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a b s t r a c t

Layered double hydroxides (LDHs), are ideal inorganic materials for versatile fields, such as catalysis,
energy, and medicine. Memory effect means the ability of reconstruction into their initial structure after
decomposition treatment for some special materials. Based on the unique property, the layered structure
can be regenerated from the calcined LDHs (layered double oxide, LDO) in an aqueous solution or moist
air. This effect provides a new paradigm for modification of LDHs, increasing the abundance of active sites
in LDHs as well as preserves original active sites for multifunctional environmental applications.
Therefore, this review summarizes the memory effect of LDHs from basic mechanisms to real applica-
tions. Firstly, various kinds of active sites on LDHs/LDOs and the importance of sites structure are con-
cluded. Secondly, the modification methods of LDHs are briefly introduced and the characteristics of
memory effect are summarized. Then, the mechanism of chemical reaction, topology, and thermodynam-
ics of memory effect are discussed as well as the microscopic mechanism of memory effect through the-
oretical chemical calculation. The influencing factors and applications in environmental remediation are
also presented. Finally, the challenges and prospects of memory effect-based LDHs are proposed. We
hope the review could open a new path for the environmental application of memory effect-based LDHs.
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1. Introduction

The rapid development of industrialization and urbanization
has caused a series of problems, and environmental pollution is
one of the most serious risks. Heavy metals, persistent organic pol-
lutants (POPs), volatile organic compounds (VOCs), and emerging
pollutants have deeply affected the ecosystem and human well-
ness. Among them, emerging pollutants have attracted increasing
attention, because most of them are far more resistive than the tra-
ditional pollutants with long-term risk. Emerging pollutants are a
tremendous family (i.e., analgesics, antibiotics, polybrominated
diphenyl ether), having significantly toxic and hormone-
disrupting properties. They are related to diseases in the popula-
tion, occurrence of superbugs and environmental allergens [1].
Therefore, it is urgent to prevent and remove the emerging
pollutants. A variety of methods are available for the removal of
emerging pollutants, such as adsorption [2], Fenton oxidation [3],
Fig. 1. The basic proces
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electrocatalysis [4], and photocatalysis [5], where the functional
materials are the key for carrying out these approaches [6–8].

Layered double hydroxides (LDHs) are a kind of bimetallic
hydroxide materials with layered structure and exchangeable
interlayer anion, which are widely applied in medicine [9–11], civil
engineering [12,13], energy engineering [14,15], and environmen-
tal remediation [16]. Moreover, the unique properties of LDHs,
such as uniform metal dispersion, economic cost, adjustable metal
ion composition, and variable layer spacing, have attracted wide
interests of many researchers [17–19]. Particularly, LDHs have
shown high efficiency performance in adsorption and catalysis
because of their tunable composition and flexible structure in the
environmental remediation, which can provide many active sites
[18,20–24]. However, the original LDHs are still unable to meet
the requirements of multi-function, stability, controllability, and
reusability. Thus, modification is often necessary for improving
the performance of LDHs. Many common modification methods
s of memory effect.
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are developed, including ion exchange [25], assembly [26], delam-
ination [27], and thermal treatment [28]. Thermal treatment such
as calcination is a notable one among above methods. After calci-
nation processing, the layered structure of LDHs will be transferred
into mixed metal oxides (MMOs) or layered double oxides (LDOs),
which no longer show a classic layered structure like LDHs, but still
exhibit well in catalysis, adsorption, and control of water eutroph-
ication [26,29,30].

Some LDOs can be converted back to layered structure like the
original LDHs (ex-LDHs) in aqueous solution or steam environ-
ments [29–31]. This structure transformation phenomenon is
named as memory effect. In a typical memory effect process, LDOs
are contacted with solution or humidity, then they will reconstruct
layered structure and recapture the interlayer anions. Therefore,
the memory effect can enhance the decontamination or perfor-
mance through promoting the captured ability to target matter
[32], indicating that it has the potential to be applied to environ-
mental remediation via catalysis processes [33,34]. Besides, some
irrecoverable metal oxides are still retained in the reconstructed
structure (Fig. 1). However, few researches related to memory
effect modified LDHs linked the mechanism to real application,
or only simply regards them as a side-effect of LDOs applications.
For example, the mechanism of the memory effect on LDHs has
been simply postulated in some studies [35,36]. It has also been
tentatively proposed that the memory effect is a ‘‘direct synthesis”
[37]. In addition, the research on the influencing factors of memory
effect has been carried out for a long time, but there is still a lack of
systematic summary. Its application conditions and relevant
mechanism are not summarized in detail. Besides, achievements
in computational chemistry help to explain the mechanism of
the memory effect, while those achievements are usually ignored
in previous reviews.

Hence, in this review, we first summarize the active sites of
LDHs and LDOs related to the memory effect. Then, the conven-
tional modification strategies of LDHs/LDOs are compared, and
the structure characterizations corresponding to memory effect
are also discussed. More importantly, the mechanism of memory
effect for LDH-based materials is discussed in detail. Subsequently,
conditions affecting the reconstruction of LDHs such as calcine
temperature, interlayer anion, pH, surface charge, hydration, and
layer metal composition are explored. Moreover, the applications
Fig. 2. LDHmodification strategies a) grew LDH on carbon aerogel [42], b) grew PAN on M
LDH nanosheet: I) original LDH layer, II) used LDH layer, III) LDH structure after adsorp
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of memory effect-based LDHs in adsorption and catalysis are also
reviewed, and the suppression strategies of memory effect are also
suggested in brief. Finally, the perspectives and barriers for mem-
ory effect-based LDHs in environment remediation are proposed.
2. The activity of LDHs/LDOs and its memory effect origin

2.1. Strategies in the modification of LDH-based materials

The most crucial aims for the modification of LDH-based mate-
rials are to add active sites and improve their stability, reusability,
and functionality. Most modification methods can not only pre-
serve the memory effect, but also sometimes enhance the utiliza-
tion of the active sites caused by the memory effect. Calcining
LDHs into LDOs is the main strategy related to memory effect,
which will be discussed in section 2.3. Other modification ways
which are closely related to the application or mechanism of mem-
ory effect, such as assembly, ion exchange, and delamination are
described in this section.
2.1.1. Assembly (self-assembly)
Assembly is an attractive strategy to develop bifunctional mate-

rials. During the assembly process, LDHs are integrated with other
host materials to synthesize new materials. These host materials
can be used as semiconductor materials, carbon materials, metal
materials, or even layers from other LDHs [38–40]. When exoge-
nous materials are used as the substrates, they are soaked in the
precursor salt solution to make LDHs grow on the substrate by
coprecipitation [41,42]. For example, Liu et al. grew ZnAl-LDH on
carbon aerogel and utilized the compound for tellurite removal
(Fig. 2a). LDHs can also be used as substrates [43], Chen et al. syn-
thesized electrospun nanofiber membrane on LDH for copper
adsorption (Fig. 2b) [43]. The modification method of assembly is
widely used, and in most cases, the loading process does not affect
the memory effect [44]. In other words, the memory effect of using
the template method to synthesize the LDH with a specific shape
ensures that the material can still be used to maintain the structure
of the LDH after using the heat to remove the template or carrier
[45]. This means another property brought about by memory
effect: self-assembly. Efficient drug carriers or catalysts can be syn-
gAl-EDTA-LDH [43], c) anion exchange of LDH [52], d) adsorption of SeO4
3� by MgAl-

tion [55].
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thesized rapidly by self-assembly [45,46]. A self-assembly process
with memory effect can also fix metal oxides to LDH [47].

2.1.2. Ion exchange
LDHs and LDOs have a strong ability of ion exchange. Interlayer

anions can be replaced by another anion to form a new active site
on the premise of satisfying a certain exchange sequence (Fig. 2c).
Easy operation and a wide range of applications are the most obvi-
ous advantages of ion exchange. Ali et al. inserted MoS42� into Fe-
LDH to enhance its rate of electron transfer during activation of
persulfate and accelerate the redox cycle of Fe [48]. From another
point, ion exchange and memory effect can occur simultaneously,
this also implies that the problem of ion exchange should be
noticed during the modification process of LDHs by memory effect.
However, compared with the complete loss of anions from the
layer structure by memory effect and anion re-intercalation by
reconstruction, such ion exchange is limited by the exchange
sequence. In addition, the interference of carbonates or phosphates
is always unavoidable in ion exchange [25,28,49–52]. The main
connection betweenmemory effect and ion exchange is the manip-
ulation of interlayer anions. Both of them can modify interlayer
anions. However, ion exchange is strictly limited by the exchange
order and is more complicated in operation. The original interlayer
anions (usually carbonate) can be completely erased by calcina-
tion, and then the interlayer anion exchange can be achieved by
immersing in the target anion solution during the memory effect
process.

2.1.3. Delamination
Monolayer LDHs can be utilized as ultra-thin nanosheet mate-

rial or be formed colloidal solution as a precursor of coating mate-
rials [53–56]. Usually, delamination happens in the ultrasonic
oscillation and thermal treatment in a specific solvent [27,53,57],
LDHs will be eventually peeled into monolayer material, which
shows the characteristics of colloid solution [53]. Kameda et al.
delaminated MgAl-LDH in deionized water to form an LDH
nanosheet successfully [55]. Delamination-reconstruction could
complete the loading of the active sites. Nityashree. N and Pre-
mitha Menezes synthesized Pt-doped MgAl-LDH. MgAl-LDH was
delaminated in 1-butanol sonicating and Pt nanoparticles were dis-
persed in the same condition. Finally, mixing and rotatory evapora-
tion were performed until dry. The layers were recombined into an
LDH containing Pt [27]. The mechanism of delamination-
reconstruction process is similar to the memory effect. All of them
involve nucleation and aggregation in the topological transforma-
tion of the layers during memory effect reconstruction.

2.2. Activity and reactivity of LDHs/LDOs

The origin activity of LDHs/LDOs is determined by active sites.
In general, metal ions, surface defects, interlayer substances (mole-
cules and anions), surface hydroxyl groups, and sheet charge can
act as the main active sites in LDHs/LDOs. Other structures such
as pore structure also influence its activity. Tracking the activity
origins of LDHs/LDOs may be a key to clarify the mechanism of per-
formance improvement by memory effect. Moreover, when under-
standing the origin of active sites in LDHs/LDO, potential usages of
these materials will be revealed.

