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A B S T R A C T   

Layered double hydroxides (LDHs) have been the subject of increasing research due to their unique 2D or 3D 
structures and promising applications. However, achieving precise control over their morphology and archi-
tecture has proven to be a significant challenge. In this work, we present an oriented self-assembly strategy for 
the synthesis of ultrathin 2D-on-3D CoNi-LDHs nanoflowers (NFs) at ambient temperature. Ex situ and in situ 
characterization techniques were employed to elucidate the formation process of the 2D-on-3D CoNi-LDHs hi-
erarchical structure. The 2D nanosheets are composed of CoNi(OH)2 seeds that undergo rapid nucleation and 
growth. Under the influence of oriented attachment and Ostwald ripening, the 2D nanosheets continue to 
crystallize along the axial and radial directions, resulting in the formation of 2D-on-3D CoNi-LDH NFs. This 
unique 2D-on-3D LDHs structure possesses an ultrathin thickness of approximately 1.5 nm, nanopores with a 
diameter of approximately 3.8 nm, and a large surface area of approximately 154 m2/g. These properties 
manifest excellent energy-storage performance in supercapacitors. Our approach provides important insights into 
the precise synthesis of LDHs with a 2D-on-3D hierarchical structure. The synthesis of LDHs with well-defined 
structures is a significant challenge in materials science. Our work contributes to the advancement of this 
field and has the potential to facilitate the development of new, high-performance energy-storage devices.   

1. Introduction 

Layered double hydroxides (LDHs) represent a class of 2D nano-
materials, which possess a chemical structure akin to 
[M2+

1− xM3+
x(OH)2]x+ [An−

x/n⋅mH2O], where M2+/M3+ and An− denote 
divalent/trivalent metal ions and charge-balancing anions, respectively 
[1–3]. These materials are commonly synthesized in either aqueous or 
organic solvents, where reaction additives such as alkali sources, sur-
factants, and salt ions, along with precise temperature control, resulting 
in a convective reaction solution that reaches a supersaturated state, 
thus prompting crystal precipitation and growth [4]. The LDHs formed 
under such hydrothermal/solvothermal conditions [5–7] exhibit two 
primary structures, including two-dimensional (nanosheets and nano-
ribbons) [8] and three-dimensional (nanoflowers) materials [9,10]. By 
finetuning the microstructures of LDHs (such as crystal and electronic 
structures) and designing their macrostructures on the morphological 

scale [11], LDHs display remarkable catalytic and electrochemical per-
formance [12]. These exceptional properties hold vast potential for 
myriad applications, such as water splitting/oxidation [13–15], photo-
catalysis [16–17], oxygen/hydrogen evolution, [18–21], and super-
capacitors [22–24]. 

In the liquid phase, well-dispersed two-dimensional (2D) LDHs 
exhibit a high specific surface area and abundant active sites, which 
facilitate the diffusion of ions/molecules and the transfer of electrons. 
However, previous investigations have demonstrated that the thickness 
of the acquired LDHs is largely greater than 10 nm, indicating the 
stacking of multiple nanosheets. This stacking hinders the exposure of 
LDH surfaces between adjacent nanosheets, thereby lowering catalytic 
performance and long-term stability. Recent studies have endeavored to 
construct three-dimensional (3D) LDHs with structures that can further 
enhance catalytic/electrochemical performance and augment stability 
[25–26]. These 3D LDHs are formed on a substrate (such as carbon cloth, 
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metal mesh, or graphene) [27–31] via laboratory-scale procedures (with 
a volume less than 50 mL) [4,32,33]. However, given that the synthesis 
reactions require stringent conditions like high temperature and pres-
sure, it proves challenging to scale up the existing procedures for pro-
ducing large amounts of LDHs that are fit for real-world applications. 

During synthesis, the nascent LDHs exist predominantly in the form 
of a block or thick matrix [34]. This phenomenon is likely due to various 
factors that emerge during the synthesis process. Firstly, divalent/ 
trivalent metal salts have a tendency to hydrolyze under alkaline con-
ditions, which can lead to their aggregation into solid nanoparticles 
before co-assembly occurs [35]. Secondly, while the LDH structure is 
driven by the controllable assembly of nanoparticles between surfac-
tants or structural guides under hydrothermal conditions, the resulting 
structures of LDHs are largely uncontrollable [36,37]. Therefore, the 
synthesis of ultrathin 2D nanosheets on 3D architectures is deemed a 
promising strategy for LDH applications. Such a 2D-on-3D hierarchy 
structure incorporates the benefits of both types of LDHs, such as high 
exposure of ultrathin 2D nanosheets and great stability of the 3D 
structure, for the aforementioned applications [38–40]. More impor-
tantly, the growth of 2D nanosheets into 3D structures is likely to result 
in channels with varying directions, thereby enhancing ion/molecule 
diffusion and increasing absorption capacity [41–43]. Nevertheless, the 
orderly synthesis of a 2D-on-3D hierarchy structure in a controlled 
manner is by far difficult, primarily due to the absence of a self-assembly 
system capable of generating 2D ultrathin nanosheets and 3D scaffold 
architectures concurrently. 

