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1. Introduction

Electrochemical energy storage techniques 
have attracted intense attention over the 
last few decades.[1–3] Among them, hybrid 
supercapacitors (HSCs), which comprise a 
battery-type electrode and a capacitive-type 
electrode with the synergistic mechanism 
of surface reaction- and bulky diffusion-
controlled chemistries, feature integrated 
advantages of high safety, superior energy, 
and power densities for future commer-
cialization.[4–6] Significant efforts have 
been devoted to tailoring advanced elec-
trode materials of HSCs with enhanced 
reaction dynamics and intrinsic reactivity. 
Specifically, transition-metal-based 2D lay-
ered hydroxides and their derivatives with 
high theoretical capacity and structure 
tunability have been recognized as a sound 
choice of battery-type electrodes.[7–11] How-
ever, due to the low mass ratio of active 
materials within the whole cell (including 

The past decade has witnessed the development of layered-hydroxide-based 
self-supporting electrodes, but the low active mass ratio impedes its all-around 
energy-storage applications. Herein, the intrinsic limit of layered hydroxides 
is broken by engineering F-substituted β-Ni(OH)2 (Ni–F–OH) plates with 
a sub-micrometer thickness (over 700 nm), producing a superhigh mass 
loading of 29.8 mg cm−2 on the carbon substrate. Theoretical calculation and 
X-ray absorption spectroscopy analysis demonstrate that Ni–F–OH shares 
the β-Ni(OH)2-like structure with slightly tuned lattice parameters. More 
interestingly, the synergy modulation of NH4

+ and F− is found to serve as the 
key enabler to tailor these sub-micrometer-thickness 2D plates thanks to the 
modification effects on the (001) plane surface energy and local OH− concentra-
tion. Guided by this mechanism, the superstructures of bimetallic hydroxides 
and their derivatives are further developed, revealing they are a versatile family 
with great promise. The tailored ultrathick phosphide superstructure achieves a 
superhigh specific capacity of 7144 mC cm−2 and a superior rate capability (79% 
at 50 mA cm−2). This work highlights a multiscale understanding of how excep-
tional structure modulation happens in low-dimensional layered materials. The 
as-built unique methodology and mechanisms will boost the development of 
advanced materials to better meet future energy demands.
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active and inactive mass, Equation 1), an undesirable degrada-
tion of the real capability appears, serving as a bottleneck for 
their practical applications.[12,13]

cell active inactivem m m= +  (1)

Given that, although numerous thin-film electrodes  
display optimal specific mass capacity (Qm, generally based 
on the active mass), practical applications have failed because 
their mass loading λ (<3 mg cm−2) is less than 10 mg cm−2 
which is required for commercial viability.[14,15] Instead, areal 
capacity (Qa, Equation  2), which is related to Qm and high-
lights the significance of active mass loading (λ), has been 
recognized to reflect the real picture of the charge-storage 
capability.

a mQ Qλ=  (2)

On top of that, the improved volume fraction (ƒe) by 
increasing λ contributes to the increase of volume energy den-
sity (Evol) of the device (Evol-device).[16,17]

0.25vol-device e volE f E= ×  (3)

Taken together, the development of high-mass-loading  
electrodes with competitive charge-delivery capability is highly 
desired to improve energy storage technology.

To attain this goal, scientific design principles must include 
a comprehensive elucidation of potential thermodynamics and 
surface/interface reaction barriers. For many traditional elec-
trodes, the slurry-coating procedure entails the introduction 
of an inactive polymer binder (Figure 1a). This binder not only 
causes non-negligible “dead mass” with no capacity contribu-
tion,[18,19] but also highly restricts the electrolyte-transport and 
electron-transfer dynamics. To alleviate this, self-supporting 
electrodes have been developed in which the active materials 
grow directly on conductive substrates to form well-defined 
nanoarrays.[20–22] Owing to the absence of binders and the 
strengthened interfacial interaction, electrochemically inert 
“dead mass” is avoided, allowing the promoted mass and 
charge-transfer processes as well as reduced internal resistance. 
However, most of the current nanostructures can only present a 
low λ on substrates (about 3 mg cm−2, below 20% of the whole 
electrode mass) and fail to satisfy commercial requirements as 
we mentioned above.

With transition-metal-based 2D layered hydroxides as a proof-
of-concept, we propose a new type of electrode (tailored ultrathick 
plates on carbon substrate) with increased charge-storage  

Adv. Mater. 2023, 35, 2211603

Figure 1. a,b) Schematic illustration of traditional (a) and the new-concept (b) electrodes. c) Calculated surface energies of NiFx(OH)2−x for (100), 
(110), and (001) facets, with the inset showing the slab models for the typical (001) surface after relaxing. d) Decomposition enthalpies for a typical 
decomposition reaction (NiXx(OH)2−x → (1–0.5x)Ni(OH)2 + 0.5xNiX2) for NiXx(OH)2−x (with X = F, Cl, Br, or I) under different doping ratios.
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capability. We focus on the widely adopted β-Ni(OH)2 as an 
example, which is generally produced with a thin nanosheet  
morphology and a low packing density (Figure S1, Supporting 
Information). Considering the unique low F–F bonding energy 
(150 kJ mol−1) and high Ni–F bonding energy (440 kJ mol−1) in com-
parison to those of O–O (498 kJ mol−1) and Ni–O (360 kJ mol−1),  
we predict that F-doping into β-Ni(OH)2 is likely to signifi-
cantly modulate the crystal surface and break the intrinsic limit, 
holding the promise for realizing the high-mass-loading require-
ments (Figure 1b).