2.2.1. Layer metal ions
The active sites are provided by the metal ions constituting

LDHs. Base metals in LDHs layer showed more unique perfor-
mance compared to noble metals as the catalyst or chemical
sensing [58]. The LDHs/LDOs structure immobilizes these metal
ions and provides conditions for heterogeneous reactions. There-
fore, LDHs materials are utilized as dispersed atom catalyst with
4

lower cost and metal load capacity than noble metal and higher
activity [59–63]. Meanwhile, the structure of LDHs/LDOs provides
a possibility to enhance the catalytic performance of metal ions
because of the co-exist anions, hydroxyl or other co-catalysis
structures. For example, metal ions in LDHs could act as catalyst
in radical generation from surface hydroxyl [64–66]. A CuNiSn-
LDH was developed by Wang et al. to facilitate Fenton reaction
for phenol removal. Cu ions served as the primary active sites
for hydroxyl radical (HO�) generation [66,67]. Similarly, the work
of Guo et al. uncovered the Co(II) and Cu(II) in CoCu-LDH mem-
brane were the redox center of persulfate activation in sulfate
radical-advanced oxidation process (SR-AOP) [65]. Meanwhile,
the original LDHs do not affect the catalytic mechanism of metal
ions [68,69].

Metal active sites and bimetallic synergistic effect are also able
to explain the activity of LDHs/LDOs [70]. Sn in the mentioned
CuNi-LDH catalyst could accelerate the redox cycle of Cu by accel-
erating electron transfer [63]. A MnFeCo-LDO performed high effi-
ciency in low-temperature NOx reduction due to the high content
of surface Mn4+ species and the co-existence of Co and Fe [71].
Moreover, Fe offered surface Lewis acid sites for the selective
reduction in the previous reports [72]. Yao et al. reported a
CoMn-LDO for Fenton-like process, in which the presence of Mn
(II) and Mn(III) allowed the rapid reduction of Co(III) to Co(II),
improving the utilization of active sites [68]. Similarly, metal ions
in LDOs can enhance photocatalytic activity. For example, Liu et al.
utilized ZnLn-LDH derived ZnLn-LDO in photocatalysis. The
bimetallic combination of Zn oxide and Ln oxide enhanced the
optical response range of the material, with the basic mechanism
of h+ photogenerated by the electronic transition. The Zn/Ln oxide
heterojunction promoted the transfer of photogenerated carriers
and inhibited the recombination of electron-hole pairs [73]. In
these examples, LDHs/LDOs provides redox pairs or enhances elec-
tron separation for catalytic reactions. Combinations with metal-
electron rich elements (including metals, tetrathiomolybdic acid,
etc.) in LDH materials can significantly improve the catalytic per-
formance. Besides, the presence of metal ions will further affect
the overall structure of LDHs/LDOs and bring new active sites, such
as oxygen vacancies [74].

2.2.2. Interlayer molecules and anions
Compared to other active sites, interlayer molecules and anions

are more active for adsorption and catalysis [58]. Thus, intercalat-
ing with various interlayer molecules and anions can obtain multi-
functional LDH-based materials. Anions inserted into the LDHs
interlayer usually keep their original function. Moreover, as active
anions are covered with metal hydroxide layers, the catalytic per-
formance of those modified LDHs is improved and the structure
becomes more stable or recyclable [75].

Interlayer ions rely on their own properties to function in the
LDH structure. In this respect, Liu et al. prepared a kind of poly-
oxonate anion intercalated Tris-LDH-Zn2(PW9)2, which showed
ideal catalytic performance in the cascade reactions with the pro-
duction of benzylidene ethyl cyanoacetate from benzyl alcohol
and ethyl cyanoacetate, and both the activity and selectivity were
higher than 99% [76]. Yu et al. synthesized 3D flower-like NiAl-
LDH with terephthalic acid (TAL-LDH) and pyromellitic acid
(PAL-LDH), then utilized them as an adsorbent for aniline adsorp-
tion. Pseudo-second order kinetic model was fitted for both the
LDH-based materials, and hydrogen bond between TAL and PAL,
p-p interaction, and electrostatic interaction were the major
adsorption driving force [77]. Moreover, original LDHs are limited
in adsorption of metal ions, thus, intercalated chelators can
enhance the ability of LDHs in removing heavy metal ions.
According to Pérez et al., EDTA anions were intercalated into
ZnAl-LDH to remove metal ions from water without structure



Fig. 3. a) Structure of defects-rich ZnAl-LDH nanosheet [85]; b) Diagram of surface defects on modified CoFe-LDH; c) Comparison of reaction coordinate on the existence of
LDH catalyst [103].
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destruction and the formed M�EDTA compound was stored in the
interlayer structure [75]. The adsorption site was interlayer anion
EDTA in similar system [78].

2.2.3. Active structure
The structure of LDH-based materials contains some unique

activity, including surface defects, surface charge, pore structure,
hydroxide layer, and surface-active groups. In addition to inter-
layer anions, surface defects are also active sites. Surface defects
are potential catalytic sites in developing new high-efficiency cat-
alysts, especially in 2D materials [15,79,80].

Vacancy structures present in LDHs and LDOs. The most com-
mon one is oxygen vacancy (Ov). Many oxygen vacancies exist on
the metal-rich surface, which changes the surface adsorbed oxygen
(Oads)/lattice oxygen (Olatt) molar ratio. In general, they promote
the electron transmission or generation of oxygen radical species
[81,82]. With the thinning (i.e., delamination and controllable
hydration) of the LDH, vacancies formed [83,84]. An Ov-rich
ZnAl-LDH nanosheet showed high ability for CO production
according to Zhao et al., the superb catalytic performance was
due to the accelerated electron transmission from the oxygen
vacancy and strong CO2 capture ability of Zn-oxygen vacancy com-
plex (Fig. 3a) [85]. Based on electron conduction realized by vacan-
5

cies electric transition or electric release to h+, the conduction
ability changed [86]. In another study, series of nanosheets for
HER have been developed by Liu et al. (Fig. 3b). Except for active
sites provided by metal ions, Ov caused by Ce doping effectively
reduced free energy for HER reaction and made it easier to be pro-
cessed (Fig. 3c) [87]. The doping of polymetallic ions in metal oxide
materials effectively enhances the surface energy and oxygen
mobility, which means that oxygen vacancy is more easily gener-
ated. The conclusion can be demonstrated by density functional
theory (DFT) calculations [71,88,89]. According to the study of
Zhou et al., the mixed metal oxides caused Ov to add the adsorbed
oxygen, which was beneficial for SCR reaction [71]. On the other
hand, through vacuum calcination and reduction, modified materi-
als may contain more oxygen vacancies which offer higher cat-
alytic activation compared to ex-LDHs precursors. A ZnCr-LDO
calcined in vacuum was utilized for solar photodegradation of
bisphenol A. EPR results showed that plenty of oxygen vacancies
were formed during vacuum heat treatment and they acted as
active sites during photocatalytic reaction [90]. Another available
way to induce oxygen vacancy is reduction. Wu et al. reported a
vacancy-rich FeCo-LDH produced by H2 reduction, in which oxygen
vacancies dominated the generation of singlet oxygen (1O2) during
SR-AOPs [91].
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Metal vacancies can be also introduced into LDHs as active sites.
Xie et al. used specific complexing agents to precisely remove Cu
from NiCu-LDH, metal vacancy-rich LDHs materials could be used
for water splitting [92]. Furthermore, oxygen vacancies and metal
vacancies can simultaneously exist on the same LDH. Wang et al.
modified NiFe-LDH with methyl-isorhodanate (CH3NCS). By DFT
calculation, they verified that these vacancies could enhance the
electroactivity [93].

LDHs also offer positively charged layers as active sites for elec-
tric interaction. The hydroxyl groups of LDHs hydroxide layer all
point to the interior and the hydroxide layer is positively charged,
Fig. 4. a) XRD pattern of vacancy-rich LDH; b) The enlargement XRD pattern from Fig. 4a
shifting after loading MnOx,(I) LDH, (II) LDO, (III) MnOx-LDH, (IV) MnOx-LDO [105]; e
modeled aromatic compounds at model concentration: 25 mg/L, f) model concentration:
from amorphous LDO and sodium carbonate solution at 60 �C at selected times. Each spec
water (h) and Acid Blue solution (i) [102].
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leading to that the LDHs have charge compensated an-ion and
hydrogen-bonded water [94]. This property determines that the
memory effect reconstruction process must be accompanied by
the insertion of anions. Meanwhile, the hydroxide layer structure
of LDHs exhibits unique activity, which allows for modification,
adsorption, and co-catalysis. For example, Zhao et al. reported a
LiAl-LDH to remove Cu and Zn through isomorphic substitution.
In other words, the adsorption selection of metal ions depended
on ionic radii than by the nature of metal ions [95]. The surface
groups of LDHs/LDOs also provide activity, Lazaridis et al. utilized
the surface precipitation effect caused by the increase of surface
(10–14�), c) The enlargement XRD pattern from Fig. 4a (59–63�) [103], d) XRD peak
) FT-IR for the regenerated products from Mg-CLDH after 48 h in the presence of
600 mg/L [108], g) EDXRD spectra measured during the crystallisation of MgAl-LDH
trum was acquired in 30 s [106], h) & i) TR-WXAS patterns of LDO reconstruction in
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alkalinity, to further promote the removal of metal ions [96]. More-
over, surface hydroxyl can also be used as a site for loading addi-
tional compounds, such as organometallic material, chitosan, and
silane to improve the performance [97–99]. At the macro level,
the interlayer structure and space originated from loose structure
provide sites for adsorption or chelation. A magnetic Fe3O4/ZnCr-
LDH adsorbent was developed for selective methyl orange (MO)
removal from heavy metal wastewater. XRD patterns showed sim-
ilar layer space before and after adsorption because the adsorption
occurred on the surface of transition layer followed by diffusion via
the pore structure of LDHs [100].

Therefore, the mechanism of memory effect is a collection of
active site behaviors on LDH, such as hydration, surface precipita-
tion, and electrostatic action, which will be described in detail
later. In addition, the active site can be retained in the modification
process through memory effect (for example, remove some tem-
plates by heating), which is similar to the protection of groups in
organic synthesis engineering. Other active sites and their proper-
ties can be seen as by-products of memory effect.

