LDH composed of hierarchical �ower-like spheres assembled by
nanosheets with an average lateral size 800 − 900 nm. Simultaneously, the morphology of FS-NiFe-LDH
and FH-NiFe-LDH is similar, except the latter is a spherical structure with a hollow inside. Moreover, both
solid and hollow structures are obviously constructed by the unit of the hexagonal sheet, indicating that a
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typical 2D/3D homojunction structure is successfully constructed. It has been reported that 2D/3D
homojunction with natural matching chemical and electronic structures between structural units was
more bene�cial to transfer electrons at the interface (Liu et al. 2019b).

HR-TEM images of the as-prepared three catalysts with different morphologies were further analysed
(Fig. 3). The images revealed the lattice fringe to be 0.334, 0.195, and 0.219 nm, which were consistent
with (113), (112) and (115) planes of NiFe-LDH, respectively. Remarkably, the preferentially exposed {110}
planes of FH-NiFe-LDH possess higher surface energy, which was veri�ed by the reported theoretical
calculation. Likewise, the HRTEM images also exhibited that FS-NiFe-LDH and FH-NiFe-LDH had mainly
exposure of {110} facets. However, the {100} facets of P-NiFe-LDH are the exposed facets, which is well
match with previous study (Zhang et al. 2021). Moreover, it was worth noticing that there were some
voids in the overall morphology for FS-NiFe-LDH and FH-NiFe-LDH, indicating different amounts of
defects on the surface of samples which more intuitively veri�es the judgment on the location of different
OVs defects.

To comprehend the origin of the catalytic activity, the speci�c surface and pore size distribution of the
structures were explored by a N2 adsorption/desorption analyzer. Figure 4a and b present the Brunauer-
Emmett-Teller (BET) sorption isotherms and the corresponding distribution of Barrette-Joynere-Halenda
(BJH) pore size. The pore size of NiFe-LDH was distributed in the mesoporous region, and speci�c
surface areas (SSAs) decreased in the order FH-NiFe-LDH > FS-NiFe-LDH > P-NiFe-LDH, which
corresponded to catalytic performance. This is because the increase of SSAs can accelerate mass
transfer and maintain superior utilization e�ciency of exposed active sites, thus enhancing catalytic
performance (Liu et al. 2019b). Meanwhile, the isotherms exhibited hysteresis loops of varying intensities,
which are consistent with the capillary condensation under high pressure. According to IUPAC
classi�cation, they could be categorized to the type IV with H3 type hysteresis loops (Song et al. 2015).
The calculated BET speci�c surface area of the FH-NiFe-LDH was ~ 125.3487 m2·g− 1, higher than that of
FS-NiFe-LDH (~ 74.7166 m2·g− 1) and P-NiFe-LDH (~ 60.1322 m2·g− 1). In addition, the total pore volumes
of FS-NiFe-LDH and P-NiFe-LDH were ~ 0.2158 cm3·g− 1 and 0.0832cm3·g− 1, respectively, while the total
pore volume of FH-NiFe-LDH increased to ~ 0.3636 cm3·g− 1. The increase of pore volume might create
more e�cient transport routes to catalysts’ internal voids and was conducive to the pollutant adsorption.

Considering the reactive facets can enrich abundant active sites, more exposed active facets are
considered to be a decisive reason for improving catalytic performance. Generally, by virtue of the
positive correlation between surface energy and chemical reactivity, the relatively less stable {110} facets
theoretically exhibited higher reactivities than the stable {100} facet (Zhang et al. 2021). The conclusion
proved that the catalytic activities of NiFe-LDH were primarily associated with the appearance of exposed
facet which possessed high surface energies.

The surface chemical states and the elemental compositions of as-prepared catalysts were conducted by
XPS (Fig. 5). The wide-scan high-resolution XPS spectra of the samples (Fig. 10a) demonstrate
characteristic peaks of Ni 2p, Fe 2p, O 1s, and C 1s, indicating that there was no new element introduced
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to the catalysts. As clearly revealed in Fig. 5a, the XPS spectrum of Ni 2p3/2 exhibited no apparent
difference in three samples, indicating that the morphology did not change the chemical environment of
Ni 2p. In comparation of the P-NiFe-LDH, the binding energy of Fe 2p 3/2 in FS-NiFe-LDH and FH-NiFe-
LDH showed weak shift to lower region about 1.1 and 1.3 eV, respectively, evidencing that the Fe element
in the latter accepted the electron. Correspondingly, a red-shifted was watched in both FS-NiFe-LDH and
FH-NiFe-LDH by the spectra of O 1s, revealing that more electrons were transmitted (Wang et al. 2022).
Hence, we speculated that crystal morphology-engineering could induce lattice distortion and thus
resulting to the appearance of oxygen vacancies.