In this work, we present an oriented self-assembly strategy that has 
been developed to synthesize ultrathin cobalt–nickel nanoflowers (2D- 
on-3D CoNi-LDH NFs) under ambient conditions. The introduction of 
ethanolamine into an ethanol/water system generates an alkaline 
environment that facilitates nucleation and oriented self-assembly at the 
interface. The resulting ultrathin 2D-on-3D CoNi-LDH NFs have been 
extensively characterized in order to elucidate their formation mecha-
nisms and evaluate their electrochemical performance. Our results 
indicate that the synthesis reaction underwent oriented attachment and 
Ostwald ripening processes, which regulated the growth of nano-
crystalline seeds in an oriented manner, leading to the crystallization of 
ultrathin 2D-on-3D CoNi-LDH NFs. These nanoflowers exhibit a large 
surface area of approximately 154 m2/g, an ultrathin nature of single 
nanosheets (~1.5 nm), and an anisotropic 3D structure. Furthermore, 
the synthesized 2D-on-3D CoNi-LDH NFs exhibit a superior capacity of 
371 mAh/g (2400F/g at 1 A/g), which results in a high voltage of 1.7 V, 
an energy density of 98.9 Wh kg− 1 at an ultrahigh power density of 
17981 W kg− 1. These properties make them highly advantageous for 
supercapacitor applications. It is worth noting that the anode made from 
this material also displays excellent cycle stability, indicating its great 
potential for a range of real-world electrochemical applications. 

2. Results and discussion 

Synthesis and characterization of 2D-on-3D CoNi-LDH NFs. In 
the usual method of producing CoNi NSs (as shown in Scheme 1A), 
NaOH is used as a precipitant, causing the accumulation and expansion 

of seeds to form bulk cobalt–nickel LDH (bulk CoNi-LDH). Our 
approach, however, involves synthesizing 2D-on-3D CoNi-LDHs NFs at 
room temperature using a combination of self-assembly techniques 
known as an oriented attachment and Ostwald ripening growth (Scheme 
1B). In our synthesis design, we used cobalt chloride hexahydrate and 
nickel chloride hexahydrate as metal precursors, with ethanolamine 
serving as a structure-directing agent and base source. The solvent used 
for hydrolyzing ethanolamine was a mixture of ethanol and water. 
NH3

+(CH2)2OH was released as a complexing agent to regulate the for-
mation and growth orientation of the seeds. The synthesis process begins 
at the interface between ethanolamine and the ethanol/water mixture, 
where NH3

+(CH2)2OH, OH− , Co2+, and Ni2+ combine to form nano-
crystalline seeds through oriented attachment, leading to the creation of 
2D CoNi NSs. Subsequently, anisotropic self-assembly occurs, resulting 
in the formation of 2D-on-3D CoNi-LDHs NFs. 

We used scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) to observe the morphology of the products. 
The bulk CoNi-LDHs (Fig. 1B and 1F) show a disorderly arrangement. 
Conversely, the 2D-on-3D CoNi-LDHs NFs display a 3D flower-shaped 
anisotropic architecture (Fig. 1A and 1E) that consists of ultrathin 2D 
NSs with a uniform size distribution. Energy dispersive spectroscopy 
(EDS) confirms that cobalt, nickel, and oxygen are evenly distributed in 
both the 2D-on-3D CoNi-LDHs NFs (Fig. 1C) and the bulk CoNi-LDHs 
(Fig. 1D). We used atomic force microscopy (AFM) to measure the 
thickness of the 2D-on-3D CoNi-LDHs NFs, which is approximately 1.5 
nm. This indicates a structure composed of three layers of CoNi LDH 
with an ultrathin 2D structure (Fig. 1G). In contrast, the bulk CoNi-LDHs 
have a thickness of about 20 nm (Fig. S1), suggesting the presence of 
multiple layers stacked together. 

High-resolution TEM (HRTEM) was employed to examine the 
microscopic crystal structure of the materials. The 2D-on-3D CoNi-LDHs 
NFs revealed the presence of nanopores measuring 2–4 nm (white circles 
in Fig. 1H and Fig. S2B). These nanopores were not found in the bulk 
CoNi-LDHs (Fig. 1I and Fig. S2A). Interestingly, the nanopores in the 2D- 
on-3D CoNi-LDHs NFs seemed to be roughly spherical, which could have 
been generated via Ostwald ripping that preferentially consumes the 
prominent atoms. Furthermore, the crystal fringe spacing of the 2D-on- 
3D CoNi-LDHs NFs and bulk CoNi-LDHs exposed crystal faces is 2.6 Å 
and 2.3 Å, respectively, corresponding to the plane spacing of (012) and 
(015). The presence of nanopores in 2D-on-3D CoNi-LDHs NFs likely 
increases the oxygen vacancy density and the number of free electrons in 
the CoNi center, resulting in an extremely strong EPR signal of the 
sample, as exhibited in Fig. 1J. In contrast, the weak EPR strength of 
bulk CoNi-LDHs without nanopores is attributed to the formation of 
CoNi-saturated coordination species and dipolar interactions between 
CoNi ions, which significantly reduce the availability of free electrons. 