2.3. A special performance: memory effect

2.3.1. Monitoring of memory effect
The complex mechanism of memory effect makes the recon-

structed structure may be different from the ex-LDHs. Understand-
ing the structural changes during the memory effect can help to
explain its mechanism and to modify the material for practical
applications. With the development of characterization technol-
ogy, the memory effect can be detected and elucidated at the
micro-level. In general, it is necessary to combine multiple charac-
terization approaches to determine the successful synthesis of
LDHs with memory effect. This section summarizes some charac-
terization techniques that can be directly used to observe the
structural changes of LDH caused by memory effect.

2.3.1.1. In-situ and time-resolved X-ray characterization. X-ray char-
acterization technique can effectively and accurately monitor
memory effect. X-ray diffraction (XRD) is a simple and precise
method for defining of memory effect. The following properties
that may change during memory effect can be determined by
XRD: a) surface defects and crystallinity by peak intensity, b) the
exchanged intercalation by peak shifting, c) layer spacing by peak
position.

Peaks of (00L) [exp. (003), (006), (009)] suggest the existence
of LDHs structure, and those peaks will disappear in calcined LDHs
[101,102]. According to the XRD pattern (Fig. 4a) from Yuan et al.,
NiFe-LDH reconstruction in urea solution showed the similarity of
re-LDHs and ex-LDHs in characteristic peak [(003), (006), (012),
(015)] [103]. XRD peak changed slightly in (003), (110), (113)
and the re-LDHs exhibited a weaker peak, indicating the presence
of surface oxygen vacancy (Fig. 4b). Furthermore, peak shifting
indicates the successful exchange of interlayer anion as well as
the layer distance [76,104], which demonstrates the presence of
LDHs after ion exchange. Peng et al. utilized potassium perman-
ganate solution as a substrate to reconstruct LDHs from thermal-
treated MgAl-LDH. The XRD image of re-LDHs had obvious peak
shifting towards a lower degree at (003) and (006), indicating
the intercalation of permanganate (Fig. 4c) [105]. The layer space
can be determined directly from the position of feature peak of
(003) through Bragg’s law (Eq. 2-1).

2dsinh ¼ nk ð2-1Þ
where d is LDH layer space, h is peak angle, n is diffraction class, and
k is the wavelength of X-Rays.

More recently, time-resolved (TR) X-ray technology can
monitor the structures of LDH in real time during memory effect.
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Millange et al. utilized time-resolved energy-dispersive X-ray
diffraction (TR-EDXRD) in the reconstruction of MgAl-LDO [106].
With the increase of (003) characteristic peak (Fig. 4g), the refor-
mation of LDH structure was confirmed. The dynamic model in
the reconstruction process was determined by Avrami-Erofe ’ev
expression. Time-resolved wide angle X-ray scattering (TR-
WAXS) was used to study the mechanism of structural changes
during LDH reconstruction [102]. With the rising of (003) peak,
the structure of LDH is re-formed and the crystallinity is increasing
(Fig. 4h). In addition, the effect of intercalated ions on LDH recon-
struction was also observed (Fig. 4i). In addition to using X-rays as
a radioactive source, neutron diffraction can also monitor memory
effect by chemical bonding behavior, especially the changes of it in
water and interlayer anions [107].

2.3.1.2. Microscopy. The microscopic technique can directly show
the geometric appearance of LDH material, which can be used to
monitor the memory effect. Microscopy including scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM)
and atomic force microscope (AFM) can effectively show the geo-
metric properties of LDHs/LDOs.

SEM focuses on the observation of the surface properties of the
material. LDH-based materials usually present a flower/nanosheet-
like structure in SEM images. By SEM, the range and process of
memory effect can be determined. Like XRD pattern, after effective
memory effect reconstruction, the crucial character in SEM image
is barely changed, re-LDHs still show a nanosheet-like morphology.
However, the integrity of the lamellar structure was compromised,
which was caused by the presence of defects (Fig. 5a and b) [103].
SEM can be used to speculate the effect of treatment conditions on
memory effect. A CoMgAl-LDH was treated in 700 �C and the mem-
ory effect was showed in SEM images, the material could be
divided into three areas. Memory effect occurs in the region closest
to the original material in terms of SEM characteristics (Fig. 5c and
5d) [30]. TEM is more concerned with the inner structure of mate-
rials, for LDHs, hexagonal structure and needle-like shape are more
common and clearer to measure the reconstruction rates for mem-
ory effect according to Xu et al. (Fig. 5e) [108]. Although the layer
space could be inferred through XRD, the interlayer spacing, and
the layer space changes could be observed by high-resolution
transmission electron microscope (HRTEM) due to intercalated
ion exchange in a more direct way. AFM can be used to determine
the change of crystallinity of LDH materials during memory effect.
Daniel et al. used AFM technology to monitor the stearic acid inter-
calated LDH modified by memory effect and showed that the LDH
after reconstruction had lower crystallinity (Fig. 5f and 5g) [109].
Microscopy is the most intuitive way to characterize memory
effect. It can make the most accurate judgment on the existence
of memory effect, but it is difficult to describe the LDH reconstruc-
tion quantitatively like XRD.

2.3.1.3. Fourier transform infrared spectroscopy (FT-IR). The charac-
teristics of chemical groups (such as hydroxyl group), intercalated
ions (such as carbonates and nitrates), impurities, and metal oxide
particles on the re-LDHs can be determined by FT-IR. Some charac-
teristic peaks have been previously reported (Table 1), which can
be used to evaluate the role of memory effect in LDHs reconstruc-
tion: a) the existence and ratio of M�O and M�OH to judge the
recovery progress, b) interlayer molecules or anions [30,108]. In
truth, the corresponding peaks of metal oxides and metal hydrox-
ides are usually a series of peaks in a range. In general, a wavenum-
ber between 900 and 400 cm�1 indicates the formation of LDH
structure due to the vibrations of M�O and O-M�O structure
[110]. Wavenumbers between 3400 and 3600 cm�1 and around
1600 cm�1 stand for –OH groups. To investigate the influence of
humic acid (HA) in memory effect, Xu et al. utilized FT-IR to



Fig. 5. a) SEM image of ex-NiFe-LDH, b) SEM image of reconstructed defect-rich NiFe-LDH [103], c) Different degrees of recovery on the same LDH. A area: non-
reconstruction, B area: broken particles of hydrotalcite support, C area: reconstruction area, d) normal hydrotalcite structure [30], e) TEM image of re-LDHs in various solution
[108]. I), II) reconstruction in water; III), IV) reconstruction in phthalic acid, V), VI) reconstruction in catechol, f) & g) AFM image of original and reconstructed LDH [109].
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determine the existence of interlayer carbonate, hydroxyl group,
benzene ring, and metal-oxide bond in re-LDHs (Fig. 4d and 4e)
[108]. For the evaluation of pollutant removal, Guo et al. utilized
memory effect as a sorption strategy and the FT-IR results showed
the effective removal of acid brown 14 dye and the general exis-
tence of hydroxyl bond in LDHs structure, as well as carbonate
and water molecules [111].

2.3.1.4. Thermal analysis method. Thermal analysis can be used in
LDH calcinating process, which meets the time-resolved monitor-
ing of memory effect. Thermal analysis mainly includes thermo-
gravimetric analysis (TGA), differential scanning calorimetry
8

(DSC), differential thermal analysis (DTA) in monitoring of memory
effect. All thermal analysis results are from the loss of water mole-
cules or interlayer anions during LDO formation. Therefore, ther-
mal analysis can be used to monitor the behavior of materials at
different calcination temperatures in memory effect. Thermal anal-
ysis can mainly judge the following properties related to memory
effect: a) In TGA images, the decomposed components in LDH at
this moment can be determined according to the mass loss rate
at different stages [109], b) In DSC/DTA images, the evaporation
of both water and anion causes a distinct peak [112]. Thermody-
namic analysis plays an important role in exploring the key tem-
perature of water and anion evaporation during LDH conversion



Table 1
Wavenumber of LDHs partial structure.

LDH partial structure Wavenumber cm�1 Refs. LDH partial structure Wavenumber cm�1 Refs.

Interlayer carbonate 1365 [30] Adsorbed phosphate 1115 [160]
Interlayer carbonate 1063 [108] Adsorbed phosphate 945 [160]
Interlayer carbonate 1388 [161] Adsorbed phosphate 635 [160]
–OH groups 1645 [30] Adsorbed phosphate 1016 [160]
–OH groups 3600 [30] Adsorbed phosphate 1090 [44]
–OH groups 3400 [108] Adsorbed phosphate 1084 [44]
–OH groups 3529 [160] Mn-OH 864 [162]
–OH groups 3426 [160] Fe-OH 520 [162]
–OH groups 1612 [160] Mn-O 607 [162]
–OH groups 1628 [160] Fe-O 725 [162]

Co-OH 758 [163]
Co-O 678 [163]
Fe-O 518 [163]
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to LDO and estimating the influence of temperature on LDH. How-
ever, the memory effect recovery process of LDO does not have
many advantages. Usually, the mass loss after calcination is com-
pared with standard LDH to determine whether the product of
memory effect is really LDH [113].

