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SUMMARY

Insufficient exposure and utilization of active sites often induces an
inferior reactivity for transition-metal-based two-dimensional (2D)
materials. In response, we for the first time propose a universal
"nano-tailoring" strategy to incorporate abundant defects and
active sites into low-crystallinity nanosheets by electrochemically
leaching of Al species. With MnAl layered double hydroxides
(LDHs) as a representative example, potassium-birnessite MnO2

(AK-MnO2) with oxygen vacancies and abundant edge sites is suc-
cessfully produced. The oxygen vacancies are shown to help
optimize the electron-transfer and ion-adsorption capability. These
integrated advantages endow the AK-MnO2 with a high capacitance
value of 239 F g!1 at 100 A g!1. By further combining with soft X-ray
absorption spectroscopy techniques, we unravel that the reduc-
ibility of M2+ in M2+Al-LDH serves as the key descriptor for the
reconstruction rate. This "nano-tailoring" strategy can provide
some important implications and clues to manipulating 2Dmaterials
for efficient energy storage and conversion.

INTRODUCTION

With the development of social science and technology, a strong need for fast, sus-
tainable, and high-power energy-storage systems has led to the quick development
of supercapacitors, which can be divided into two kinds: electric double-layer capac-
itors (EDLCs) and pseudocapacitors (PCs).1,2 Compared with EDLCs, the PCs are
generally endowed with reversible surface/near-surface reactions to store more
charges, thus demonstrating highly enhanced capacitive performance.3–5 For
configuring better PCs, rational modulation and optimization of reactive sites to acti-
vate the intrinsic properties of electrode materials are highly desired, serving as the
key point for advancing energy storage.6–8

Generally, transition-metal materials with intrinsic/extrinsic pseudocapacitive prop-
erties are identified as being highly effective and indispensable for electrochemical
energy storage because of their high theoretical capacitance, superior flexibility,
and excellent electronic properties.9–11 Nevertheless, the inferior actual perfor-
mance, which is far lower than the theoretical value, is the main barrier to the prac-
tical applications.12–14 This is mainly caused by poor accessibility of active sites and
largely restricted reaction dynamics. To solve these issues, developing new and
effective physical or chemical methods to ameliorate the intrinsic redox reaction

Progress and potential

From the viewpoint of optimizing
charge-storage dynamics, we for
the first time propose a universal
"nano-tailoring" strategy to
fabricate low-crystalline and
highly active materials via
electrochemically dynamic
leaching of pre-incorporated Al.
With M2+Al hydroxides as the
precursor, potassium-birnessite
MnO2 with abundant defective
sites and enriched edge-active
sites is configured, resulting in the
enhanced charge-storage
capability. Soft XAS and Raman
mapping techniques are adopted
to finely track the dynamic
reconstruction principles and
intrinsic active sites. It is found
that the reducibility of M2+ serves
as the key descriptor for the
reconstruction rate, which
correspondingly is divided into
two branches: oxidization-
boosting type and non-
oxidization type. This work can
provide a novel avenue and spark
new ideas to electrochemically
modulate and ameliorate
electrode materials for advanced
energy storage and conversion
applications in the future.
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characteristics and the surface microstructure properties simultaneously is highly
desired.

It is widely accepted that high-crystallinity materials generally suffer from difficulties
in expansion and extraction of lattice planes, thus leading to hindered permeation
and transport of electrolyte ions to some degree.15 In addition, the highly ordered
structure would be dynamically unfavorable for the sufficient reaction of redox spe-
cies. In this regard, regulating the crystallinity of these types of materials may lead to
the positive modulation of redox reaction dynamics. In extreme cases, it has been
identified that transforming the crystalline structure into a low-crystallinity/amor-
phous one can introduce many internal disorders, grain boundaries, and dangling
bonds, leading to an effective exposure of active sites, facilitated ion transport,
and promoted reactivity.16,17 In addition, the in situ introduced defects can produce
many coordinately unsaturated and accessible sites, further enlarging the active area
for optimization of the redox dynamics.18–21 These defects can also somehowmodu-
late the electronic structure and surface chemistry, thereby promoting interfacial
electronic transfer and mass transport.22–25 With this information in mind, it is easy
to believe and anticipate that a much hastened charge-storage process can be real-
ized accordingly. For example, a previous result demonstrated that amorphous
Ni(OH)2 delivered a capacity about 20% and 60% higher than that of the crystalline
a- and b-Ni(OH)2, respectively.

26 Low-crystallinity FeOOH, derived from the crystal-
line a-Fe2O3, can demonstrate an exceptionally high capacitance value of 1,066 F
g!1, superior to that of most Fe-based electrode materials.27 Another tough issue
for configuration is the formation of a bulky structure in some cases, which leads
to a fairly long electron-transfer path and relatively sluggish ion diffusion. Accord-
ingly, many endeavors have been made to endow tailor-made electrode materials
with more surface and edge active sites, leading to an optimization of both capaci-
tance and rate performance.28–30 To sum up, holistic activation in terms of both crys-
talline engineering and nanostructure is desperately warranted for the promotion of
electrochemical performance.