Nitrogen adsorption–desorption isotherms have been used to deter-
mine the surface area and pore size distribution of the samples. The 2D- 
on-3D CoNi-LDHs NFs show a specific surface area of 154 m2/g, which is 
3.14 times larger than that of the bulk CoNi LDH. The pore size distri-
bution curves, based on the N2 desorption data (Fig. S3 and Table S1), 
confirm the presence of pores with a diameter of 3.8 nm, consistent with 
the HRTEM analysis results. The pore volume calculated from the N2 

Scheme 1. A, B Illustration of synthesis procedure of the bulk CoNi LDH (traditional route) and 2D-on-3D CoNi-LDH NFs (our work).  
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desorption branch, known as Barrett-Joyner-Halenda (BJH), demon-
strates that the 2D-on-3D CoNi-LDHs NFs have a significantly higher 
pore volume (0.643 cm3 g− 1) compared to bulk CoNi-LDHs (0.086 cm3 

g− 1), confirming the high porosity of the 2D-on-3D CoNi-LDHs NFs. 
Overall, the anisotropic architecture of 2D-on-3D CoNi-LDHs NFs pos-
sesses ultrathin and nanoporous characteristics that enhance mass 
transport within the material. 

The application of X-ray diffraction (XRD) techniques to the analysis 
of bulk CoNi-LDHs and 2D-on-3D CoNi-LDHs NFs (Fig. 2A) has revealed 
an assortment of distinct diffraction peaks, precisely located at 2θ values 
of 11.9◦, 22.8◦, 34.3◦, 34.8◦, 38.7◦, 45.7◦, 60.9◦, 61.4◦, and 71.3◦. These 
peaks can be unequivocally attributed to the crystallographic planes 
denoted by their corresponding Miller indices, namely (003), (006), 

(101), (012), (015), (018), (110), (113), and (112), respectively. 
These patterns of diffraction precisely match the standard pattern of 
CoNi-LDHs (JCPDS 33-0429) and α-Ni(OH)2 (JCPDS 38-0715). In 
addition, the XRD patterns obtained from bulk CoNi-LDHs prove to be 
harmonious with the anticipated diffraction behavior of CoNi-LDHs 
(JCPDS 33-0429). Furthermore, analogous patterns of diffraction 
observed for cobalt/nickel metal ratios also exhibit compelling 
compatibility with α-Ni(OH)2 (JCPDS 38-0715) (Fig. S4). 

Additionally, X-ray photoelectron spectroscopy (XPS) was employed 
to reveal the electronic states of the materials. The Co 2p spectrum of 2D- 
on-3D CoNi-LDHs NFs (Fig. 2C) exhibited binding energies at 797.3 and 
781.7 eV, which corresponded to the Co 2p1/2 signal peaks of Co2+ and 
Co 2p1/2 signal peaks of Co3+. These signals indicated the presence of the 

Fig. 1. Structural characteristics of the 2D-on-3D CoNi-LDH NFs and bulk CoNi LDH. A, B SEM images, C, D EDS images, E ~ F TEM images, G AFM images, H, I 
HRTEM images, and J EPR spectra. 

Fig. 2. Comparison of crystalline structure and composition of 2D-on-3D CoNi-LDH NFs and bulk CoNi LDH. A The XRD patterns of 2D-on-3D CoNi-LDH NFs and 
bulk CoNi LDH. High-resolution XPS elemental spectra of B Co 2p, C Ni 2p, D O 1 s of 2D-on-3D CoNi-LDH NFs and bulk CoNi LDH. 
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Co3+/Co2+ state in the materials. Moreover, the binding energies at 
873.9 and 856.1 eV corresponded to the Ni 2p1/2 and Ni 2p3/2 signal 
peaks of Ni2+, implying the valence state of Ni2+ (Fig. 2C). Compared to 
bulk CoNi-LDHs, the Co 2p and Ni 2p energy spectra of 2D-on-3D CoNi- 
LDHs NFs shifted to a higher binding energy by about 0.3 ~ 0.5 eV, 
indicating electron deficiency of 2D-on-3D CoNi-LDHs NFs. The energy 
spectrum of O 1 s (Fig. 2D) could be deconvoluted into two peaks at 
531.7 eV and 532.9 eV, which corresponded to oxygen in hydroxyl 
groups (–OH) and adsorbed H2O molecules, respectively. Compared 
with bulk CoNi-LDHs, the O 1 s energy spectrum shifted to a higher 
binding energy, consistent with the results of Co 2p and Ni 2p energy 
spectra. 