In this work, for the first time, an NH4
+ and F− synergy mech-

anism is developed to tailor F-substituted β-Ni(OH)2 (Ni–F–OH)  
with a sub-micrometer thickness (up to 700  nm) on carbon 
substrates, realizing a superhigh mass loading of 29.8 mg cm−2 
(up to 72% of the whole electrode mass). Through density func-
tional theory (DFT) calculation and ex situ experimental study, 
we decouple the fine structure and substantiate the key role of 
NH4

+ and F− modulation: on one hand, F− is thermodynamically  
favorable to entering the lattice of β-Ni(OH)2 and tuning the 
surface energy, thus breaking the growth limit along (001) 
plane; on the other hand, NH4

+ can well balance the local 
OH− concentration to ensure the phase-holding growth of the 
large single-crystal Ni–F–OH. More remarkably, we find this  
NH4

+–F− synergy modulation strategy holds a promise to pro-
duce a large family of ultra-thick plate superstructures, evi-
denced by the successful production of a series of ultrathick 
bimetallic hydroxides and their derivatives. With the ultrathick 
bimetallic phosphide plates as the (pre)active materials, a 
record-level areal capacitance of 7144 mC cm−2 is finely realized 
with a high retention rate of 79% at 50  mA cm−2. This work 
provides a research route for the development of advanced 
superstructures, responsible for the practical applications of 
energy-storage devices in the near future.

2. Results and Discussion

2.1. Theoretical Evaluation for Tailoring of the Ni–F–OH 
Superstructure

It is widely accepted that surface energy serves as the main 
descriptor for the growth of nanocrystals.[23–25] To study the 
potential effect of F-doping, a series of F-substituted β-Ni(OH)2 
(denoted as NiFx(OH)2−x, or Ni–F–OH) models are investigated.  
Figure  1c presents the calculated surface energy values of 
NiFx(OH)2−x for (100), (110), and (001) facets. The surface  
energies of (001) surfaces for all cases are consistently smaller 
than their counterparts, especially with a higher doping level, 
indicative of the plate-like morphology. The surface energy of 
(001) facet for pure β-Ni(OH)2 was also given in Table S1 in the 
Supporting Information. When compared to that of Ni–F–OH, 
its low surface energy manifests the increase of thickness when 
OH− is substituted by F−. A thermodynamic analysis, which 
serves as another important tool to predict novel materials,[26–28] 
is also conducted. To gain a comprehensive understanding of 
the modulation mechanisms, the effects of different types of 
halogens are considered. Figure 1d displays the decomposition 
enthalpies for a typical decomposition reaction for NiXx(OH)2−x 
(X = F, Cl, Br, and I) under different doping contents (the 

detailed models are shown in Figures S2 and S3 in the  
Supporting Information). The doping of F into β-Ni(OH)2 is 
thermodynamically more stable when compared with that of 
other halogens. Specifically, at a low doping ratio (x = 1/12), the 
decomposition reaction is unfavorable for all halides, especially 
for F; at a high ratio (x  = 2/3), the decomposition reaction is 
even more challenging for F, while it becomes energetically 
favorable for the other halogens, in particular for Br and  I, 
which have a driving force of 0.9 and 1.7  eV per nickel atom. 
These results show that F can stably enter into the crystal struc-
ture of β-Ni(OH)2 and modulate the surface energy to a great 
degree, holding a promise for effectively tailoring advanced 
ultrathick plate superstructure.

2.2. Decoupling the Formation Process and  
Mechanism of Ni–F–OH

To better evaluate the nucleation process of Ni–F–OH, the equi-
librium constants are studied based on three relevant reactions 
(Figure S4, Supporting Information). It is found that F sites 
bonded with Ni tend to be partially substituted by OH− to form 
traditional Ni(OH)2 with thin-plate microstructure, in accord-
ance with relevant results in literature.[29,30] The scanning elec-
tron microscopy (SEM) result in Figure 2b demonstrates the 
developed morphology tuned by Na+–F− ion pair. In this case, 
since local OH− remains excessive, thin nanosheets (namely, 
Ni–F–OH@Ni(OH)2) instead of ultrathick plates are observed 
due to the out-of-control phase separation (Figure  2a). This is 
further confirmed by our XRD result (Figure S5, Supporting 
Information) that displays the significant Ni(OH)2 phase.  
Considering that, instead of Na+, NH4