Electrochemical configuration/modulation techniques feature sound tunability to-
ward the electronic structure, phase components, and defective sites, attracting
great attention in recent years in energy-related fields.31–33 Moreover, the low en-
ergy cost and time-saving characteristics give it great potential for large-scale appli-
cations. It has been proved that in situ leaching of inactive species in the electro-
chemical environment and the corresponding phase regulation can help produce
a low-crystallinity and defect-enriched microstructure with tunedmorphologies.34,35

In this regard, further progress requires the development of a universal methodol-
ogy/strategy to tailor the generally adopted materials into highly active ones with
modulated structures in terms of nano/micro and atomic scales. To the best of our
knowledge, aluminum, as a typical amphoteric metal element, displays a tendency
to spontaneously dissolve in alkaline electrolytes, while this is thermodynamically
unfavorable for transition-metal elements. In addition, Al-based transition-metal hy-
brids have a big family, including double/triple/multiple oxides, hydroxides, sul-
fides, and so on. Accordingly, it is expected that pre-incorporating Al into the lattice
of transition-metal hybrids, followed by its in situ leaching, can generate a series of
advanced materials with promoted reactivity, which remain less concerning and
require more attention and detailed explorations.

Herein, a universal "nano-tailoring" strategy, via the operando leaching of pre-
incorporated Al driven by electrochemical effects, is first proposed for realizing
the holistic activation of transition-metal hybrids. Using MnAl layered double
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hydroxides (LDHs) as a demonstration, we show that low-crystallinity potassium-bir-
nessite MnO2 (AK-MnO2) can be produced quickly after the "nano-tailoring" pro-
cess. With the help of soft X-ray absorption spectroscopy (sXAS), the structural evo-
lution is finely tracked and decoupled. Interestingly, due to the irreversible leaching
of Al and the intercalation of K+, the microstructure may undergo the emergence
and release of internal strain, resulting in a positively tailored microstructure with en-
riched edge sites and oxygen vacancies. Also, density functional theory (DFT) calcu-
lation demonstrates that the introduced oxygen vacancies would be capable of pro-
moting charge transfer and facilitating the adsorption of electrolyte ions, leading to
optimized reaction kinetics for charge storage. As such, the as-formed AK-MnO2 hy-
brids can deliver a high capacitance value of 356 F g!1 at 1 A g!1, with a high reten-
tion rate of up to 67% at a super-large current density of 100 A g!1, indicative of a
superior rate performance. More importantly, the universality of the "nano-
tailoring" process to generate low-crystallinity nanosheets with enriched active sites
is deeply verified and decoupled. We reveal that the leaching transformation is high-
ly dependent on the reducibility of the adopted M2+, which acts as a prominent fac-
tor for the reconstruction rate. It is believed that the unique and universal "nano-
tailoring" strategy can stimulate broad interest and inspiration of researchers to
configure novel and highly efficient materials with positively tuned properties.

RESULTS AND DISCUSSION

Nano tailoring of LDH precursors and the tracking of dynamic microstructure

As illustrated in Figure 1A, the "nano-tailoring" strategy involves M2+Al-based bi-
nary hydroxides as the precursor, where the molecular breakage and reconstruction
happens during the electrochemical scanning process in an alkaline medium. As a
typical example, during the "nano-tailoring" process, the MnAl-LDH will undergo
a transformation into MnAl-based hydroxides, accompanied by partial leaching of
Al, when soaked in an alkaline electrolyte for a short time (2 min), yielding Mn(Al)-
OH as the intermediate. Subsequently, it will be reconstructed into low-crystallinity
birnessite-type MnO2 with K+ in the interlayer after cyclic voltammetry (CV) cycling
treatment, denoted as AK-MnO2. The dynamic reconstruction is ex situ tracked by
scanning electron microscopy (SEM) images and the corresponding size distribu-
tions. As shown in Figures 1B–1D, the large LDH nanosheets are broken and recon-
structed to much smaller ones with a higher stacking density. The average size de-
creases from 726 nm for the MnAl-LDH to 202 nm for the Mn(Al)-OH hybrids, and
finally to 55 nm for the AK-MnO2 hybrids (about 13 times decrease in size). Notably,
the small and dense nanosheets would deliver more abundant active sites and
feature numerous short-distance channels for fast charge transfer, and thus are
beneficial for highly efficient charge storage.

The microstructure is further uncovered by transmission electron microscopy (TEM)
images. As depicted in Figure S1A, the MnAl-LDH precursor displays a large size,
and a lattice spacing of 0.26 nm corresponds to the (012) plane of LDH. For the
Mn(Al)-OH, a broken structure with numerous in situ-formed holes can be observed,
and the lattice spacing of 0.33 nm corresponds to the (100) plane of Mn(OH)2 (Fig-
ure S1B). Impressively, the well-tailored AK-MnO2 with densely stacked and ultra-
small nanosheet microstructure (Figure 1E) displays a low crystallinity, as shown in
the high-resolution (HR)-TEM image (Figure 1F). It is further identified by the result
of selected area electron diffraction (SAED), where no lattice patterns can be de-
tected (Figure 1F), indicative of the generation of lattice distortion and randomly
stacked internal construction. Furthermore, as presented by high-angle annular
dark-field scanning TEM (HAADF-STEM) images and the corresponding elemental
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Figure 1. A brief introduction to nano tailoring and its application for configuring the low-crystallinity AK-MnO2 hybrids

(A) Schematic illustration of the "nano-tailoring" strategy for the formation of low-crystallinity hydroxides/oxides. Purple, pink, orange, green, blue, and

gray balls correspond to O, H, Mn (Co, Ni, .), Al, K, and N atoms, respectively.

(B–D) SEM images and corresponding size distribution of the (B) MnAl-LDH, (C) Mn(Al)-OH, and (D) AK-MnO2 nanosheets.

(E) TEM image and the corresponding elemental mapping images of the AK-MnO2 nanosheets.