In this section, we discuss some of the techniques that can be
used to characterize the memory effect itself. In terms of technical
classification, it can be divided into static characterization and
dynamic characterization. The object of static characterization is
the characterization of LDH before and after memory effect, and
LDO products at different calcination temperatures (such as in-
situ XRD and microscopy). For dynamic characterization, the entire
memory effect process can be monitored by time-resolved technol-
ogy in real time. The former can help the memory effect to be used
in material preparation, such as predicting the catalytic properties
of materials or searching for active sites, while the latter is the
most convenient means to uncover the mechanism of memory
effect. Meanwhile, we summarize some techniques that can be
used to characterize LDH: XPS for confirming the existence form
of metal ions in LDHs, such as metal valence and oxygen vacancy
[114]. BET is another supporter to determine the transformation
from LDH to LDO by detailing specific surface area, pore volume,
and pore diameter [115]. However, these approaches do not exhi-
bit the unique structure of LDH. XAFS/XANES technology is used to
quantitatively determine the oxidation state and coordination sta-
tus of metal atoms in LDH [116,117]. In fact, time-resolved XAFS
and XANES have been well used. Theoretically, they can be used
to monitor the changes of metal coordination during the evapora-
tion of LDH to explain the mechanism of memory effect. However,
no relevant work has been found using TR-XAFS/XANES tech-
niques. In addition, the time-resolved characterization of LDH
memory effect assisted by theoretical chemical computation is
becoming mainstream (described in detail below).
2.3.2. Chemical reaction and topological processes: the origin of
memory effect

According to the previous works [118,119], the thermal decom-
position of LDHs to LDOs suffers 4 steps: a) evaporation of free
water, b) loss of intercalated water, c) crystallization of metal
oxide, d) decomposition of interlayer anion such as hydroxyl, car-
bonate, nitrate, phosphate, and structural collapse. And there are
two main stages in reconstruction: a) hydration reaction of metal
oxides in LDOs, b) re-capture of anions within layer space. How-
ever, the mechanism of using hydration reaction of metal oxides
to explain memory effect needs further studies. Besides, the more
important determinant of memory effect is the evidence of crystal
structure in addition to the mechanism of chemical reaction. Much
of the controversy surrounding the memory effect stems from the
understanding of its chemical reactions. But the more important
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question about the memory effect is not how the hydration hap-
pens. After the existence of hydration reaction is confirmed (which
can be determined by thermodynamics), the change of its topolog-
ical structure is the basis to fully explain the mechanism of mem-
ory effect, and it is also utilized to modify LDH. Therefore, this
section will combine evidence from both chemical and topological
aspect to explain the memory effect.

Some reports explain memory effect in the view of chemical
reactions [37,120]. According to Zhang et al. [36], memory effect
was originated from the interaction of multi-metal oxides and
H2O, and finally metal hydroxides were generated to form LDHs
structure described as Eq. 2-2.

MðIIÞ
1—xMðIIIÞ

xO1þx=2+ (x/n)An�+ (m + 1 + x/2)H2O
! MðIIÞ

1—xMðIIIÞ
x(OH)2(An�)x=n�mH2O + xOH� ð2-2Þ

The general mechanism of memory effect is the ‘‘direct synthe-
sis” of multi-metal oxides. Previous reports tried to explain the
process by rehydration. MgO and Al2O3 were physically mixed to
synthesize MgAl-LDH, according to Xu et al. [120]. They demon-
strated that hydroxides formed when the metal oxide surfaces
were initially hydrated in water. These hydroxides formed in this
process showed a sheet-like structure and then adhered to the
original oxide surface. Finally, sheet-like hydroxides peeled off to
‘‘deposit” in the lattice of another metal oxide, causing the forma-
tion of LDH. Meanwhile, a new oxide surface was exposed to make
the process continuable. In a report by Gao et al., a calcined MgAl-
LDH was reconstructed in water in the same way. However, Zn
oxide in calcined ZnAl-LDH would show fewer free states (Zn2+)
compared with Mg due to the lower hydroxide pKa [6.1 for Zn
(OH)2, 9.5 for Mg(OH)2], which demonstrates the existence of
hydration processes [121]. The direct synthesis mechanism can
be used as a component of the mechanism of LDHs memory effect.

In conclusion, without adjusting pH, the chemical mechanism
of LDHs recovery is essentially metal dissociation, hydration,
nucleation, and agglutination. Ksp or pKa of metal ions has a cer-
tain influence on the process, resulting in the difference in LDHs
recovery process of different metal composition, though it can be
generally explained by the same mechanism [108]. Eq. 2-1 can
be divided into the metal release (Eq. 2-3 to 2-4), increasing pH.
And then the metal hydroxide is formed (Eq. 2-5 to 2-6), decreas-
ing pH. Finally, hydroxides form layers in specific ways, with water
attached (Eq. 2-7). If metal oxide can react with water (such as
CaO), the process is more like a one-step process (Eq. 2-8).

MðIIÞO + H2O ! M2þ + 2 OH� ð2-3Þ

MðIIIÞ
2O3 + 3 H2O ! 2 M3þ + 6 OH� ð2-4Þ

M2þ + 2 OH� !MðIIÞ(OH)2 ð2-5Þ



Fig. 6. Topological transition of calcined ZnAl-LDH in a) water and b) Acid blue (AB) 113 azo dye [102].
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M3þ + 4 OH� !MðIIIÞ(OH)4� ð2-6Þ

x MðIIÞ(OH)2 + MðIIIÞ(OH)4� !MðIIÞ
x MðIIIÞ(OH)2þ2x�OH� + 2 OH�

ð2-7Þ

MðIIÞ
2MðIIIÞO3:5 + 3.5 H2O ! MðIIÞ

2MðIIIÞ(OH)6�OH� ð2-8Þ
To the best of our knowledge, the only trivalent metal used in

studies of the direct synthesis recovery process is aluminum. How-
ever, it can be inferred that most trivalent metals which have
memory effect can precipitation and hydration at a relatively low
pH like aluminum, the mechanism may still fit for other trivalent
metals. Nevertheless, more experiments involving different combi-
nations of metals are needed to reflect the sequence of formation of
different hydroxides, which may be related to the number of metal
oxides remaining and crystal structure in the final product.

However, the ‘‘direct synthesis” is difficult to explain the lay-
ered shape on the microtopology. The topological transition may
be more important to fully explain the memory effect. In the
Table 2
The standard Gibbs free energy for common LDHs metals in hydration reactions [123].

Hydration
metal oxide

4HG�m{298.15 K,
Mm+(OH)n}

Hydration
metal oxide

4HG�m{298.15 K,
Mm+(OH)n}

M2+ M3+

TiO 33.5 Ga2O3 26.2
CuO 12.9 Ti2O3 15.9
NiO 11.7 Fe2O3 12.1
MnO 1.3 Sb2O3 4
ZnO �0.1 Mn2O3 2.1
FeO �6.6 Al2O3 �10
CoO �8 Ce2O3 �59.4
MgO �26.8
CaO �56.2
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XRD pattern, the existence of (003) and (006) crystal face and
the increased peak area indicate the successful reconstruction of
LDHs structure [122]. Utilization of X-ray absorption spectroscopy
(XAS)/wide-angle X-ray scattering (WXAS) to confirm nucleation
and aggregative process are steps for reconstruction [102]. Three
main processes are related to reconstruction: a) the formation of
metal hydroxide nuclei (layered), b) nuclei growing in a direction
perpendicular to the layer, and c) the aggregation of nuclei after
growth (Fig. 6). This aggregative-growth model contradicts direct
synthesis on condensation nuclei. However, if assume that the
growth of the layer is to be adsorbed on the surface of the metal
oxide, or a hydroxide layer is formed by in-situ hydration of the
metal oxide, the contradiction can be explained to some extent.
Moreover, the topological mechanism explained from the perspec-
tive of layer is far from details to distinguish the relationship
between LDHs reconstruction process and the residual structure
(it may be non-memory effect metal oxide) after calcinating. Nor
can it explain the basis for judging the existence of memory effect.

2.3.3. Thermodynamics and theoretical calculation chemistry: a new
horizon for memory effect

Although the traditional studies have explained the memory
effect, they have not explained the inevitability of the memory
effect and the mechanism of the transformation in a more micro-
scopic structure. More importantly, neither direct synthesis nor
lamellar assembly can explain the loss of memory effect of LDO
in some cases. The occurrence of LDHs memory effect, especially
the surface disintegration of metal oxides and the growth of LDHs
nuclei in mechanisms mentioned above, is a process that tends to
be thermodynamic stable [102,119]. Thus, based on chemical reac-
tions, there are thermodynamic models used to explain the mem-
ory effect recovery of LDHs (Eq. 2-9 and 2-10) [123]. The reaction
formula in the previous chemical reaction principle is expressed
in the form of Gibbs free energy. This hydration process could be



Fig. 7. Snapshots at 30 ps of the NVT (25 �C) dynamic simulations of the CLDH-1 and CLDH-5 structure reconstruction when intercalating. (a) H2CO3 and (b) CO2 + H2O, as
well as the memory effect of CLDH-6 by intercalating (c) H2CO3 and (d) CO2 + H2O [white, H; grey, C; red, O; green, Mg; pink, Al, CLDH-(1-6) means different stage of LDH from
calcination beginning to ending] [119].
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visualized in molecular dynamics simulations (Eq. 2-11 and 2-12)
[124]:

(1-x) MðIIÞO + (x/2) MðIIIÞ
2O3 + (x/n) An� + (1 + x/2) H2O

= [MðIIÞ
1�x MðIIIÞ

x(OH)2]An�
x=n + �H2O

ð2-9Þ

DHRGm
o[T] = (DfGm

o [T, LDH] + x DfGm
o[T, OH�])

—((1—x) DfGm
o[T, MðIIÞO] + (x/2) DfGm

o[T, MðIIIÞ
2O3]

+ (x/n) DfGm
o[T, An�] + (1 + x/2) DfGm

o[T, H2O])
ð2-10Þ

DHRGm
o[T, MLC] = (1—x) DHGm

o[T, MðIIÞO] + x DHGm
o [T, M3þO]

ð2-11Þ

DHRGm
o[T, LDH-A] = (1—x)DHGm

o[T, MðIIÞO] + xDHGm
o[T, MðIIIÞO]

+ xDCGm
o [T, MðIIÞA]

ð2-12Þ
where MLC denotes LDHs with OH� intercalation, LDH-A is LDHs
with An� intercalation and A is the intercalation anion (except OH�).

Combined with the research conclusion of Gibbs free energy,
the transition from LDOs to LDHs by memory effect has the ther-
modynamic spontaneity. Thus, the existence of memory effect
can be predicted. The standard Gibbs free energy variation of
hydration reaction is summarized, in which no memory effect for
the corresponding LDHs of the metal combination satisfies the neg-
ative DHRGm

o (Table 2). Use earlier research to test this conclusion:
Mg0.24Cr0.76-LDO (DHRGm

o = 22.82) and Ni0.81Al0.19-LDO (DHRGm-
o = 7.577) failed to reconstruct with positive Gibbs free energy
for LDHs generation [125,126]. Therefore, in general, Gibbs free
energy can be used to quickly exclude metal combinations without
memory effect, which is very effective in the case of a large number
of screenings. Despite, Gibbs free energy is available but not the
only way to judge memory effect. Memory effect can still occur
when reconstructions occurred at higher temperatures. But ther-
modynamics can only judge the existence of memory effect from
an abstract point of view and speculate about the mechanism.
The microstructural evidence is the last piece of the puzzle to com-
plete the memory effect.