Formation mechanisms of 2D-on-3D CoNi-LDHs NFs. To unravel 
the mechanisms underlying the formation of ultrathin 2D-on-3D CoNi- 
LDHs NFs, we meticulously observed the morphology evolution at 
different time stages (Fig. 3A) and identified a three-step formation 
process. 

Step 1 involves the nucleation and growth stage, which occurs within 
a mere 30 s. During this stage, Ni2+ and Co2+ react swiftly with OH− to 
form CoNi-OH seeds, which quickly aggregate into primary CoNi-OH 
nanocrystals (Fig. 3B). NH3

+(CH2)2OH tends to adsorb on the (110) 
facets of CoNi-OH nanocrystals, facilitated by electrostatic interactions 
and hydrogen bonding among NH3

+(CH2)2OH, Ni2+, and Co2+. This 
drives the formation of nanocrystals through an oriented attachment 
process, taking advantage of the large specific surface area and high 
specific surface energy of the nanocrystals, which increases the total 
energy of the system. This energy increase leads to the oriented 
attachment of nanocrystals along the crystal plane with higher energy. 
After 5–10 s, the crystal axes along the axis (001) and the radial axis 
(101) were oriented, forming 2D nanosheets with slightly larger folds 
(Fig. 3C and 3D). 

To investigate the nanocrystal formation process at the initial stage 
of the reaction, in situ SAXS was employed (Fig. 3L). The scattering 
vector, q, ranges from 0.08 to 4 nm− 1, corresponding to the spatial size 
of 1.6 – 78.5 nm. Within the first second of the reaction, CoNi-OH 
nanocrystalline self-assembly and aggregation occurred, and the size 
was beyond the detection range of SAXS (>78.5 nm). These results 
indicate that a high-energy system formed at the initial stage of the re-
action, which accelerated the completion of the self-assembly of the 

reaction system. 
After 30 s of reaction time, the folded nanosheets formed an initial 

scale of 2D folded nanosheets by means of anisotropic attachment 
(Fig. 3E). The (110) facet of the CoNi(OH)2 seeds is more stable than the 
(012) and (015) facets with high surface energy (Fig. 3J and S5-7), 
which renders the (110) facet more attractive to NH3

+(CH2)2OH 
adsorption to further reduce surface energy. This results in the (110) 
facet of the CoNi(OH)2 seeds possessing a positive charge, which drives 
the organization of small seeds into nanosheets through an oriented 
attachment process facilitated by electrostatic interactions and 
hydrogen-bond interactions between the NH3

+(CH2)2OH adsorbents. 
Ethanolamine plays a vital role in initial orientation, nucleation, and 
growth in this step. It can promote the formation of CoNi-OH- 
[NH3

+(CH2)2OH] in an aqueous solution, regulate the release of cobalt/ 
nickel ions from the complex, and ultimately affect the precipitation rate 
of CoNi-OH. 

Step 2: the oriented attachment process. As the reaction progresses 
for 1 min, the self-assembly of 2D wrinkle nanosheets exhibited an 
orientational disposition, yielding a remarkable 3D nanoflower struc-
ture (Fig. 3F). Upon extending the reaction time to 5 min, the 2D ul-
trathin nanosheets of the architecture witness a further increase in both 
their lateral size and dimensions. It is during this progression that small 
crystal nuclei agglomerate to form large particles, while the 2D ultrathin 
nanosheets experience pronounced wrinkling (Fig. 3G and 3 K). The 
outcome of this process is a 3D nanoflower arrangement, comprising 
nanosheets characterized by 2D approximate hexagonal and wrinkling 
surfaces. After a span of 30 min, the size of the material undergoes a 
significant increase, while the phase remains largely unaltered from its 
initial state (Fig. 3H and 3 M). 

Steps 3–4: the process of crystallization whereby ultrathin wrinkle 
nanosheets transform into ultrathin nanosheets is dominated by the 
confluence of self-assembly and Ostwald ripening mechanisms. The 
resulting anisotropic nanosheets are assembled into a 2D-on-3D CoNi- 
LDHs NFs nanoflower architecture (Fig. 3I). Following a reaction 
period of 6 h, the ultrathin nanosheets continue to crystallize in both 
axial and radial directions, continuing in the formation of flower-like 
2D-on-3D CoNi-LDHs NFs with high crystallinity and stability. The 
thickness of the nanocrystals is uniform in both axial and radial di-
rections, giving rise to a complete and uniform crystal surface. The 