(F) HR-TEM image of the AK-MnO2 nanosheets and the corresponding SAED pattern.

(G and H) Raman spectrum (G) and the corresponding mapping images (H) of the AK-MnO2 hybrids.
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maps, the Mn, O, and K elements are uniformly distributed on the surface of the AK-
MnO2 (Figure 1E). Also, we carried out atomic force microscopy (AFM) characteriza-
tion to better study the morphology of the AK-MnO2. In Figure S2, the ultrathin and
wrinkled nanosheet morphology with a thickness of about 7.7 nm is presented. In
addition, the AK-MnO2 demonstrates a highly increased surface area (157 m2 g!1)
as well as more abundant pore structure (Figure S3), compared with the MnAl-
LDH (58 m2 g!1). The enlarged surface area, enabled by the novel "nano-tailoring"
process, can help give access to more electrolyte ions at a given time and shorten
the transport distance, thus accounting for the enhanced charge storage.

The "nano-tailoring" process of the MnAl-LDH is further decoupled by X-ray diffrac-
tion (XRD) patterns (Figure S4). Notably, the intense peaks located at 26.4", 43.1",
54.6", and 77.6" can be indexed to the characteristic peaks of carbon paper (CP).
For the MnAl-LDH hybrids, the peaks at 10.1", 20.2", 33.1", 36.4", and 58.8" can
be indexed to the (003), (006), (012), (015), and (110) planes of the LDH phase,
respectively. Explicitly, for the Mn(Al)-OH hybrids, the peaks at 18.8", 31.6", 36.8",
49.9", and 59.5" can be indexed to the (001), (100), (101), (102), and (111) diffraction
planes of Mn(OH)2 (JCPDS card no. 18-0787), respectively, indicative of the phase
transformation from the MnAl-LDH to the Al-doped Mn(OH)2 phase. However, as
for the AK-MnO2, it displays only one significant peak at about 12.7", as well as an
indiscernible wide band in the range of 35" to 40". This implies the low-crystal-
linity/amorphous features of the [MnO6] octahedra laminate.36,37 Notably, an in-
crease of interlayer spacing from Mn(Al)-OH (d spacing: 4.7 Å) to AK-MnO2 (d
spacing: 7.0 Å) can be attributed to a certain amount of K+ intercalated into the inter-
layer. To further confirm the existing species, Raman measurements were carried
out. For the AK-MnO2 hybrids, the characteristic peaks at 265, 317, 396, 469, 578,
and 654 cm!1 are matched with those of birnessite-type MnO2 with a little shift (Fig-
ure 1G), attributed to the varied ion radius between K+ and Na+.38 And the intense
peaks at 1,350 and 1,580 cm!1 could be indexed to the D and G bands of CP. More-
over, Raman maps were recorded in the green, orange, and pink regions (as marked
in Figure 1G), where the uniform distribution for the signals of the CP (orange and
pink) and the AK-MnO2 (green) are presented in the maps (Figure 1H), indicative
of the intimate interaction between them.

sXAS and theoretical calculation decoupling of the fine structure

The sXAS technique was used to decouple the fine structure of the as-formed hy-
brids and understand the dynamic phase reconstruction process. The mechanism
of sXAS is illustrated in Figure 2A (refer to Yang and Devereaux and Lin et al.).39,40

To be specific, the incident X-ray can induce the transition of electrons to the excited
state and produce a core hole in situ. Then the decay of the excited-state electrons
to the same core hole generates elastic energy to be detected.39 sXAS is available to
probe the chemical conditions of materials from surface to bulk. And the generated
signals can be divided into total electron yield (TEY; depth: 2–5 nm) and total fluo-
rescence yield (TFY; depth: about 50 nm).41 The Mn L-edge soft XAS spectra are
shown in Figure 2B. It is worth noting that the typical peaks at 638.8, 640.2, and
641.6 eV can be assigned to Mn2+, Mn3+, and Mn4+, respectively, while the peak in-
tensity is generally used to identify the relative content.42 Clearly, for the MnAl-LDH,
the peak at 638.8 eV is much more intensive than the others, implying that the Mn
primarily exists in the +2 status. Compared with the MnAl-LDH, the Mn(Al)-OH hy-
brids are also dominated by Mn2+, despite the slight increase in peak intensity of
Mn3+. Interestingly, the Mn4+ ions are dominant for the as-formed AK-MnO2, where
a certain amount of Mn3+ remained. It is noteworthy that the charge compensation
can be realized by the intercalation of K+, which is described below in detail.
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Figure 2. Fine-structure characterization and theoretical calculation analysis

(A) Schematic illustration of sXAS mechanism and its two types of mode with different probe depths.

(B and C) TEY scans: Mn L-edge (B) and O K-edge (C) of the MnAl-LDH, Mn(Al)-OH, and 30-cycled (AK-MnO2) and 50-cycled hybrids.

(D) O 1s spectra of the AK-MnO2 hybrids.

(E) HAADF-STEM image of the AK-MnO2, and the intensity profile along the selected rectangular regions, which suggests the missed/defective O atoms

on the surface.

(F) TFY scan for Al K-edge of the MnAl-LDH and AK-MnO2 hybrids.

(G and H) Molecular structure of the pure AK-MnO2 (G) and the corresponding density of state (DOS) curves (H).

(I and J) Molecular structure of the AK-MnO2 with oxygen vacancies (Vo; I) and the corresponding DOS curves (J).