Th{Zhang, 2016 #18}ermodynamic studies have proved the
chemical reaction principle of memory effect in a traditional path-
way. Recently, theoretical computational chemistry, such as
molecular dynamics simulation, has provided new mechanism evi-
dence for memory effect: the directional transformation of struc-
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ture. Zhang et al. utilized molecule simulation to measure the
decomposition and reconstruction of LDHs by insertion of water
and CO2 molecules gradually (Fig. 7) [119]. The result showed that
the high concentration of O2� in calcined LDHs could adsorb CO2

into interlayer structure effectively, which explained why CO3
2�

intercalation was favorable in topological. Moreover, the memory
effect of LDHs is closely related to temperature, and LDOs formed
by over-burning (about 800 �C) have an irregular structure instead
of the layered structure after the reentry of intercalated ions and
loss of active sites (Fig. 7d). Through other simulations, this phe-
nomenon can be attributed to the conversion of the metal oxides
(such as MgO and Al2O3) formed at the previous temperature from
spinel to inverse spinel, which leads to the stagnation of the hydra-
tion process. Finally, it causes the disappearance of memory effect
and the complete collapse of the layered structure [127,128].
Besides, the loss of water molecules occurs throughout the pro-
cess: this is consistent with the conversion of hydroxide to oxide.
Similarly, for the simulation of the reconstruction process, Meng
et al. used a similar method to reconstruct MgFe-LDH and NiAl-
LDH [129]. H2O and CO2 were inserted into NiAl-CLDH-1 [Ni8Al4(-
OH)18�5O] and MgFe-CLDH-2 [Mg8Fe4(OH)16�6O], which had more
complete layered structure, monodentate intermediate was
formed and finally converted into LDHs. NiAl-CLDH-2 [Ni8Al4(-
OH)16�6O] and MgFe-CLDH-3 [Mg8Fe4(OH)14�7O] contained higher
four-coordinated tetrahedral structure converted from octahedral
structure and incomplete layered structure. No symbols about
memory effect reconstruction are found in high temperature trea-
ted LDOs. Their works provide a new explanation for the topolog-
ical mechanism of memory effect: calcined-LDH has memory effect
on the premise that the layered structure has some integrity in
octahedral coordination metal. From this conclusion, it is more rea-
sonable to use LDOs to name calcined LDHs with memory effect.

The thermodynamic instability of LDOs makes it have the ten-
dency of hydration and reconstruction. In terms of chemical reac-
tion, reconstruction is the hydration reaction of two metal oxides
to form a hybrid hydroxide process. However, the reconstruction
is more reflected in the structure. Firstly, the nucleation and aggre-
gation of hydroxide layers occur in the reconstruction process,
which is a structural transformation at the macro level. Secondly,
with the help of molecular dynamics simulation, the topological
mechanism of memory effect was confirmed: after calcination,
the metal coordination structure of LDOs remained consistent with
that of LDHs, but too high calcination temperature would destroy
this regular eight-ligand structure, and from a macro point of view,



Fig. 8. a) LDH products at different calcination temperatures (MgCo-LDH) [130], b) XRD patterns of AS-CuZnAl-LDH at different temperatures. Only the most prominent peaks
are denoted (H–hydrotalcite-like Cu-Zn hydroxycarbonate, M–malachite, A–aurichalcite, G–graphite, CuO–copper oxide, S–(CuxZny)Al2O4), c) XRD patterns of the hydration
process of CuZnAl-200 �C, d) CuZnAl-400 �C and e) CuZnAl-600 �C [122].
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the memory effect disappeared. However, the in-situ hydration
resulted from molecular dynamics simulation, which is inconsis-
tent with the conclusions of the hydration, dissociation, and depo-
sition process of bimetal oxides, this inconsistency makes a better
amendment to the principle of preparing LDHs by direct synthesis
mechanism. The above summary shows that the memory effect
and ‘‘direct synthesis” are not exactly the same process, they are
similar in terms of chemical reaction mechanism and reaction
products, but the difference in topology of the reaction process
makes them not being simply grouped together.
3. Influence factors of memory effect

The application of memory effect is based on LDHs calcination-
reconstruction process, but various conditions may influence the
final properties of LDH-based materials. Combined with different
modification conditions, re-LDHs can be generated with unique
properties compared to ex-LDHs.
3.1. Temperature

Mechanism research has pointed out that calcination tempera-
ture makes difference in memory effect. Adjusting calcination tem-
perature is key to generate expected LDH-based materials. This
section mainly focuses on the relationship among structure of
LDHs/LDOs, memory effect, and calcination process. As concluded,
the temperature mainly affects three properties of LDHs/LDOs: a)
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structure of formed LDOs, b) existence of memory effect and recon-
struction, c) reconstructed structure of re-LDHs. It is interesting
that repetitive calcination-hydration also affects the material
properties.

Temperature-related properties of LDOs are layer structure,
metal oxide amounts, and interlayer molecules, which influence
memory effect directly in the structure. Temperature largely deter-
mines the type of products and how they behave in terms of mem-
ory effect (Fig. 8a) [130]. Kowalik et al. calcined CuZnAl-LDHs at
various temperatures. The calcination temperature directly deter-
mined the oxide species in products (Fig. 8b-e) [122]. At lower
temperature (about 200 �C), the calcined CuZnAl-LDH just lost
weak-absorbed water. The appearance of oxide is theoretically
impossible. However, due to the limitation of heating conditions,
LDH structure is not evenly heated, so local overheating will lead
to a very small amount of metal oxide. With the increase of tem-
perature, metal hydroxide or carbonate in the products after treat-
ment was getting lower, and the content of metal oxide was
getting higher. Meanwhile, the characteristic peaks of zinc, alu-
minum oxide, and spinel were not obvious until after 400 �C. Obvi-
ously, calcination temperature largely determines the composition
of calcination products, higher temperature means higher metal
oxide amounts. But the amount of oxide does not determine
whether the LDO can be reconstructed. In the reconstruction
experiment, C. Gennequin et al. developed a series of partly recon-
structive re-LDHs by heating MgAl-LDH in 500, 600, 700, 800, and
900 �C [30]. The specific surface areas of re-LDHs changed in differ-
ent calcination temperatures. The highest specific surface area (ris-
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ing to 214 m2/g from 77 m2/g in original LDHs) was obtained at
500 �C, and with the rising of temperature, decreased specific sur-
face area may be related to the decomposition of layered structure
and generation of amorphous phase (only 112 m2/g in 900 �C).

Except that, as mentioned above, high temperature caused the
conversion of formed spinel into inverse spinel, bringing the tetra-
hedral coordination, which could become metal oxide to be loaded
on re-LDHs [128]. Extreme temperature can cause the disappear-
ance of memory effect due to too much inverse spinel structure.
In another way, the reconstruction speed is also influenced by tem-
perature: calcination in higher temperature offers more rapid
reconstruction unexpectedly [122].

3.2. pH

Since the essence of memory is hydration to form hydroxides,
pH has a great influence on this process. In fact, according to the
reaction mechanism, an increase in pH is a signal for the start of
reconstruction. Most of the conclusions on the influence of pH also
come from the adsorption experiments of LDOs. Surface charge and
hydration processes are also controlled by pH, so they are both dis-
cussed here.

Firstly, pH changes the charged state of LDOs surface, which
changes the contact between anions and LDOs during the recon-
struction process and affects the speed and rates of reconstruction.
Under acidic and neutral conditions, many LDOs present proto-
nated surfaces, which have a strong ability to attract anions to
intercalate [28,131]. Also, in the case of the synthesis of metal oxi-
des supported-LDHs, pH determines the residual metal oxide. For
example, in MgAl-LDO, the changes of pH adjusted the concentra-
tion of Mg(OH)2 and Al(OH4)�. Higher pH led to higher Al(OH4)�

content, which suppressed the hydration of Mg oxide and caused
those species to be left in re-LDHs. Conversely, in relatively low
pH, more unreacted Al oxide was left [120]. Moreover, under
strong acid condition, the formation of metal hydroxide is inhib-
ited, and LDOs will disintegrate and lose the memory effect. How-
ever, the effect of pH condition on memory effect is relatively
limited compared with other conditions, and the process of LDHs
reconstruction is difficult to control pH. Therefore, pH control
should not be the first choice to regulate the properties of re-
LDHs. However, attention should still be paid to the initial pH
when applying the memory effect.

3.3. Metal composition

From the mechanism of memory effect, it can be inferred that
the composition of metal elements plays a decisive role in memory
effect of LDHs. In the case of memory effect, different metal com-
position affects the speed and progress of reconstruction, though,
the latter is also determined by the burning temperature or con-
trolled by the pH of the oxide residue in the product. The most
important reason to think about the different compositions of
metal is because it determines whether the memory effect can
happen. The existence of memory effect can be judged by Gibbs
free energy [124,132].

First, LDHs composed of different metals will present different
results when the same calcination condition is performed. Theoret-
ical study of NiAl and MgFe-LDH showed that the latter one was
more resistive to high temperature [129]. MgFe-LDH was accom-
panied by the emergence of the inverse spinel structure later than
NiAl-LDH. The critical temperatures of the two LDHs are slightly
different. NiAl-LDH lost its carbonate around 365 �C, while MgFe-
LDH would not lose carbonate until 380 �C. However, both LDHs
lost memory effect in 800 �C. Then related to metal hydration,
according to Gao’s reports, lower pKa led to the rapid formation
of metal hydroxide reconstruction of re-LDHs, faster reconstruc-
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tion of Zn-LDH was achieved compared to Mg-LDH [121]. This sig-
nificant difference indicated that the composition of different
metal layers did influence the memory effect. In addition, the
metal ratio in LDHs will also affect the performance of re-LDHs,
especially for the occurrence of isomorphous replacement. Wu
et al. found that the adsorption capacity of bivalent-cation by cal-
cined LDHs was limited by the half of Mg2+ amounts [127], which
confirmed that the metal amount in LDH affected the absorption of
metal pollutant. During rehydration, isomorphous replacement
may lead to heterogeneity in the composition of metal hydroxide
layers [133].