The XPS spectra of Ni 2p, Fe 2p, and O 1s were detailedly analyzed to further verify the above conclusion.
Figure 6a displayed the XPS spectra of Ni 2p, the peaks centered at 853.1 and 855.2 eV were considered
as Ni( ) and Ni( ), respectively (Liu et al. 2017, Wang et al. 2022). Another two peaks around 858.7 and
861.1 eV could be assigned to the satellite of Ni( ) and Ni( ), respectively. After calculation, the element
proportions of the three catalysts were obtained. The proportion of Ni( ) in FS-NiFe-LDH and FH-NiFe-LDH
accounted for 40.12% and 41.07%, respectively, higher than P-NiFe-LDH (32.77%). As for the Fe element
(Fig. 6b), the peaks centered at 708.5, 721.8, and 727.3 eV were corresponded to Fe( ), another peak at
713.2 eV was attributed to Fe( ) which coordinated to -OH (Wang et al. 2016). The proportion of Fe( ) in
P-NiFe-LDH accounted for 21.35%, while for the FS-NiFe-LDH and FH-NiFe-LDH samples, the proportion of
Fe( ) further increased to 38.84% and 38.16%, respectively, elucidating that the morphological change
alters the surface electronic structure and leads to the conversion of valence state.

Due to a large number of localized electrons and surface suspended bonds, the OVs enable modulating
the electronic states as well as the coordination structures of catalysts, thereby in�uencing its kinetics
and catalytic performance (Sun et al. 2015). According to reported experimental and theoretical studies,
the implantation of OVs may be bene�cial to the adsorption and activation of PS molecules (Wu et al.
2020). Since morphology-engineering can regulate OVs concentration, we thoroughly believe that
different morphology of NiFe-LDH crystals is expected to produce different concentrations of OVs, thus
tuning their catalytic performance. Considering that the existence of OVs changes the coordination of the
O atoms, the XPS of O 1s may be altered (Xu et al. 2021). Figure 6c exhibited the analysis of OVs species
and concentrations by using O 1s spectrum. Three identi�ed peaks at 529.5, 531.3, and 532.1 eV were
adopted in the core-level spectra, respectively. In detail, two re�ections at 530.8 and 532.1 eV were
considered as surface lattice oxygen (OL) and hydroxyl species (OOH) (Zhuang et al. 2017), while another
re�ection at 531.3 eV could be corresponded to the formation of low oxygen coordination (Liu et al.
2016). The broad area of diverse integrated OV re�ection at 531.3 eV was found in FH-NiFe-LDH,
demonstrating the maximum concentration of OVs. Remarkably, the integral-area ratios of OV to (OL +
OOH + OV) were calculated to 0.3188, 0.3645 and 0.3878 for P-NiFe-LDH, FS-NiFe-LDH, and FH-NiFe-LDH,
respectively. The OV/ (OL + OOH + OV) ratios decreased in the order FH-NiFe-LDH > FS-NiFe-LDH > P-NiFe-
LDH, which was thoroughly in accordance with the tendency in catalytic performance. Obviously, the
catalytic performance can be improved with the increase of OVs concentration. The catalytic activity was
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positively correlated with OVs concentration, indicating that OVs was the active sites for the promotion of
PS activation.

Figure 7a shows the Raman spectra of the three catalysts. In general, three peaks around positions 390,
420, and 460 cm− 1 were assigned to the symmetry of oxygen contact with metal ions in the octahedron
(Devi &Srinivas 2017). The observed band around 685 cm− 1 was attributed to the symmetric stretching
of Fe/Ni-O bond in tetrahedral coordination (Nandan et al. 2019). The intensity of the peaks may seem to
be positively correlated with the amounts of cations in a vibrating substance that produce a signal peak.
Moreover, a new band at around 528 cm− 1 appeared from OVs was found in the FH-NiFe-LDH, suggesting
that the FH-NiFe-LDH possessed the superior concentration of OVs (Jia et al. 2017, Taniguchi et al. 2009).