Fig. 3. The formation mechanisms of 
2D-on-3D CoNi-LDH NFs. A Schematic 
illustration for 2D-on-3D CoNi-LDH NFs 
morphology evolution. B ~ I TEM im-
ages of the intermediate products at 
different reaction stages: B 1 s, C 5 s, D 
10 s, E 30 s, F 1 min, G 5 min, H 30 
min, G 6 h. J Surface energies profiles 
of the 2D-on-3D CoNi-LDH NFs. K 
Schematic of the oriented attachment 
(OA) and Ostwald ripening (OR) strat-
egy for the formation of nanosheets to 
nanopores. L in situ SAXS spectra of 2D- 
on-3D CoNi-LDH NFs within 1–7 s. M 
XRD patterns of 2D-on-3D CoNi-LDH 
NFs at different reaction stages.   
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nanosheets then merge and grow to form nanoflower. The role of crystal 
anisotropy in the creation of the CoNi-OH monolayer is noteworthy. 
Interestingly, during the self-assembly stage, the crystals undergo 
anisotropic attachment, and the in-layer Ostwald ripening process cau-
ses the nanocrystals to shrink further, eventually forming the ultrathin 
2D-on-3D nanosheets-nanopores architecture (Fig. 3J and 3 K). It is 
important to note that the in-layer Ostwald ripening process creates a 
large amount of evenly distributed nanopores in the ultrathin 2D-on-3D 
CoNi-LDHs NFs nanopores, leading to a significant increase in ionic 
accessibility and active sites. 

Electrochemical properties of 2D-on-3D CoNi-LDHs NFs. The 
charging and discharging process of the 2D-on-3D CoNi–LDH NFS is a 
quasi-adsorption/desorption process of hydrogen atoms on the surface, 
and the architecture with more hydrogen ions exposed is favorable for 
electrochemical redox reactions. The ultrathin and anisotropic archi-
tecture 2D-on-3D CoNi-LDHs NFs facilitates fast charge transport, and 
OH− anions readily enter the 2D-on-3D CoNi-LDHs NFs interlayer to 
form CoOOH or NiOOH complexes. The charging and discharging pro-
cess reflects the intercalation − deintercalation of OH− ions in 2D-on-3D 
CoNi-LDHs NFs. When Co2+ and Ni2+ ions are oxidized in 2D-on-3D 
CoNi-LDHs NFs, the average oxidation state increases. To remain elec-
trical neutrality, OH− anions enter the interlayer. This 2D-on-3D ar-
chitecture with mesoporous pores and defects provides more active sites 
for the redox process, promotes ion diffusion, and thus improves the 
electrochemical performance of the electrode. The energy storage pro-
cess can be expressed by the equation: 

NiCo(OH)2 + 2OH− ↔ NiOOH +CoOOH +H2O+ 2e−

CoOOH + 2OH− ↔ CoO2 +H2O+ 2e− (1) 

The cyclic voltammetry (CV) curves of bulk CoNi-LDHs and 2D-on- 
3D CoNi-LDHs NFs at a scan rate of 5 mV s− 1 with a potential window 
of 0–0.6 V (Fig. 4A). The CV curves of 2D-on-3D CoNi-LDHs NFs elec-
trode exhibit the largest integral area. This phenomenon indicates the 
high specific capacity of the 2D-on-3D CoNi-LDHs NFs, which may result 

from the synergistic effect of ultrathin 2D architecture and 3D aniso-
tropic architecture. The discharging time of 2D-on-3D CoNi-LDHs NFs is 
the longest as shown in the galvanostatic charge–discharge (GCD) 
curves at 1 A/g (Fig. 4B). With a discharge current density of 1 A/g, the 
maximum specific capacity of 2D-on-3D CoNi-LDHs NFs (371.9 mAh/g, 
equivalent to 2400F/g) was almost tripled in value relative to that of 
bulk CoNi-LDHs (128.1 mAh/g, equivalent to 974F/g). Such perfor-
mance is much better than those of Co/Ni-based LDH NFs reported in 
previous studies (largely in the range of 80–350 mAh/g) (data summa-
rized in Figs. S8-S11 and Table S2). 

Electrochemical impedance was used to characterize material con-
ductivity (Fig. 4C). The 2D-on-3D CoNi-LDHs NFs electrode is steeper 
than the bulk CoNi-LDHs electrode in the low-frequency region, indi-
cating low diffusion resistance of the 2D-on-3D CoNi-LDHs NFs elec-
trode. The 2D-on-3D CoNi-LDHs NFs electrode obtained specific 
capacities of 371.9, 355.4, 340.4, 314.9, 255.2, and 158.8 mAh/g, 
respectively, while increasing current density from 1 to 20 A/g (Fig. 4D). 
By comparing the specific capacity at the initial stage of the reaction, the 
results show that the capacity retention is 68% when the current density 
is 10 A/g. 