3.4. Reconstruction anion and molecules

Temperature, pH, and metal composition is highly relevant to
the presence of memory effect, while the anions in the reconstruc-
tion medium have a strong influence on the properties of re-LDHs.
The interaction among anions, molecules, and LDOs is the most
important step in the process of reconstruction. Various anions,
including organic and inorganic anions, directly affect the struc-
ture, intercalation, and other characteristics of the final product
of reconstruction. Moreover, competing intercalation and ion
exchange still occur simultaneously during the recovery process,
complicating the role of anions in the memory effect.

Firstly, to some extent, the ion radius of intercalated anions
determines the layer space of LDHs materials. For every LDHs,
whatever is generated by direct synthesis, coprecipitation, ion
exchange or reconstruction, those LDHs have the same metal lay-
ers and anions [134]. The regulating effect of water molecules on
the interlayer structure disables the correlation between the inter-
layer spacing and the ion radius, corresponding to CaAl-LDH which
intercalates with MoS42� (Fig. 9a) [17]. Another view is that anions
with higher binding capacity (such as carbonate) result in a more
stable LDHs structure and smaller LDHs layer region, which will
be described in detail in ion competition recovery later [50].

Secondly, the chemical and topological mechanism of memory
effect are changed because of the existence of special anions. The
most important inorganic anion is carbonate (CO3

2�): a) for LDHs,
carbonate is the most common intercalated anion, and LDHs syn-
thesized without protective gas is usually carbonate intercalated;
b) carbonate as an attacker anion is easy to replace the original
anion between the layers of LDHs in an aqueous solution system
(Table 3); c) carbonate has the greatest influence on the chemical
mechanism of memory effect reconstruction [50,76,129,135]. The
existence of carbonate can be used as a model to make it clearer
to uncover the process of intercalation. Eq. 2-7 and Eq. 2-8 will
be replaced by Eq. 3-1 and Eq. 3-2 after hydration. HA is an impor-
tant anion affecting the reconstruction of LDHs [112,136,137].
Compared with inorganic anions, HA has obvious and representa-
tive effects on re-LDH structure. Xu et al. reported the interaction
between LDOs and HAs as normal reconstruction, structure rup-
ture, inhibiting reconstruction and size (Fig. 9b) [108]. All the
non-o-benzene HA caused structure rupture in re-LDHs due to
the larger electrostatic potential (ESP) than OH� (it means OH� is
easier to intercalation) and solubility of metal ion in non-o-
benzene (it means the metal–organic complex would be formed).
Moreover, there are slightly part of the structure collapse and
non-o-benzene intercalation in re-LDHs. All the factors caused
the structure-rupture of LDHs. For o-benzene HA, the complex
interactions of reconstruction may be due to the presence of metal
ions. MgO which was contained in LDO reacted with the added HA
firstly, and the further reaction of MgO was suppressed because of
the attachment of HA on MgO. When the oxide was CaO, it would
prefer to react with water (solvent) directly to form hydroxide. So,
HA reacted with Ca hydroxide (Eq. 3-3 and 3-4). However, due to
the low ESP of catechol, catechol is quite easy to be adsorbed on



Fig. 9. a) Structure of CaAl-MoS42—LDH [17], b) reconstruction induced by HA [108].

Table 3
Summary of anion competition during LDHs ion exchange and reconstruction.

re-LDHs Intercalation sequence Calcination temperature �C Intercalation method Refs.

ZnAl-LDH CO3
2 � > OH� > F�> Cl� > Br� > NO3

� – Ion exchange [50]
ZnAl-LDH PO4

3� > SO4
2� 200 Reconstruction [115]

ZnAl-LDH HPO4
2� � SO4

2� > Cl�, NO3
� 200 Reconstruction [142]

ZnAl-LDH HPO4
2� � SO4

2� > Cl� > NO3
� 400 Reconstruction [142]

ZnAl-LDH HPO4
2� � SO4

2� > Cl�, NO3
� 600 Reconstruction [142]

ZnAl-LDH HPO4
2� � Cl�, NO3

� > SO4
2� 800 Reconstruction [142]

ZnAl-LDH HPO4
2� � SO4

2� > Cl� > NO3
� – Ion exchange [142]

ZnAl-LDH H2PO4
� > CO3

2� > SO4
2� > F� > NO3

� 370 Reconstruction [112]
MgAl-LDH erephthalate > 4-methyl-benzoate > benzoate 475 Reconstruction [134]
MgAl-LDH OH� > F� > Cl� > Br� > NO3� > I�

CO3
2� > NYS2� (naphthol yellow S) > SO4

2�
– Ion exchange [135]

MgAl-LDH PO4
3� > CO3

2� > SO4
2� > Cl� > NO3

2� 500 Reconstruction [131]
MgAl-LDH PO4

3� > SCN� 500 Reconstruction [96]
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the metal oxides, which inhibited the hydration of metal oxides
and ultimately caused the inhibition of LDH crystal size. The effect
of inorganic anions on memory effect has been extensively studied.
14
The intercalation of inorganic anions has less influence on the mor-
phology and reconstruction of re-LDHs than that of organic anions
represented by HA [138].
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x MðIIÞ(OH)2 + MðIIIÞ(OH)4� + 1/2 CO3
2�

!MðIIÞ
xMðIIIÞ(OH)2þ2x(CO3

2�)1=2 + 2OH� ð3-1Þ

MðIIÞ
2MðIIIÞO3:5 + 1/2 CO3

2� !MðIIÞ
2MðIIIÞ(OH)6�(CO3

2�)1=2 + OH�
ð3-2Þ

Ca2Al(OH)6�OH� !2 Ca2þ + Al(OH)4� + 3 OH� ð3-3Þ

[Ca2Al(OH)6]2�CO3
2� !4 Ca2þ + 2Al(OH)4� + 4 OH� + CO3

2�
ð3-4Þ

In the process of LDHs reconstruction, there is an obvious com-
petition between anions, which controls the formation of re-LDHs
(Table 3). Due to the positive charge in metal layer, anions are
needed when reconstruction. Moreover, positive charge makes
anions with more negative charge prior in intercalating. Absorp-
tion experiment for LDOs is the efficient way to determine the
intercalation sequence. Cardoso et al. dipped a LDO precursor (cal-
cined MgAl-CO3

2� LDH) in mixed organic anion solutions of tereph-
thalate (TA), benzoate (BA) and 4-methyl-benzoate (m-BA), in
which the ion valence for TA was �2, and it for mBA and BA was
�1 [134]. The adsorption order is TA > mBA > BA. Valence-
determined mechanism also is fit for inorganic anions (Table 3).
Expect valence, ion radius also determined the intercalation
sequence. According to Miyata et al., the dominant intercalated
ions have the following characteristics: a) they have smaller radii
for ions with same valence properties, and b) they have higher neg-
ative valence states for ions with similar radii [135]. In their
exchange experiment, monovalent anions are in the sequence of
OH� > F� > Cl� > Br� > NO3

� > I�, divalent anions are in the sequence
of CO3

2� > NYS2� (Naphthol Yellow S) > SO4
2�. Similarly, ion

exchange sequence of CO3
2 � > OH� > F� > Cl� > Br� > NO3

� is also
determined by thermodynamic calculation. Phosphate ion has rel-
atively strong intercalation ability due to its �3 valence state. In its
presence, other kinds of ions (especially �2 or �1 valence ions) are
hard to intercalate. The charge density of host layers, usually deter-
mined by rate of M(II)/M(III) or M(IV), also affects the selective
exchange and intercalation. When Mg/Al increases (charge density
decreases), the selectivity for SO4

2� and F� decreases, while that for
NO3

� increases [52].
Fig. 10. Main utilization strategi
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Thermodynamics can also account for the existence of ion
exchange sequence. As previously described, the hydroxide layer
is free during reconstruction, and more systematic studies are
needed to explain the competitive role of anions in the reconstruc-
tion process. The data obtained from thermodynamic theory shows
that the anion with the lowest total energy of LDHs is the most
likely to intercalate, which is also in agreement with the experi-
mental results [123,139]. Combined with the study of organic ion
intercalation and inorganic ion exchange, some important interac-
tions during LDHs reconstruction can be roughly inferred in a
multi-anion system. Therefore, it is correct to think of the order
of anion exchange as the order of ion competition during recon-
struction. The intercalation by memory effect can avoid the limita-
tion of ion exchange order to a certain extent in the system of
single anion. And it is relatively simple in operation.
4. Environmental applications of LDH-based materials with
memory effect

LDH-based materials have been widely used in the field of envi-
ronmental remediation. Adsorption material is the most direct
application of memory effect. Although biochar, as a popular mate-
rial, also has the advantages of simple preparation, flexible regula-
tion, and wide application in environmental remediation, more and
more studies have shown that the environmental risks of biochar
are real and difficult to estimate [140]. LDH materials that can be
completely ‘‘artificial” are easier to control environmental risks.
Moreover, in recent years, ever more new catalytic materials have
been developed to expose, modify, and load catalytic sites by uti-
lizing the memory effect. Remarkably, the memory effect can be
used to capture pollutants and catalyze their degradation (Fig. 10).

4.1. Adsorption application

In addition to various adsorption sites in the surface and pore
structures, pollutants can also be stored in the recovered layered
structures due to the deformation of memory effect [94]. Since
reconstruction requires the entry of anions into the interlayer,
LDOs with memory effect have a significant adsorption capacity.
Theoretically, all anions are capable of being adsorbed through
es for memory effect LDHs.



Fig. 11. a) Adsorption mechanism of calcined ZnAl-LDH [112], b) Kinetic study of LDOe, LDH-Ma–e and LDH-C samples at a phosphate concentration of 2 mg/L, c) Phosphate
adsorption isotherms of LDOe, LDH-Ma–e and LDH-C samples [144], d) Effect of competitive anions on nitrate adsorption, the initial concentration of nitrate is 100 mg/L [145].

Table 4
Summary of memory effect material as adsorbent.

Materials Calcination
temperature �C

BET surface area
m2/g

Pore volume
cm3/g

Pollutant Maximum capacity
mg/g

Ref.