(K and L) Schematic adsorption models for hydrated sodium ion on the surface of the AK-MnO2 without (K) and with (L) oxygen vacancies.
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Moreover, compared with the 30-cycled sample (AK-MnO2), no further obvious
changes in Mn L-edge are found after 50 cycles, implying that a stable status can
be attained after 30 cycles. These results correspond finely to the Mn 2p and Mn
3s X-ray photoelectron spectroscopy (XPS) results (Figure S5). To gain a more com-
plete picture of the reconstruction process, the O K-edge characterization was con-
ducted (Figure 2C). The pre-edge region (below 533 eV) and broad-band region
(over 533 eV) can be attributed to the transition of O 1s to Mn 3d and O 2p
hybrid-state orbital, and O 1s to Mn 4sp and O 2p hybrid-state orbital, respectively.
Generally speaking, the positive shift of the broad band can indicate an increase in
Mn valence.43 Compared with the MnAl-LDH, there is no detectable shift of the
broad band for the Mn(Al)-OH, indicative of the unobvious oxidation of Mn species.
Nevertheless, the significantly positive shift can be detected for the 30-cycled sam-
ple (AK-MnO2), indicative of the oxidation of Mn species to a great degree. The 50-
cycled sample demonstrates no more shift compared with the AK-MnO2, indicative
of complete transformation after 30 electrochemical cycles, very consistent with the
results we mentioned above.

For the C K-edge spectra (Figure S6), the two new peaks at 299 and 302 eV, which
correspond to the characteristic peaks of K L3- and L2-edge,

44 emerge for 30- and
50-cycled electrodes, indicative of the intercalation of K+. This is further proved by
the presence of the intense K 2p peak signals for AK-MnO2 (Figure S7A). On top
of that, the drastic reconstruction process enables the formation of internal defects
to a great degree, which is studied and analyzed by the depth spectra of O 1s (Fig-
ure 2D). The peaks located at 530, 531.7, and 533 eV can be finely detected, corre-
sponding to the bonding of metal and oxygen, oxygen vacancy, and physically/
chemically adsorbed O, respectively.45,46 Impressively, the intensive peak at 531.7
eV implies a significant amount of oxygen vacancies for the as-formed AK-MnO2 hy-
brids. Then, the HAADF-STEM characterization was carried out via spherical-aberra-
tion-corrected TEM to visualize the oxygen vacancies of the AK-MnO2. As shown in
Figure S8, the AK-MnO2 displays an ultrathin and wrinkled nanosheet morphology.
Notably, many created defective sites are distributed at the edge of the nanosheets
(Figures 2E and S8). In addition, according to the intensity profile along the rectan-
gular region, the missed O atom and O defect are observed. For comparison, high-
crystalline MnO2 (HC-MnO2) was also fabricated; please refer to Figure S9 for
details.

The dynamic leaching of Al is tracked by Al K-edge spectra, acquired via TFY and
TEY scan models. As shown in Figure S6B, the Al K-edge signal in the sXAS/TEY
spectrum of the Mn(Al)-OH hybrids demonstrates a decrease compared with that
the MnAl-LDH and then disappears completely for the AK-MnO2 hybrids, indicative
of the gradual leaching of Al from themicrostructure. Likewise, no obvious AlK-edge
signal is demonstrated for the sXAS/TFY scan of AK-MnO2 (Figure 2F), implying that
Al has been leached completely. Furthermore, Al 2p spectra characterization was
carried out, where a finely consistent result was detected (Figure S7B). To evaluate
the key factors of the "nano-tailoring" process, a series of control experiments was
conducted. On one hand, to understand the effect of Al, we also prepared Mn(OH)x
(denoted as Mn-OH) via the same process as for the MnAl-LDH but without the addi-
tion of an Al source. It accords well with the phase structure of Mn(OH)2 (Figure S4).
Interestingly, when treated with the same "nano-tailoring" process as the MnAl-
LDH, the Mn-OH cannot be finely and quickly reconstructed into the small nano-
sheets, manifesting that the deep reconstruction reaction is unfavorable or relatively
poor in dynamics. For more details, please refer to Figures S10–S13. On the other
hand, the effect of electrochemical CV scanning treatment is also discussed. For
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comparison, the MnAl-LDH was only immersed in 6 M KOH electrolyte, without the
CV scanning treatment, and the reaction time was kept consistent with that of the
"nano-tailoring" process. However, an insufficient oxidation and reconstruction pro-
cess was detected (Figure S14), demonstrating that the CV scanning treatment is a
vital factor to efficiently boost the structure evolution to a great degree. As
mentioned above, it can be concluded that Al leaching can ensure the formation
of metastable intermediates to initiate the reconstruction process, where deep
oxidation and reconstruction is further facilitated and finished by the electrochemi-
cal CV scanning treatment.

To understand the underlying effects of oxygen vacancies in the microstructure of
the AK-MnO2 hybrids, DFT calculation was carried out. The AK-MnO2 without or
with oxygen vacancies was used as the model for the calculations (Figures 2G and
2I). The lattice parameters of the AK-MnO2 used are listed in Table S1. For the
AK-MnO2 without oxygen vacancies, the total density of state (TDOS) and partial
density of state (PDOS) at the Fermi level (EF) set at 0 eV display a detectable
band gap, indicative of the semiconductor properties, as illustrated in Figure 2H.
With oxygen vacancies, however, continuous TDOS and PDOS (Figure 2J) near EF

can be detected, indicative of the efficient electron transfer and highly improved
electrical conductivity.47

Moreover, the adsorption of sodium ion was decoupled. The optimized adsorption
structures of hydrated sodium ion on the surface of AK-MnO2 without or with oxygen
vacancies are shown in Figures 2K and 2L. With oxygen vacancies, the hydrated so-
dium ion adsorption energy over the materials is !4.60 eV, which is lower than that
of the AK-MnO2without oxygen vacancies (!4.20 eV). Thus, due to the existence of a
considerable amount of oxygen vacancies, sodium ion adsorption would be ener-
getically favorable on the surface, responsible for boosting the surface/interface re-
action kinetics.