The superior electrochemical performance of the 2D-on-3D CoNi- 
LDHs NFs electrode can be attributed to several factors. Firstly, the ul-
trathin and two-dimensional architecture of the 2D-on-3D CoNi-LDHs 
NFs facilitated the charge transport, thereby enhancing the charge and 
discharge efficiency and capacity. Secondly, the 3D formation coupled 
with the ultrathin 2D nanosheets enables the influx of OH− anions into 
the nanoflowers, giving rise to the formation of CoOOH or NiOOH. Upon 
oxidation of Co2+ and Ni2+ ions in the 2D-on-3D CoNi-LDHs NFs, the 
average oxidation state escalates. To preserve electrical neutrality, more 
OH− anions permeate the nanoflowers. Lastly, the interleaved 2D-on-3D 
CoNi-LDHs NFs nanoflowers conjoin to produce a robust and durable 
2D-on-3D CoNi-LDHs NFs configuration. This construction, replete with 
abundant mesoporous pores and defects, yields more active sites for the 
redox process and hastens ion diffusion, leading up to the exceptional 
electrochemical performance of the electrode. The long-term cycling 

Fig. 4. Electrochemical performance of 2D-on-3D CoNi-LDH NFs and bulk CoNi-LDH NFs. A CV curves at 5 mV s− 1, B GCD curves at 1 A/g, C Nyquist curves, D 
Comparison curves of capacity and capacitance at 1 ~ 20 A/g. 
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stability of electrode materials is of crucial importance for practical 
energy storage devices. Therefore, cycling stability tests were performed 
at 5 A/g (Fig. S12). The 2D-on-3D CoNi-LDHs NFs electrode demon-
strates outstanding stability, retaining 97.1% of its initial capacity after 
2000 cycles. 

In Fig. 5A and Fig. S13A, electrodes collected at different scan rates 
by 2D-on-3D CoNi-LDHs NFs usually present a pair of redox peaks be-
tween 0 and 0.6 V, and the well-defined redox peaks are mainly derived 
from Faradic redox reactions related to cobalt and nickel ions. By 
analyzing the intrinsic relationship between current (i) and sweep rate, 
the reaction kinetic characteristics (v) of 2D-on-3D CoNi-LDHs NFs 
electrode were evaluated according to the following equation: 

i = avb (2) 

where a and b are constants. In Fig. S13B, the b values of the cathode 
and anode on the 2D-on-3D CoNi-LDHs NFs electrode are 0.63 and 0.60, 
respectively, indicating the dominant diffusion control battery-type 
process. The contribution of capacity and diffusion control to the total 
capacity can be described by the following equation: 

i(V) = k1 + k2v1/2 (3)  

where i(V) is the response current at a specific voltage, and k1v and k2v1/ 

2 are the capacity contribution and diffusion control contribution, 
respectively. In Figs. S13C and S13D, when the scanning speed is 1, 2, 5, 
8, and 10 mV s− 1, the contribution of diffusion control account for 
58.2%, 63.5%, 71.1%, 75.3%, and 81.1% of the total capacity, respec-
tively, indicating that the charge storage mechanism controlled by ion 
diffusion into the lattice. The greater contribution of diffusion control 
effect with increasing scanning rate is likely ascribed to the enhanced 
ion intercalation into the lattices. 

To further evaluate its practical potential, an asymmetric super-
capacitor (ASC, 2D-on-3D CoNi-LDHs NFs//N-rGO) was assembled 
using2D-on-3D CoNi-LDHs NFs as the positive electrode, N-rGO hydro-
gel as the negative electrode, and 3 M potassium hydroxide solution as 
the electrolyte. Fig. 5A shows CV curves of ASC in different potential 
windows at a scanning speed of 5 mV s− 1. Fig. 5B shows the CV diagram 

of 2D-on-3D CoNi-LDHs NFs//N-rGO ASC with different operating 
voltages from 1.2 to 1.7 V at a scanning rate of 5 mV s− 1, with a stable 
operating voltage up to 1.7 V without polarization. Fig. 5C shows the CV 
curves of 2D-on-3D CoNi-LDHs NFs//N-rGO ASC at scan speeds ranging 
from 5 to 100 mV s− 1 and potential windows of 0–1.7 V. The quasi- 
rectangular shape of the curve can be attributed to the good charge 
matching between the battery-type electrode and the electric bilayer 
material. Notably, the CV curves showed no significant deformation at 
all scan rates, exhibiting outstanding rate capability. The GCD curves of 
2D-on-3D CoNi-LDHs NFs//N-rGO ASC are largely symmetric at current 
densities ranging from 1 to 10 A/g (Fig. 5D), implying its excellent 
electrochemical reversibility and superior coulomb efficiency. The spe-
cific capacity of 2D-on-3D CoNi-LDHs NFs//N-rGO ASC varies with 
current density (Fig. 5E). When the current density is 1 A/g, the specific 
capacity is 134.4 mAh/g. When the current density increased from 1.0 to 
10 A/g, 55% of the capacity is retained. The specific capacity of 2D-on- 
3D CoNi-LDHs NFs//N-rGO ASC is much higher than that of CoNi-LDHs 
materials reported in recent studies (data listed in Table S3). 