Calcined ZnAl-LDO 500 80 0.21 Humic acid 165.84 [112]
ZnAl-LDH – 49.15 0.18 48.35 [112]
Non-modified MgAl-LDH (LDH-C) – 53 0.33 Phosphate 1.414 [144]
BMIMPF6 and N, N-dimethylformamide modified MgAl-LDH

(LDH-Me)
– 291 0.32 1.758 [144]

Calcined LDH-Me (LDO-Me) 500 113 0.46 1.882 [144]
FeMgMn-LDH – 47.17 – Nitrate 46.76 [94]
MgAlFe-LDO 450 141.636 – Nitrate 123.305 [145]
CoFe2O4/MgAl-LDO 450 192.82 0.59 Methyl

orange
1219.5 [143]

Magnetic MgAl-LDO/C 500 132.4 0.4285 Cu(II)

Cd(II)
Pb(II)

386.1 (Cd)

359.7 (Pb)
192.7 (Cu)

[26]

MgAl-LDO 500 – – Acid Red G 93.1 [146]
Porous NiLa-LDO/Fe3O4 500 97.71 0.35 Phosphate 203.10 [28]
MgFe-LDO 500 78.189 0.45 Perchlorate 27.02 [32]
PdCo-LDO 500 77.232 0.32 Perchlorate 25.32 [32]
Mg3.4Al-LDO 450 – – Zn(II) 63.41 [127]
Mg3.3Al-LDO 450 – – Zn(II) 402.74 [127]
Mg2.9Al-LDO 450 – – Zn(II) 375.28 [127]
ZnAl-LDO 200 85.54 0.178 Phosphate 258.40 [115]

Sulfate 125.76 [115]
ZnS/Zn-Al LDO 180 58.19 – Cr(VI) 118.37 [164]
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the memory effect. In addition to the memory effect, LDH itself has
a certain adsorption capacity by another pathway.

Anion is the most common pollutant that can be adsorbed by
LDOs with memory effect. HA plays an important role in the
removal of pollutants in water, but it also provides nutrients for
the growth of harmful microorganisms, affecting the look and
smell of water [141]. Li et al. utilized a ZnAl-LDO as an absorbent
to remove HA and gained 97% removal efficiency in 30 min with
16
wide pH suitable ranges [112]. In this process, the reconstruction
of memory effect is obvious, but the electrostatic adsorption still
serves a purpose (Fig. 11a). But the complex organic anions like
HA may hinder the recovery process of LDOs. So, most works
focused on small inorganic anions. They are also the targets of
LDOs adsorption removal by memory effect. For example, He
et al. reported a study for the adsorption of phosphate by ZnAl-
LDO. When ZnAl-LDH was calcined at a lower temperature, the



Fig. 12. Two-step adsorption of memory effect.
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formed LDOs presented high adsorption capacity, but memory
effect was suppressed after calcination at 800 �C, and a sharp drop
in adsorption capacity occurred (Table 4). In other studies, when
the calcination temperature lower than the temperature which
can cause inverse spinel, the LDO products would have higher
adsorption efficiency for methyl orange (Table 4) [142,143].
Ultra-thin BMIMPF6 and N, N-dimethylformamide modified LDH
(LDH-Me) and calcined production LDO-Me nanosheet materials
were used to remove trace phosphate fromwater. Due to the mem-
ory effect, the removal by LDO-Me (94.10 %) was significantly
higher than that of LDH-Me (87.90 %), and the adsorption capacity
was surprisingly higher than that of non-modified LDH (70.70 %)
(Fig. 11b and c, Table 4) [144]. Therefore, based on those examples,
memory effect improves the adsorption capacity of LDHs/LDOs
materials, especially for anionic pollutants by intercalation. This
kind of material for adsorbent has the advantages of easy prepara-
tion and low cost. Most LDH can be synthesized by a simple one-
pot method (such as urea hydrothermal method) and can be
directly roasted to form available LDO adsorbent. By adjusting
the roasting temperature, the adsorption performance of LDO can
be simply adjusted, which can be rapidly mass-produced in indus-
try. However, there are still some factors that limit its efficiency as
adsorbent in some cases.

Despite memory effect shows the strong adsorption ability of
various anions in a single anion system, the application of memory
effect on adsorption still affected by ion exchange sequence. The
existence of competitive ions reduces the adsorption capacity of
LDOs materials for target contaminant to some extent [144]. For
example, the trivalent electronegativity of phosphate ions makes
it easy to be adsorbed by LDOs even in trace (Fig. 12) [143]. The
selectivity of memory effect adsorption is based on interlayer elec-
trostatic adsorption, hydrogen bond adsorption, and p-p bond
interaction, which limits the adsorption ability of LDOs. The nega-
tive effect is more pronounced when in the removal of some less
competitive anions like nitrate, which is also a major contributor
to eutrophication. For a type of MgAlFe-LDO whose nitrate removal
rate can reach 90% in a single system, the adsorption efficiency was
inhibited when interference ions are added, especially phosphate
[145]. Although the concentration of interfering ions is much
higher than the concentration of nitrate (Fig. 11d) and the concen-
tration of phosphate is not so high in most normally produced
actual wastewater, the interference of other ions like sulfation
and chloridion is a real problem. Another crucial shortcoming is
that memory effect-based adsorption materials are not very suit-
able for recycling. For most reports above, adsorption ability
decreases rapidly but is still acceptable after just two or three
cycles, especially in recovery by calcination [145,146]. In truth,
the recovery method is particularly important. For instance, a
NiLa-LDO/Fe3O4 still saved its adsorption ability after 7 cycles with
the slow-descending adsorption rates by recovery in NaCl solution,
but the adsorption might be based on ion exchange [28]. Perhaps
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this is related to the uneven local temperature during calcination,
resulting in more inverse spinel structures. Also, the decrease of
specific surface area and pore volume of LDOs structure affects
the adsorption capacity. Therefore, when this kind of material is
developed on the premise of recyclability, the combination of
LDH metal elements with high temperature resistance should be
the first selection. Because ion exchange can still be used as an effi-
cient adsorption mechanism, salt solution also can be chosen as
recovery agent.

Although LDOs can reach a high capacity for cation adsorption,
memory effect is not an ideal pathway in adsorption of cations,
because cations are not attractive for reconstruction. For example,
a magnetic MgAl-LDO/C adsorbent gained 98.8%, 96.9%, and 94.6%
removal rate for Cu2+, Cd2+, and Pb2+ respectively (Table 4). The
adsorption mechanisms were a) surface function adsorption, b)
precipitation (to form metal hydroxide or carbonate), and c) elec-
trostatic adsorption, according to Hou et al. [26]. Wu et al. reported
that the adsorption of bivalent cation (Me2+) by MgAl-LDO was
based on the cation exchange and the adsorption capacity of
Me2+ was limited in half capacity of Mg2+ ions, which bond with
Al3+ in original LDHs (Table 4). Moreover, after adsorption and
reconstruction, a MgMeAl-LDH was formed due to the structure
rehydration and isomorphic substitution [127]. The adsorption
mechanism determined that the removal effect of cations by mem-
ory effect was not as effective as that of anion. Hence, more
researches are warranted to identify or enhance the advantage of
memory effect in cation adsorption.

All the above-mentioned adsorption applications of LDHs are
based on ‘‘direct removal” of ion intercalation and ion exchange
due to the memory effect. However, it is feasible to modify the
LDHs with adsorbents intercalation by memory effect. Meanwhile,
by comparison, LDOs with memory effect usually have a larger
loading capacity than LDHs (Table 4), which means that chelating
agents such as EDTA can be used as the active sites to enhance
the removal ability of LDH-based materials for heavy metal or
other cationic. It also simplifies the procedure of isolating carbon-
ate contamination, which is brought by co-precipitation [43].

In conclusion, the application of memory-effect-based LDH
materials in adsorption has been very mature. It has great advan-
tages in the removal of anionic pollutants, especially in the control
of water nutrients. For metallic cationic pollutants, memory effect
plays a role in adsorption to a certain extent during hydration and
precipitation. For other pollutants, the adsorption of memory effect
materials is more based on pore structure and electrostatic action,
like some mainstream adsorbents such as biochar. However, con-
sidering the raw material quality and long-term ecological risk of
biochar, it is relatively uncontrollable, especially in persistent free
radical or byproduct release, while LDH materials are stable in
composition. LDH can avoid most environmental risks through rea-
sonable selection of metal composition, and it may be one of the
strong competitors of biochar in adsorption.



Fig. 13. a) Mechanism of perchlorate removal by MgFe-LDH adsorbent and PdCo-LDH Catalyst [32]; b) Mechanism of interaction between Ce ions, re-LDH and surface
hydroxyl [147]; c) Photocatalysis mechanism of ZnGaAl-LDH [151]; d) preparation of Cu-ZnO-ZrO2-MgAl-LDH by two-step calcination-reconstruction process [153].

Table 5
Summary of memory effect derived re-LDHs catalyst.

Material Reaction Target pollutant Maximum efficiency % Activity sites Refs.

PdCo-LDH Catalytic hydrogen reduction Perchlorate 100 ppm 90.9% decontamination Layer metal [32]
MnO2/MgAl-LDH Solvent-free aerobic oxidation Ethylbenzene 33 mmol/L 5.6% conversion Loaded Catalyst [152]
MnO2/MgAl-Si (SH)-LDH Solvent-free aerobic oxidation Ethylbenzene 33 mmol/L 29.5% conversion Loaded Catalyst [152]
5% Ce/ZnAl-LDH Photodegradation Phenol 40 ppm 95% decontamination Loaded Catalyst [147]
10% Ce/ZnAl-LDH Photodegradation Phenol 40 ppm 82% decontamination Loaded Catalyst [147]
3.5% Ce/ZnAl-LDH Photodegradation Phenol 40 ppm 81% decontamination Loaded Catalyst [147]
ZnAl-LDH Photodegradation Phenol 40 ppm 78% decontamination Layer metal [147]
ZnAl-LDH Photodegradation Phenol 40 ppm 80% decontamination Layer metal [151]
ZnGaAl-LDH Photodegradation Phenol 80 ppm 60% decontamination Layer metal [151]
Cu-ZnO-ZrO2-MgAl-LDH CO2 hydrogenation CO2 78.3% conversion Loaded Catalyst [153]
c-Fe2O3 NPs @ Zn3AlFe-LDH Photodegradation Phenol 25 ppm 96% decontamination Loaded Catalyst [154]

Photodegradation 4-NP 25 ppm 100% decontamination Loaded Catalyst [154]
Photodegradation 2,4-dinitrophenol 25 ppm 100% decontamination Loaded Catalyst [154]

Flower-like ZnS/Zn-Al-LDH Photoreduction Cr (IV) 40 mg/L 99.88% Removal Oxygen Vacancy [164]

*All the ‘‘LDH” means the ‘‘reconstructed LDH.
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4.2. Catalytic applications

LDHs are considered as perfect catalyst especially for pollutant
degradation in electrocatalysis, photocatalysis, and SR-AOPs. Of
course, there are some applications in catalytic synthesis or con-
version. Environmental catalytic remediation through memory
effect-LDHs is mainly carried out through the following ways: a)
further catalytic degradation of pollutants after adsorption, b)
loading the catalytic site by memory effect while maintaining the
structure of LDH. In the first case, the metal elements and LDOs
structure can be used as catalytic sites, and the memory effect
18
promotes the contact between the pollutant and catalyst. MgFe-
LDO and PdCo-LDO were compared in perchlorate removal.
Though MgFe-LDO had a higher adsorption capacity (Table 4),
PdCo-LDO could catalyze hydrogen reduction as Eq. 4-1 and Eq.
4-2. PdCo-LDO gained 90.90% removal efficiency of perchlorate
finally [32].