The universality of the "nano-tailoring" process and the two distinct
mechanisms involved

To investigate and explore the universality of the "nano-tailoring" strategy, other
extensively studied LDHs, such as CoAl-LDH and NiAl-LDH, were also prepared
following a similar electrodeposition method and then treated with the "nano-
tailoring" process. For the as-formed CoAl-LDH, a large nanosheet microstructure
with an average size of about 325 nm can be observed (Figures 3A and 3C). Subse-
quently, the "nano-tailoring" process was carried out similar to that of the MnAl-
LDH, triggering fast Al leaching and structure reconstruction (Figures S15 and
S16). It is interesting that the derived hybrids deliver the nanosheet structure with
an average size of about 50 nm with a little aggregation (Figures 3B, 3C, S16C,
and S16D), displaying about seven times decrease in size compared with the pristine
CoAl-LDH. The small nanosheet clusters with short electron transfer path and abun-
dant transfer channels feature the potential to robustly boost charge-storage effi-
ciency for fast and efficient energy storage. Moreover, as revealed by the HAADF-
STEM images and the corresponding elemental maps, Co and O elements are uni-
formly distributed on the as-formed hybrids (Figure 3D). Similar to the AK-MnO2, the
nanosheets are also of low crystallinity (Figure 3E), due to the rapid dynamic recon-
struction-induced formation of unsaturated sites and defects, thus contributing to
the following high reactivity.

To gain a clearer understanding of the microstructure, the evolution of the phase
components during the reconstruction process was tracked by XRD patterns in
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Figure 3. The application of the "nano-tailoring" strategy to configure Ni- and Co-based low-crystallinity nanosheets

(A and B) SEM images of the CoAl-LDH (A) and the 200-cycled hybrids (A-CoOOH) (B).

(C) Size distribution of the CoAl-LDH and A-CoOOH hybrids.

(D) HAADF-STEM image of the A-CoOOH and the corresponding EDS maps (K-edge).

(E) HR-TEM image of the A-CoOOH hybrids.

(F and G) Soft XAS spectra: Co L-edge (F) and O K-edge (G) spectra of the CoAl-LDH and the 50- and 200-cycled hybrids.

(H and I) SEM images of the NiAl-LDH (H) and the 400-cycled hybrids (A-NiAl-LDH) (I).

(J) Size distribution of the NiAl-LDH and A-NiAl-LDH hybrids.
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detail. As the "nano-tailoring" process goes on, the CoAl-LDH is transformed to the
CoOOH phase (JCPDS card no. 07-0169) with a low crystallinity after 50 electro-
chemical cycles (Figure S17A). After 200 cycles, the crystallinity further decreases
and only the peak corresponding to the interlayer spacing can be detected, indica-
tive of the low-crystallinity/amorphous features in the [CoO6] laminate, thus corre-
sponding to the HR-TEM results (Figure 3E). The final derived low-crystallinity
CoOOH structure is thus labeled as A-CoOOH.

The dynamic reconstruction process was further studied by sXAS spectra. The Co L-
edge spectrum of the CoAl-LDH displays the typical peaks a and b that can be in-
dexed to Co2+, indicative of the Co2+-dominant features (Figure 3F). However, after
50 cycles, the intensity of the two peaks decreases to a great degree, while a new
intensive peak emerges, denoted as peak c, that corresponds to Co3+, indicative
of a significant oxidization of Co2+ to Co3+.48 After 200 cycles (A-CoOOH), peaks
a and b completely disappear, while peak c keeps a high intensity, indicative of
the deep evolution and transformation from Co2+ to Co3+. This is also confirmed
by the Co 2p XPS spectra (Figure S17B), which is displayed and discussed in the sup-
plemental information. For the O K-edge of the CoAl-LDH, the pre-peak at about
531.1 eV can be assigned to the hybridization of Co 3p to O 2p.49 After 50 and
200 cycles, the peak intensity displays a significant increase, while the position dem-
onstrates a negative shift (Figure 3G), indicative of the intensified and modulated
Co-O hybridization during the evolution process. Moreover, to further understand
the key role of Al, a control experiment was carried out. To be specific, Co(OH)2
with a nanosheet-shaped structure was formed by a similar electrodeposition pro-
cess without an Al source. Then it was treated with the same process as the CoAl-
LDH. However, the nanosheets were transformed into the bulky structure instead
of small nanosheets (Figure S18), vividly confirming that the in situ leaching of Al
is of great importance for the success of the "nano-tailoring" process.