To further elucidate that the differences in catalytic activity could be ascribed to the in�uences of OVs
concentrations, EPR spectroscopy was used as a powerful tool to quanti�cationally analyse the existence
and the concentration of OVs in different NiFe-LDH (Li et al. 2018a). As illustrated in Fig. 7b, the
composites exhibited a strong symmetrical EPR signal at g = 2.002, which could be attributed to the
paramagnetic OVs with 1 + charge state, agreeing with the previous study (Zhang et al. 2016). In addition,
the signal intensity revealed that FH-NiFe-LDH possesses more OVs than the other two catalysts, also
elucidated by the spectra of XPS. The EPR analysis would con�rm that OVs were the active sites that
primarily affected its electronic properties and facilitated bonding with PS molecules. It also contributed
to the outstanding performance for FH-NiFe-LDH.

Electrochemical tests were conducted to verify the evaluate the electrical properties via morphology-
engineering. The CV curves were illustrated in Fig. 8a, compared with other two catalysts, the FH-NiFe-
LDH exhibited a larger area of window, evidencing larger capacitance, higher electric current density, and
superior reducibility to coordinate a redox reaction. Meanwhile, two symmetrical re�ections at -0.5 V and
− 0.42 V can be assigned to the redox couples of the valence conversion between Ni( )/Ni( ) and
Fe( )/Fe( ). It was clear that the FH-NiFe-LDH exhibited the most promising peak current, evidencing that
the highest catalytic activity. Furthermore, the EIS was also carried out, and Fig. 8b displayed the Nyquist
plots of the catalysts. The FH-NiFe-LDH exhibited a relatively smaller electron transfer resistance,
demonstrating superior conductivity and electron transfer capacity comparing with P-NiFe-LDH and FS-
NiFe-LDH. Therefore, it was con�rmed that the introduction of OVs by morphology-engineering could
bene�cial to enhance electrical conductivity, that is, accelerate the electron transfer between the catalyst
and PS, hence dramatically facilitating the catalytic activity.

3.2. Catalytic performance
To investigate the effects of morphologies on NiFe-LDH catalytic activity, AO7 dye was selected as a
model contaminant to compare the catalytic performance of the prepared catalysts (Fig. 9). All the
degradation reactions were triggered at an initial pH of 6.80 at room temperature. Only PS was unreactive
towards AO7, evidencing the radical generation by PS decomposition without catalyst dosage could be
ignored under current conditions. We observed that AO7 removal by surface adsorption of the three
catalysts is trivial (4.6%, 11.2%, 12.6%, respectively), demonstrating the major contribution of the catalytic
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oxidation by PS decomposition. Nevertheless, because of the diverse morphology, especially the virtue of
3D structure, FH-NiFe-LDH and FS-NiFe-LDH exhibited superior adsorption performance compared to P-
NiFe-LDH. It can be known the as-prepared three catalysts exhibited different catalytic activities. To better
elucidate the catalytic activities, the �rst-order reaction kinetic model was employed to calculate the
apparent rate constant for AO7 degradation. The apparent reaction rate constant (k) was 0.023 min− 1 for
FH-NiFe-LDH, while 0.01116 min− 1 and 0.00631 min− 1 for FS-NiFe-LDH and P-NiFe-LDH, respectively. The
above results show that the catalytic activity for LDH catalysts is in the order of FH-NiFe-LDH > FS-NiFe-
LDH > P-NiFe-LDH, indicating that the porous FH-NiFe-LDH with more OVs modi�cation has higher
catalytic activity. Moreover, the rate constant for FH-NiFe-LDH was approximately 3 times higher than that
of P-NiFe-LDH, emphasizing the decisive impact of morphology on the catalytic activities. The
conclusions further highlighted that morphology engineering could tailor the catalytic activity of NiFe-
LDH.

3.3. Reusability and stability potential of catalyst
The durability of catalyst plays a vital role in catalytic degradation process via PS activation. Repetitive
trials were performed to grasp detailed information of the catalytic performance for AO7 degradation. As
exhibited in Fig. 10, the AO7 degradation e�ciency can maintain a slight change within 240 min after
consecutive 3 cycles, manifesting the prominent stability of catalysts. The minor decrease of catalytic
performance during the repetitive tests could be attributed to the aggregation and blockage of the
catalyst, resulting the decrease of surface catalytic active sites and hence inhibiting the reaction between
catalyst and oxidant. Moreover, as revealed in XPS analysis, the elemental compositions are maintained
well after reaction, further evidencing respectable robustness of the NiFe-LDH for AO7 degradation via PS
activation. In conclusion, the NiFe-LDH possess the outstanding activity and respectable stability and
exhibit a promising advantage for environmental remediation.