2Pd/Co + H2 ! 2 Pd/Co-H* (ads) ð4-1Þ

Pd/Co-CHT-ClO4� (ads) + 2 Pd/Co-H* (ads) ! Cl� (aq) + H2O

ð4-2Þ
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The reaction process is divided into two parts: perchlorate was
adsorbed into the interlayer ions through memory effect, and
through hydrogen reduction reaction, perchlorate was converted
into chloride ions under the catalysis of Pd/Co (Fig. 13a). Moreover,
this model also works for organic matter removal. A Ce/ZnAl-LDH
was used to adsorb and degrade phenol, and the final decontami-
nation effect had a great relationship with the adsorption perfor-
mance of the material (Table 5) [147]. This process eliminated
the environmental risk of pollutants, compared to simply efficient
adsorption. This decontamination strategy maximizes the use of
memory effect materials, but there are few practical applications
of this strategy.

Modification by memory effect improves the catalytic perfor-
mance of re-LDHs. Obviously, by the calcination-reconstruction
process, more active sites are exposed. The effect of memory effect
and carbonate/hydroxide interfering on the catalytic performance
of LDHs reconstruction has been studied by cyanoethylation reac-
tion [148]. Re-LDHs show higher acrylonitril conversion than ex-
LDHs due to the exposure of O2� and OH� active sites despite the
lower specific surface area. And the isolation of carbonate is the
key to rise catalytic ability (Table 4). Re-LDHs catalysts have good
photocatalytic properties, especially in inducing the formation of
hydroxide radical in reconstruction process [149,150]. LDOs were
put in the form of metal oxides and converted into LDHs structure
during the reaction process, a large number of hydrogen bond
adsorption sites were exposed (Fig. 13b) [147]. Prince et al. utilized
a reconstructed ZnAl-LDH and ZnGaAl-LDH for phenol degradation
and gained the degradation effect of 80% in 6 h (maximum)
(Fig. 13c) [151]. Hydroxyl exchanged carbonate during
calcination-reconstruction, which was obvious in 3ZnAl-LDH,
gained the highest catalytic ability [151].

Further, the calcination-reconstruction process can be utilized
as a method for catalyst loading. For example, a type of LDHs
loaded with metal oxides can be synthesized by modulating the
memory effect. Lv et al. reported a MnO2 loaded MgAl-LDHs and
gained better conversion rates in ethylbenzene aerobic oxidation.
Due to the incomplete reconstruction of memory effect, LDHs cat-
alyst supported by MnO2 has a lower crystallinity, resulting in a
larger specific surface area [152]. MnO4

2� is intercalated in inter-
layer structure and converted into MnO2 catalyst, which also fit
for AOPs [3]. Due to the surface co-precipitation of LDOs, metal
ions can be directly loaded onto LDOs materials and are hydrated
together with the memory effect. Meanwhile, they can also be cal-
cined again to be oxidized to form metal oxide catalytic sites. Fang
et al. proposed metal oxide loaded by calcination-reconstruction
twice (Fig. 13d). And the reconstructed Cu-ZnO-ZrO2-MgAl-LDH
was used for CO2 hydrogenation and 50% conversion rates were
gained, which was higher than the conventional copper catalyst
[153]. In the repeated process, the first calcination-reconstruction
loaded metal precursors, and the second calcination-
reconstruction formed metal oxide on LDHs [153]. A similar pro-
cess is utilized for the preparation of c-Fe2O3 NPs embedded in
ZnAlFe-LDH [154]. The loading of Fe2O3 nanoparticles was con-
verted from FeSO4 on the reconstructed layers. This material gains
near-complete decomposition for phenol, 4-NP, and 2,4-
dinitrophenol by photocatalytic degradation. Moreover, these
LDHs have perfect recycle properties (higher than 90% efficiency
after 3 cycles).

Finally, manymetals or oxygen vacancies can be formed in LDHs
reconstructed by memory effect, which makes it an excellent cata-
lyst. Defects such as oxygen vacancies are often used for advanced
oxidation of reactive oxygen species in SR-AOPs. Wu et al. induced
oxygen vacancy into Fe2Co1-LDH in SR-AOPs as a catalyst for bisphe-
nol A degradation in radical pathway [91]. In general, to obtain suf-
ficient defective sites, memory effect is the more convenient way
compared to delamination and reduction methods.
19
4.3. The suppression of the memory effect

Although memory effect plays a significant role in improving
the adsorption capacity of LDOs and catalytic ability of LDHs mate-
rials, there are still significant drawbacks of their applications.
Unnecessary memory effect prevents materials from working
properly in practical applications, which is the main reason to dis-
cuss the suppression of the memory effect. Especially, when LDOs
are used as catalysts, they must maintain a high specific surface
area, pore volume, and eliminate hydrogen bond adsorption, metal
hydroxide interference or prevent the influence of CO2 [132,155].
There are two main methods to suppress the memory effect: a)
extreme temperature calcination, b) inhibiting the occurrence of
memory effect by co-doping. The former has been described in
mechanism, and its effects are evident, while the latter has been
less well reported [156]. To promote the catalytic efficiency and
material stability, Zhang et al. doped Ce into CoMnAl-LDO
(400 �C) by co-precipitation method, which gained perfect stability
with the existence of water. Also, the LDOs structure was still kept
after NH3-SCR [157]. Similarly, the addition of Cu may also enhance
the resistance of water for MnTi-LDO (400–700 �C) [158]. Limited
moisture may help to keep LDOs structure, which is useful in gas
adsorption and catalysis [159]. It fundamentally isolates the exter-
nal conditions for the memory effect to occur. The non-
spontaneous hydration reaction of the global LDHs reconstruction
reaction (judged by the standard Gibbs free energy) may be an
important reason for the inhibition of memory effect [123]. Inhibi-
tion of memory effect by composite materials is also a feasible
means, but there is no specific study on this strategy at present.
5. Challenges and prospects

As a unique characteristic of LDHs materials, memory effect can
be flexibly con-trolled by calcination temperature, pH, reconstruc-
tion, coexisting anions, and metal composition. As a tool for LDH
modification, the memory effect has important ad-vantages in
the following aspects in real application: a) easy to modify memory
effect due to facilitation in calcination construction, b) to enhance
catalytic performance by conveniently fabricating LDH materials
containing multiple sites (e.g., vacancies, sur-face hydroxyl groups,
and metal oxides), c) to provide high adsorption capacity in the
process of structural transformation during reconstruction, espe-
cially for anions, d) to enable ion exchange of LDH without NO3

�

as an intermediary.
However, in addition to the superior performance of memory

effect, there are still some significant deficiencies in the mecha-
nism and application, which prevent the application of memory
effect.

(I) Poor cycling performance. In most studies, the memory effect
successfully reconstructed the LDHs structure and achieved high
efficiency in the initial application process, but the efficiency often
declined sharply in the recycling test. It is important to prevent the
formation of ‘‘inverse spinel” structures during material recovery
and calcination, especially for adsorption purposes. Low-
temperature and gentle calcination may be the solution while
ensuring that the subsequent utilization mechanism remains
unchanged, and molecular dynamics simulations have the poten-
tial to identify a suitable recovery process.

(II) Limited adsorption. In fact, memory effect-LDOs materials
are not suitable for the adsorption of cations. The efficiency and
removal rate of surface precipitation and isocrystalline replace-
ment is far less than the ideal of anions. Meanwhile, this exchange
may lead to the release of metal ions that constitute LDHs in the
water, bringing the risk of secondary pollution. Perhaps the catio-
nic adsorbent intercalated with memory effect is a feasible solution
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for the removal of cationic pollution. However, no solution has
been proposed for layer ion release, part of the reports referred
to an unexpected situation, the co-intercalated of MoS42� can
adsorb released metal ions, which may solve the isocrystalline
replacement contamination [17,48]. Moreover, the memory effect
adsorption is very selective for anions, such as phosphate because
of the high negative valence and relatively small ion radius. Due to
the existence of ion intercalation and exchange sequence in the
adsorption of other anions, interference ions can easily affect the
removal of target pollutants. More consideration must be given
to the nature of the contaminant, such as ionic radius and electrical
properties when assessing whether memory effect is applicable or
investigating the relationship between ion selectivity and metal
composition.

(III) LDHs formed by memory effect have the characteristics of
defect structure and metal oxide loading, etc., and those LDHs
are an excellent heterogeneous catalyst. However, according to
our current statistics, there are few reports on the application of
modified LDHs in environmental catalytic remediation, most of
which are concentrated in the field of energy like oxidation–reduc-
tion reaction and hydrogen reduction reaction. The research of
catalysis should jump out of the fixed frame of adsorption-
catalysis and the properties of memory effect should be applied
to the preparation of the catalyst.

(IV) Limited application in soil or groundwater. Although mem-
ory effect-LDOs possess good adsorption properties, the high
amount of HA contained in the soil is not conducive to the recon-
struction of LDOs in the soil environment and therefore inhibits the
adsorption capacity. And there are no relevant reports using mem-
ory effect-derived re-LDH as catalyst in soil remediation. To apply
memory effect to soil remediation, ex situ remediation (e.g., soil
drenching) is more advantageous than in situ remediation, but
the cost of the ex-situ remediation is usually more unacceptable.
It seems unrealistic to apply memory effect to soils, at least for soil
environmental remediation.
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