Some similar, but not exactly the same, results are witnessed for the NiAl-LDH. The
NiAl-LDH fabricated through electrodeposition also displays a uniform nanosheet
microstructure with an average size of about 202 nm (Figures 3H and 3J). Subse-
quently, the "nano-tailoring" process was allowed to proceed, and the corresponding
microstructure evolution was further tracked and analyzed. Notably, the morphology
displays a sluggish change, and significant structure destruction into small nanosheets
(with a size of about 77 nm) is detected after 400 cycles (Figures 3I, 3J, S19A, and
S19B). Moreover, as demonstrated in the HAADF-STEM image and elemental map-
ping images, Ni and O elements are uniformly distributed in the 400-cycled NiAl-
LDH, while the signal of Al is weakened a lot compared with that of the pristine
NiAl-LDH (Figures 3K and S20). And as demonstrated in the HR-TEM image (Figure 3L)
and XRD results (Figure S19C), the 400-cycled NiAl-LDH also delivers low-crystallinity
features like the AK-MnO2 and A-CoOOH, and is thus denoted as A-NiAl-LDH. Some-
what surprisingly, based on the SEM/energy dispersive X-ray spectroscopy (EDS) and
depth XPS results, a considerable amount of Al species was still present on the surface
and subsurface after the "nano-tailoring" process (Figures S19D–S19F).

To further understand the bonding information and electronic structure, the recon-
struction of the NiAl-LDH during the "nano-tailoring" process was studied and

Figure 3. Continued

(K) HAADF-STEM image of the A-NiAl-LDH and the corresponding EDS maps (K-edge).

(L) HR-TEM image of the A-NiAl-LDH hybrids.

(M and N) Soft XAS spectra: Ni L-edge (M) and O K-edge (N) spectra of the NiAl-LDH and that after 400 and 800 cycles.

(O) Schematic illustration of the underlying principle of the "nano-tailoring" process.
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decoupled by sXAS spectra (TEY mode). The Ni L-edge spectrum of the NiAl-LDH is
exactly comparable to that of the Ni(OH)2 reference sample, implying that Ni2+ is
dominant in the microstructure (Figure 3M).50 After 400 and 800 cycles, the spectra
display no appreciable changes compared with that of the pristine NiAl-LDH. With
this information in mind, it can be concluded that there is no apparent increase in
the valence state of Ni during the "nano-tailoring" process. Furthermore, the O K-
edge spectra of the as-formed hybrids were also examined and analyzed (Figure 3N).
The pre-peak of the O K-edge can be attributed to the hybridization of Ni 3d and O
2p.51 Compared with the pristine NiAl-LDH, a positive shift of the pre-peak can be
detected after 400 and 800 cycles, which becomes closer to the Ni(OH)2 reference
sample. This implies a tuned interaction between Ni and O during the "nano-
tailoring" process, which is triggered by the irreversible Al leaching and surface elec-
tronic structure modulation.

The C K-edge spectra of the NiAl-LDH and that after 400 cycles (A-NiAl-LDH), as well
as the CoAl-LDH and that after 200 cycles (A-CoOOH), were further examined. It is
noteworthy that significant peaks at around 300 eV for A-CoOOH can be observed,
corresponding to the typical peaks of K L3-and L2-edge, as we mentioned before.
This indicates that intercalation of K+ happens during the "nano-tailoring" process
for the CoAl-LDH, which is similar to that of the MnAl-LDH. However, the typical
peaks of K L-edge cannot be detected for the A-NiAl-LDH (Figure S21), implying
that the dynamics are unfavorable or sluggish for K+ to intercalate into the micro-
structure of the NiAl-LDH during the "nano-tailoring" process.

As mentioned above, some underlying principles are surely followed in the "nano-
tailoring" process, which are uncovered and discussed here. In general, the reduc-
ibility of M2+ in LDHs acts as a vital factor in the "nano-tailoring" process, and the
reconstruction mainly involves two distinct types, as illustrated in Figure 3O: (1) ox-
idization-boosting type (such as Mn2+, Co2+) and (2) non-oxidization type (such as
Ni2+). For the oxidization-boosting type, M2+ features metastable characteristics
with a strong oxidation tendency. Accordingly, the as-generated strong internal
strain would result in a mismatched electronic construction, thus inducing the forma-
tion of unsaturated sites and numerous defects for ultrafast Al leaching. The dra-
matic Al leaching results in a significant loss of positive charges, thus attracting an
irreversible intercalation of the univalent charge carriers (K+ ions) as the compensa-
tion charges.52,53 In the meantime, K+ may serve as an electron donor and bond with
O atoms to some extent, thus weakening the bonding of M-O and producing some
oxygen vacancies.54 Finally, the phase evolution process would be accelerated. For
the second type, M2+ is thermodynamically stable and oxidation is unfavorable,
demonstrating a well-matched electronic construction and a robust interactive
bonding. Due to the lack of strong internal strain effects, the phase evolution is high-
ly restricted and sluggish in dynamics. In this case, given that Al leaching displays a
slow rate, the partial removal of interlayer anions would be capable enough to main-
tain the charge balance well.55 Therefore, a prodigious energy barrier would be
required for K+ intercalation, which would hardly occur. To sum up, it is exciting to
note that the "nano-tailoring" process is universal for the top-down configuration
of low-crystallinity and small-sized electrode materials with structural defects,
although a different leaching process is presented, possessing great prospects for
serving the energy and catalysis fields.

Characterization and evaluation of the electrochemical performance

The electrochemical performance of the as-made hybrids was evaluated. Impres-
sively, for the AK-MnO2 hybrids, even at a super-high scan rate of 1 V s!1, no
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significant deformation of CV curves could be detected (Figure 4A), indicative of the
superior rate performance. The charge-storage capability in terms of surface/inter-
face reaction dynamics is further decoupled by the following equation:

i = avb.

It can also be written as:

log(i) = blog(v) + log(a) (a, b are constants).