3.4. Identi�cation of reactive species and possible
activation mechanisms
The conversion of Ni(II)/Ni(III) and Fe(II)/Fe(III) occurs during the active catalytic process on the LDH
surface. To further explore the mechanism of catalytic active sites involved in the degradation differences
among the catalysts, the XPS analysis was applied on the reacted NiFe-LDH. As illustrated the Ni 2p
spectra in Fig. 11a and 11b, after the catalytic reaction, the Ni(II) and Fe(II) content of NiFe-LDH
accounted for 41.07% and 38.16%, respectively, before the catalytic reaction, while the Ni(III) and Fe(III)
content were converted to 35.86% and 26.95%, respectively, after the catalytic reaction, signifying
Ni(II)/Ni(III) and Fe(II)/Fe(III) redox reaction process was contained for PS activation. Simultaneously, as
displayed in O 1s spectra (Fig. 12c), the relative concentration of OVs decreased after the reaction
(20.97% vs 38.78% of the fresh one), evidencing that the OVs in the NiFe-LDH involved in the activation of
PS. Of note, the concentration of surface OVs species on the reacted NiFe-LDH can be still maintain a
better level.
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To uncover the reaction mechanism in the LDH/PS system with different morphologies, radical
quenching experiment was performed to investigate the involved reactive species. It is widely recognized
that active radicals including •OH, SO4

•−, and O2
•− are produced in the process of PS activation. Herein,

the frequently-used radical scavengers (EtOH and TBA) were chosen to differentiate the contribution of
SO4

•− and •OH, while p-BQ was used as the scavengers for O2
•−. Phenol was used to validate surface-

bonded radicals due to its weak polarity and the ability to consume SO4
•− and O2

•− when approach the
solid–liquid interface (Wu et al. 2020). As shown in Fig. 12, the removal e�ciency of AO7 was 36.2%,
50.1% and 79.8% without adding any scavenger in the presence of P-LDH, FS-LDH, and FH-LDH,
respectively. For the P-LDH/PS system (Fig. 12a), the degradation rate of AO7 decrease to 22.5% and
10.5% in the presence of TBA and EtOH, respectively, manifesting that the existence of both •OH and
SO4

•−, and notably, SO4
•− was more e�cient for AO7 removal than •OH. Moreover, in the presence of p-BQ,

the decay of AO7 declined to ~ 26.8%, demonstrating that O2
•− was also involved in AO7 degradation.

Similar phenomena were also observed for FS-LDH/PS and FH-LDH/PS system (Fig. 12b and 12c) in the
presence of TBA and EtOH. However, as clearly observed, the inhibitory effect of p-BQ was signi�cantly
enhanced in FS-LDH/PS and FH-LDH/PS system, indicating that O2

•− play a dominant role. The
experimental results further con�rmed that tailoring the morphology of LDH could result in different OVs
concentrations. Moreover, the removal e�ciency of AO7 decreased to 9.5%, 18.2 and 20.5% in the
presence of phenol, demonstrating that the reactive species could be originally generated on the surface
of LDH and then some of it would diffuse into the liquid phase in LDH/PS system. In summary, three
kinds of ROS including •OH, SO4

•−, and O2
•− corporately contribute to the AO7 elimination in LDH/PS

system, and the degradation reaction belongs to surface reaction.