Based on the GCD curve, the energy and power density of 2D-on-3D 
CoNi-LDHs NFs//N-rGO ASC are given in the Ragone plot (Fig. 5F and 
Table S4). At a power density of 1.79 kW kg− 1, the energy density of the 
ASC device is 71.9 Wh kg− 1, and at a power density of 7.85 kW kg− 1, the 
energy density of the ASC device is 41.4 Wh kg− 1. The energy density of 
2D-on-3D CoNi-LDHs NFs//N-rGO ASC is higher than that of recently 
reported cobalt–nickel-based hydroxides [29–30,44–58]. The ASC de-
vice exhibits excellent cycle stability (Fig. S14 and Table S3). After 5000 
cycles with a current density of 10 A/g, 91.3% capacity of the ASC de-
vice was maintained, indicative of the good electrochemical perfor-
mance of 2D-on-3D-CoNi-LDHs NFs//N-rGO ASC device. Moreover, the 
morphology of the 2D-on-3D CoNi LDH NFs//N-rGO was only slightly 
changed after 5000 cycles (Fig. S15). Taken together, these results 
demonstrate the promise and potential of 2D-on-3D CoNi LDH NFs in 
energy storage applications. 

3. Conclusions 

In conclusion, we have developed a method for the directed self- 

Fig. 5. Electrochemical performance of the 2D-on-3D CoNi-LDH NFs//N-rGO ASC. A CV curves of 2D-on-3D CoNi-LDH NFs and N-rGO obtained at a scan rate of 5 
mV s− 1, B CV curves of 2D-on-3D CoNi-LDH NFs//N-rGO ASC in 3.0 M KOH with different operating voltages from 1.2 to 1.7 V at a scanning rate of 5 mV s− 1, C CV 
curves of 2D-on-3D CoNi-LDH NFs//N-rGO ASC at scan rates ranging from 5 to 100 mV s− 1 under 1.7 V voltage windows in 3.0 M KOH, D The GCD profiles of 2D-on- 
3D CoNi-LDH NFs//N-rGO ASC at current density from 1 to 10 A g− 1 under 1.7 V voltage window, E The capacity under different current density, F Energy and 
power densities of the 2D-on-3D CoNi-LDH NFs//N-rGO ASC compared with other supercapacitors. 
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assembly of 2D-on-3D CoNi-LDHs NFs into flower-shaped structures 
with nanopores-nanosheets. The process of directed self-assembly, 
characterized by oriented attachment and Ostwald ripening, facili-
tated controlled nucleation growth leading to the formation of the ultra- 
thin 2D-on-3D CoNi-LDHs NFs. Using the synergistic effects of the ultra- 
thin 2D-on-3D architecture, the optimized CoNi-LDHs NFs exhibited a 
remarkable specific capacity of 371 mAh/g (2400F/g) at a current 
density of 1.0 A/g. The asymmetric supercapacitor demonstrated an 
impressive energy density of 98.9 Wh kg− 1 at a high power density of 
17981 W kg− 1 and demonstrated exceptional cycling stability, main-
taining 91.3% capacity after 5000 cycles at 10.0 A/g. Our work presents 
a straightforward approach to the design and synthesis of novel ultra- 
thin 2D-on-3D architecture nanomaterials for energy storage applica-
tions, and more importantly, reveals the mechanisms underlying the 
orientated self-assembly of these ultrathin 2D-on-3D architectures. 

4. Experimental details 

Chemicals reagents. Cobalt chloride hexahydrate, nickel chloride 
hexahydrate, and ethanolamine were purchased from Sigma-Aldrich. 
Sodium hydroxide and ethanol were received from Sinopharm Chemi-
cal Reagent. All the chemical reagents were used without further 
purification. 

Synthesis of 2D-on-3D CoNi-LDHs NFs. Nickel chloride hexahy-
drate (0.02 mol) and cobalt chloride hexahydrate (0.02 mol) were dis-
solved in 125 mL of ethanol and deionized (DI) water (v/v = 1/4) with 
vigorously stirred for 10 min to form a homogeneous solution. Etha-
nolamine (5 mL) was dissolved in 60 mL of DI water/ethanol (v/v = 1/ 
2). Then, the ethanolamine mixture solution was added dropwise into 
the homogeneous solution under vigorous stirring at 25 ◦C for 6 h. The 
resulting solid materials were washed with DI water and ethanol three 
times, and dried at 60 ◦C for 12 h. 