Here, the b value can be applied to determine surface-reaction-dominated contribu-
tion (when the b value is near 1.0) and diffusion-dominated contribution (when the b
value is near 0.5). It was found that the b value for AK-MnO2 is greater than 0.8 at
different voltages, and this value is greater than 0.9 in the range of 0–0.72 V, indicative
of a surface-reaction-dominated charge-storage process (Figure 4B). Subsequently,
the capacitive contribution was evaluated based on the CV curves, which is explained
and analyzed in Figure S22. Accordingly, it was found that the capacitive contribution

Figure 4. Electrochemical performance and comparison of the hybrids

(A) CV curves of the AK-MnO2 hybrids at different scan rates.

(B) b values of the AK-MnO2 at different voltages. Inset: the logarithm of current densities versus

logarithm of scan rates for the AK-MnO2 electrode.

(C) Capacitive contribution of the AK-MnO2 at different scan rates.

(D) Galvanostatic charge/discharge curves of the AK-MnO2.

(E) Specific capacitance of the MnAl-LDH, Mn(Al)-OH, 30-cycled Mn-OH, and AK-MnO2 at different

current densities.

(F) Cycle performance of the AK-MnO2 hybrids at 6 A g!1.
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can reach 84% at 2 mV s!1, 85% at 5 mV s!1, 87% at 10 mV s!1, 91% at 20 mV s!1, and
up to 94% at 30 mV s!1 (Figures 4C and S22), indicative of a surface-reaction-depen-
dent charge-storage process and responsible for a high rate performance and stabil-
ity. Subsequently, electrochemical impedance spectroscopymeasurements were con-
ducted. Generally speaking, the solution resistance (Rs, obtained by the x intercept of
the Nyquist plots) is used to identify the internal barrier and ion response capability,
while the charge-transfer resistance (Rct, obtained by the diameter of the semicircle
of the Nyquist plots) is used to evaluate the charge-delivery capability at the elec-
trode/electrolyte interface. The Nyquist plots are displayed in Figure S23. It was found
that AK-MnO2 exhibits significantly reduced Rct and Rs values compared with the coun-
terparts. And the IR drop value was 69 mV at 50 A g!1, and only 146 mV even at a su-
per-large current density of 100 A g!1 (Figure 4D), further indicative of a lower internal
resistance. The Coulombic efficiency was 98% at 1 A g!1 and could reach over 98% at
different current densities, manifesting the highly reversible charge-storage process,
with a superior stability. Therefore, AK-MnO2 is capable of concurrently realizing a
high Coulombic efficiency and low IR drop, superior to other electrodes to some de-
gree (Figures S24 and 25). In view of the above, the optimal mass-transport and
charge-transfer kinetics can be well accomplished by engineering a highly defective,
active site-enriched microstructure. The AK-MnO2 electrode delivers a high capaci-
tance value of 356 F g!1 at 1 A g!1, with an ultrahigh retention rate of 67% at 100 A
g!1, indicative of a very sound rate performance, outperforming the Mn(Al)-OH,
MnAl-LDH, HC-MnO2, and 30-cycled Mn-OH electrodes to a great degree (Figures
4E and S25). That is to say, thanks to the "nano-tailoring" process, the microstructure
is endowed with in situ incorporated oxygen vacancies, as well as abundant accessible
area or favorable active edge sites, eventually promoting its mass-transport and
charge-transfer process for efficient energy storage. In addition, a sound retention
rate of 85% is realized for AK-MnO2 after 5,000 cycles at 6 A g!1 (Figures 4F and
S26), indicative of high stability. These decent capacitive properties are all in the front
rank among previously reported MnO2-based electrodes (Table S2). Considering the
mass loss after the "nano-tailoring" process, electrodes with the same mass loading
were fabricated by varying the electrodeposition time of the precursor, and their per-
formances were further compared. As shown in Figure S27, the capacitance perfor-
mance of the as-formed AK-MnO2 is much superior to that of the counterparts. On
the other hand, thanks to the "nano-tailoring" process, superior charge-storage capa-
bility can also be realized for A-CoOOH and A-NiAl-LDH; please refer to Figures S28
and S29 for details. Therefore, with the positive effects of the "nano-tailoring" process,
a sharply strengthened charge-storage capability is gratifyingly reached. It is expected
that these findings will provide more possibilities in the energy field and help with the
generation of more insightful inspirations and attempts. Looking ahead, to enable
substantial achievements in methodology, it would be highly appreciated to oper-
ando track the surface/interface interaction, coordination information, and spatial
charge distribution. And it is highly recommended to develop time-saving, control-
lable, and low-cost configuration methods for upcoming green and sustainable en-
ergy systems.

Conclusion

In summary, a universal "nano-tailoring" strategy is presented here to robustly
convert transition-metal hybrids into low-crystallinity, active edge sites and va-
cancy-enriched hybrids, where the involved phase-evolution rule is unveiled and de-
coupled with the help of the sXAS technique. As a representative sample, the "nano-
tailoring" process triggered the transformation of the MnAl-LDH into the low-crys-
tallinity AK-MnO2, accompanied by the in situ incorporation of abundant active sites
and oxygen vacancies. Furthermore, as demonstrated by the DFT calculation results,
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the oxygen vacancies in the microstructure can not only help facilitate the electron
transfer process, but also boost the adsorption of hydrated Na+ for enhanced reac-
tion dynamics. As such, the as-formed AK-MnO2 hybrids can deliver a high capaci-
tance value of 356 F g!1 with an ultrahigh retention rate of 67% at a super-large cur-
rent density of 100 A g!1, indicative of a very superior rate performance. More
importantly, the "nano-tailoring" process features a sound universality that can
also in situ transform NiAl-LDH and CoAl-LDH into transition-metal hybrids with
low-crystallinity and highly active microstructures. Furthermore, we propose a prin-
ciple of the "nano-tailoring" process and further divide it into two main branches
based on the reducibility of M2+ in the M2+Al-LDH, (1) oxidization-boosting type
and (2) non-oxidization type, where the reaction rate and structural evolution pro-
cess features a substantial difference. It is expected that this "nano-tailoring" strat-
egy will provide and spur many opportunities and ideas for configuring kinetically
favorable nanomaterials, serving as a good model and reference for the develop-
ment of materials adopted in the energy- and catalysis-related fields.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact
Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Jieshan Qiu (jqiu@dlut.edu.cn, qiujs@mail.
buct.edu.cn).