Based on the above detailed analysis, we systematical proposed the overall mechanism of PS activation
in LDH/PS system (Fig. 13). In brief, PS molecules diffuse to the surface of NiFe-LDH and adsorb on the
surface-active site of catalyst. Then, PS molecules are activated via electron transfer and produce a
series of ROS to attack the contaminant. It is worth noting that because of the abundant diffusion
pathway combined with nano-con�nement and nano-enrichment, the unique hollow structure with 2D/3D
homojunction in FH-NiFe-LDH can deeply boost surface adsorption and the mass diffusion. Meanwhile,
with the existence of OVs in FH-NiFe-LDH, the e�ciency of electron transfer to PS can be facilitated, thus
enhancing PS activation.
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According to aforementioned analysis in association with the reported accounts (Bu et al. 2021, Guo et al.
2020, Wu et al. 2020), the PS activation and ROS generation mechanism can be detailedly displayed in
Eqs. (1)-(12). Expressly, the PS molecule �rstly accepts an electron from Ni(II) or Fe(II) on the surface of
NiFe-LDH to produce SO4

•−. The redox cycle could accomplish via the reaction between Ni(III)/Fe(III) and

S2O8
2− for consecutive production of SO4

•−. Then, SO4
•− could further convert H2O to •OH. (Eqs. (6)– (8)).

Notably, the OVs also play a vital role in facilitating the production of more active sites for PS activation.
Impressively, NiFe-LDH featuring abundant OVs could react with O2 to generate O2

•− (Eq. (1)). During this
process, OVs could accelerate the electron transfer to promote the generation of ROS, meanwhile,
facilitate the redox cycle of Fe(III)/Fe(II) and Ni(III)/Ni(II) (Wang et al. 2022). Finally, the active radicals
attacked the AO7 and quickly eliminated AO7.

4. Conclusions
In summary, a class of NiFe-LDH catalysts with 2D-plate-like hexagonal, 2D/3D-�ower-like solid sphere,
and 2D/3D-�ower-like hollow sphere morphologies is evidenced for dramatically improved catalytic
activities for pollution treatment by PS activation. The unique morphological structure regarding 2D/3D
homojunction hollow spheres with extended interior space enables ensuring more exposure of the active
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sites and providing e�cient mass diffusion. Encouragingly, the characterization unravels that the
morphology-engineering by OVs incorporation can skillfully regulate the surface electronic state and local
coordination environment, leading to stronger binding energy and accelerating charge transfer for
enhanced PS activation. The different concentrations of OVs ascribed to the synergistic contribution of
textural structures, exposed reactive facets, and aggregate size. Combined with the EPR and quenching
experiments, the ROS in the LDH/PS system was identi�ed to be SO4

•−, •OH, and O2
•−, which account for

the degradation of AO7. We also predict that these results are not unique to NiFe-LDH, and that other
transition metal hydroxide or oxide in which OVs can reveal the same catalytic processes. This study
provides a fundamental comprehending of catalytic activities in morphologically tunable LDH and also
inspire practical approaches for the rational design of morphology-controlled, high-e�ciency catalysts.
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Figures

Figure 1

XRD patterns (a) and FT-IR spectra (b) of P-NiFe-LDH, FS-NiFe-LDH, and FH-NiFe-LDH.

Figure 2
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SEM images of (a) P-NiFe-LDH, (b) FS-NiFe-LDH, and (c) FH-NiFe-LDH.

Figure 3

High-resolution TEM images of (a) P-NiFe-LDH, (b) FS-NiFe-LDH, and (c) FH-NiFe-LDH.
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Figure 4

(a) Nitrogen(N2) adsorption/desorption isotherm and (b) the corresponding BJH pore-size distribution
curves of P-NiFe-LDH, FS-NiFe-LDH, and FH-NiFe-LDH.
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Figure 5

High resolution XPS spectra of Ni 2p, Fe 2p, and O 1s for P-NiFe-LDH, FS-NiFe-LDH and FH-NiFe-LDH.
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Figure 6

The XPS spectra of Fe 2p (a), Ni 2p (b) and O 1s (c) for the catalysts.
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Figure 7

Raman (a) and EPR (b) spectra of P-NiFe-LDH, FS-NiFe-LDH and FH-NiFe-LDH.

Figure 8

(a) CV curves, and (c) EIS Nyquist plots of the catalysts.

Figure 9

The degradation e�ciency of AO7 in different reaction system.

Figure 10

The XPS spectra before and after reaction (a) and the reusability of the NiFe-LDH for AO7 degradation
(b).

Figure 11

XPS spectra for Ni 2p (a), Fe 2p (b), and O 1s (c) regions of catalysts before and after the reaction.
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Figure 12

Effects of EtOH, TBA, and p-BQ on AO7 removal; (a) P-LDH; (b) FS-LDH;(c) FH-LDH.

Figure 13

Schematic diagram illustration of the reaction mechanism for the catalytic degradation of AO7 by
morphology-controlled NiFe-LDH.