Synthesis of bulk CoNi LDH. Nickel chloride hexahydrate (0.02 M) 
and cobalt chloride hexahydrate (0.02 M) were dissolved in 125 mL of 
ethanol and DI water (v/v = 1/4) with vigorously stirred for 10 min to 
form a homogeneous solution. Sodium hydroxide (0.04 M) was dis-
solved in 50 mL of DI water and ethanol (v/v = 1/2). Then, NaOH so-
lution was added dropwise into the mixed solution under vigorous 
stirring at 25 ◦C for 6 h. Further, the resulting solid materials were 
washed with DI water and ethanol three times, and dried at 60 ◦C for 12 
h. 

Synthesis of N-Doped rGO hydrogel. The GO was synthesized by 
Hummer’s method⋅NH3⋅H2O (1 mL) was added dropwise into GO 
aqueous solution (10 mL, 2 mg mL− 1) and ultrasonicated for 1 h. The 
mixed suspension solution was shifted into a Teflon-lined stainless steel 
autoclave reaction at 120 ◦C for 12 h. After cooling to room temperature, 
the formed hydrogel materials were soaked repeatedly with DI water to 
remove impurities. 

Material characterization. Scanning electron microscope (SEM) 
and energy dispersive spectroscopy (EDS) images were obtained with a 
field emission JEOL-7100F microscope. TEM and HRTEM images were 
collected with STEM/EDS microscopy (JEM-2100F, JEOL). Atomic force 
microscope (AFM) images were collected with a MultiMode V system. 
The crystallographic characterization of the as-synthesized materials 
was obtained using a Bruker D8 Advance X-ray diffractometer (XRD) 
with a Cu Ka X-ray source. X-ray photoelectron spectroscopy (XPS) was 
used for characterizing the electronic architectures of the materials 
(Thermo ESCALAB 250Xi). Electron paramagnetic resonance (EPR) 
spectroscopy measurements were performed on a model spectrometer 
operating at the X-band frequency (JES-FA200, JEOL). Nitrogen 
adsorption isotherms were carried out at 77 K on a surface area and 
porosity analyzer (ASAP 2020, Micrometrics). The samples were 
degassed in a vacuum at 150 ◦C for 8 h prior to the isotherm 
measurements. 

In situ SAXS characterization. In situ SAXS experiments were con-
ducted at the BL16B1 beamline at the Advanced Photon Source of the 

Shanghai Synchrotron Radiation Facility with 20 keV X-ray energy. The 
exposure time is 1 s. The monomer, solvent, and precipitant were readily 
added in a sealed quartz tube and reacted at 25 ◦C. The data were 
collected from 7 spots on the quartz tube (1 s for each spot) to avoid 
beam damage. Reduction into scattering intensity profiles as a function 
of the scattering vector, q, was completed using a customized code at the 
beamline. Fitting was conducted with the Modeling tool of Irena to 
reveal the particle size. 

Electrochemical measurements. The working electrodes were 
prepared using the 2D-on-3D CoNi-LDHs NFs active materials, acetylene 
black, and polytetrafluoroethylene (PTFE) with a mass ratio of 80:15:5 
and mixed in ethanol to form a homogeneous slurry. The obtained 
electrode material was then vacuum-dried overnight at 120 ◦C. The 
active material loading was about 2.0 mg cm− 2. A Pt foil (10 mm × 10 
mm) and Hg/HgO electrode were used as a counter and reference 
electrode, and 3 M KOH aqueous solution as the electrolyte. Cyclic 
voltammetry (CV), galvanostatic charge/discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) tests were conducted on an 
electrochemical workstation (Chenhua 760). 

The capacity Cs (mAh/g) and mass-specific capacitance Cm (F/g) in a 
galvanostatic charge − discharge can be evaluated according to: 

Cs =
2i
∫

Vdt
mΔV

(4)  

Cm =
iΔt

mΔV
(5)  

where i (mA) is the discharge current, m (mg) is the mass of active 
material, t (s) is the discharge time, ΔV (V) is the potential window, and 
∫

Vdt corresponds to the integral area of the discharge process. 
Asymmetric device assembly. The asymmetric device was con-

structed with the 2D-on-3D CoNi-LDHs NFs as the positive electrode 
material, N-rGO as the negative electrode material. The asymmetric 
devices cycling stability was tested on a Land CT2001A battery testing 
system. The mass ratio of the two electrodes is determined according to 
the charge balance equation: 

m+

m−
=

C− V −

C+V+
(6) 

where m+ and m- are the loading mass of the 2D-on-3D CoNi-LDHs 
NFs and N-rGO, C+ and C- are the specific capacity of 2D-on-3D CoNi- 
LDHs NFs and N-rGO electrodes, V+ and V- are the voltage range of 
one scanning segment of 2D-on-3D CoNi-LDHs NFs and N-rGO elec-
trodes, respectively. The gravimetric energy density (Em, Wh kg− 1) and 
power density (Pm, W kg− 1) of the cell can be estimated according to the 
following equations: 

Em =
CmV2

2
(7)  

Pm =
Em

t
(8)  

where Cm is the cell capacitance, V refers to the operation potential 
window, and t is the discharge time. 
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