Materials availability
All chemicals were purchased from commercial suppliers and used directly without
further purification: Mn(NO3)2 aqueous solution, Al(NO3)3$9H2O, and Ni(-
NO3)2$6H2O were purchased from Xilong Scientific Co., Ltd.; Co(NO3)2$6H2O,
KMnO4, KOH, and Na2SO4 were purchased from Tianjin Kemiou Chemical Reagent
Co., Ltd.; and the carbon fiber was purchased from Shanghai Hesen Electric Co., Ltd.

Data and code availability
This study did not generate/analyze datasets/code.

Fabrication of the MnAl-LDH, Mn(Al)-OH, and AK-MnO2

TheMnAl-LDHnanosheetswere fabricatedby a simple electrodepositionmethod. First,
CP (23 3.3 cm2) was treated in 80 mL of concentrated nitric acid for 24 h to form a hy-
drophilic surface. After that, 0.6 mmolMn(NO3)2 and 0.4 mmol Al(NO3)3 were dissolved
in 50 mL of deionized water under continuous stirring for 5 min, forming a light pink,
transparent solution for electrodeposition. Thenpre-treatedCP, saturated calomel elec-
trode, and Pt plate (23 2 cm2) were used asworking electrode, reference electrode, and
counter electrode, respectively. The electrodeposition process was carried out on a
CHI760D electrochemical workstation at a voltage of !1.5 V for 10 min, yielding the
MnAl-LDHonCP.Next, the as-formedMnAl-LDHhybrids were soaked in 6MKOHelec-
trolyte for 2 min, yielding the Mn(Al)-OH. Then, it was further cycled by a CV technique
with a voltage range of 0–0.6 V for 30 cycles, yielding the AK-MnO2 hybrids.

Fabrication of the Mn-OH

In comparison, the Mn-OH hybrids were formed by a similar electrodeposition pro-
cess without the addition of an Al source. The as-formed hybrids were washed with
water and ethanol thoroughly and dried at 60"C for 2 h.
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Fabrication of the HC-MnO2

For the fabrication of the HC-MnO2, pre-treated CP (23 3.3 cm2) was immersed into
40 mL aqueous solution containing 0.316 g KMnO4. After being treated at 180"C for
3 h in a Teflon-lined autoclave, the HC-MnO2 was formed. It was washed with water
and ethanol thoroughly and dried at 60"C for 2 h.

Computational methods

The calculations, based on DFT, were carried out by the CASTEP module in Materials
Studio56 (version 8.0, Accerly Corporation). The electron-ion interaction was described
by Vanderbilt-type ultrasoft pseudopotentials and the exchange-correlation function
was treated using the generalized gradient approximation (GGA) of Perdew et al. as
parameterized by Perdew-Burk-Ernzerhof and with spin-polarized consideration.57,58

For the present study, the GGA + U calculation with an empirical Coulomb repulsion
term U value of 3.9 eV was employed for the d-like states of Mn atoms.59 The energy
cut-off of 520 eV was set for the plane-wave basis set and a 33 833 net was used with
the Brillouin zone sampling scheme of a Monkhorst-Pack grid.60 For highly precise re-
sults, self-consistent field tolerance was 1.0 3 10!6 eV/atom.

First, the geometrical optimization was performed and the convergence was defined
as an ultrafine tolerance with 5 3 10!6 eV atom!1 of the difference in total energy,
0.01 eV Å!1 of maximum force, 0.02 GPa of maximum stress, and 5 3 10!4 Å
maximum atomic displacement. After the optimization of the unit cells, the calcula-
tions of single-point energy were performed and the TDOS and PDOS of AK-MnO2

with and without oxygen vacancies were obtained.

For the calculations of adsorption energy, since the (001) facet is exposed naturally
and is more stable with lower surface energy than the dominant (110) facet,47 the
(001) facet was cleaved and slab models with a 15 Å vacuum gap that were perpen-
dicular to the surface were built. The Brillouin zone sampling was restricted to 3 3 4
3 1 k-points due to the larger size of the unit cell. After geometrical optimization of
the slab, hydrated sodium ion was added to the surface and the subsequent optimi-
zations and calculations of single-point energy were performed with fixed size of the
unit cell, because the introduction of ion did not significantly change the size and
shape of the cell. The hydrated sodium ion was optimized in a 153 153 15 Å3 cubic
box with the G-point and the same stopping criterion.

The adsorption energy (Eads) of the hydrated sodium ion on the surface was
computed from three pairs given by:

Eads = E(H2O/Na
+
-KMnO2) ! (EKMnO2 + EH2O/Na

+),

where EH2O/Na
+
-KMnO2 is the total energy of the hydrated sodium ion adsorbed onto

the (001) surface at the hollow site, EKMnO2 is the energy of the AK-MnO2 slab, and
EH2O/Na

+ is the energy of the hydrated sodium ion.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.06.035.
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