+ with Lewis acid proper-
ties,[31,32] is applied in the presence of F−, with an aim to gain 
the desirable Ni–F–OH microstructure. Figure S5 (Supporting 
Information) gives the X-ray diffraction (XRD) patterns and 
SEM images of the as-formed Ni–F–OH samples with different 
mole ratios of NH4

+ to F− from 0:7 to 7:7. As the increase of NH4
+, 

the microstructure is ultimately dominated by the Ni–F–OH  
phase with high purity, and the plate becomes thicker and 
thicker (Figure 2c; Figure S5, Supporting Information). That is to  
say, with a moderate amount of NH4

+ as the OH− consumer, 
the phase-holding  nucleation of Ni–F–OH is boosted, leading 
to the formation of single-crystal ultrathick plates (Figure 2a).

With the above discussions in mind, the formation mecha-
nisms of ultrathick Ni–F–OH plates can be attributed to the 
NH4

+ and F− synergy mechanism with dual modulation effects: 
(i) modulating the (001) surface energy by F substitution, and 
(ii) balancing the local OH− concentration with NH4

+. As a 
result, the as-formed Ni–F–OH microstructure on the carbon 
substrate displays a record sub-micrometer thickness with a 
considerably improved mass loading (29.8 mg cm−2, 72% of the 
whole electrode mass), holding a great promise to serve as the 
(pre)active materials for commercial energy applications. As 
shown by the transmission electron microscopy (TEM) image 
and the corresponding elemental mapping, Ni, F, and O are 
uniformly distributed on the Ni–F–OH microstructure, further 
manifesting the successful incorporation of F (Figure  2d,e). 
The corresponding selected-area electron diffraction (SAED) 
pattern demonstrates that these well-tailored crystals display 

Adv. Mater. 2023, 35, 2211603

 15214095, 2023, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202211603 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [26/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2023 Wiley-VCH GmbH2211603 (4 of 10)

www.advmat.dewww.advancedsciencenews.com

unidirectionally aligned single-crystal characteristics with a 
hexagonal symmetry on the (001) surface (Figure 2e).[33,34] It is 
proved that the feeding amount of the NH4

+ and F− needs to be 
sufficient to avoid the formation of an undesired phase struc-
ture (Figures S6 and S7, Supporting Information).

To further prove the critical role of NH4
+ and F− synergy 

mechanism, a series of contrast experiments are performed 

by replacing NH4
+–F− ion pair with equimolar NH4

+–Cl−, 
NH4

+–Br−, or NH4
+–I− ion pairs. Instead of highly crystalline 

and ultrathick plates like Ni–F–OH, small and low-crystallinity 
microstructures are observed in these cases (Figure S8,  
Supporting Information), further confirming the robust incor-
poration and unique modulation effect of F−. This is consistent 
with the theoretical calculations shown in Figure 1c.

Adv. Mater. 2023, 35, 2211603

Figure 2. a) Schematic illustration of the synergy modulation effects of NH4
+ and F− on the growth of Ni–F–OH. b,c) SEM images of the generated 

microstructures with Na+–F− (b) and NH4
+-F− (c) modulation effects, respectively. Scale bar: 4 µm; scale bar of inset: 1 µm. d) TEM image of Ni–F–OH. 

Scale bar: 100 nm. e) Elemental mapping images of Ni–F–OH based on aberration-corrected high-resolution electron microscopy. Scale bar: 50 nm. 
f) SAED pattern of Ni–F–OH. Scale bar: 5 nm−1. g) Ni K-edge XANES spectra of Ni–F–OH, Ni–F–OH@Ni(OH)2, the Ni foil and standard β-Ni(OH)2. 
h) FT-EXAFS spectra of Ni–F–OH, Ni–F–OH@Ni(OH)2, and standard β-Ni(OH)2. i) WT-EXAFS maps of Ni–F–OH, Ni–F–OH@Ni(OH)2, the Ni foil 
and standard β-Ni(OH)2.
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2.3. Exploring the Fine Structure of Ni–F–OH  
and its Versatile Family

To gain more insights into the as-formed Ni–F–OH micro-
structure, X-ray absorption fine structure (XAFS) characteri-
zation was done. From the Ni K-edge X-ray absorption near 
edge structure (XANES) spectra, we found that the halfway-up 
point (normalized signal = 0.5 with the post-edge set to 1.0) 
is almost the same (within 0.2  eV, Figure  2g) for Ni–F–OH,  
Ni–F–OH@Ni(OH)2, and β-Ni(OH)2. This suggests that all of 
them possess the same Ni2+ valence,[35,36] and F-substitution 
presents a negligible effect on the valence states of Ni. The  
Fourier transform (FT) of the extended XAFS (FT-EXAFS) 
spectra demonstrate that all samples feature three prominent 
peaks in the Ni K-edge EXAFS k3χ(k) oscillation spectra, origi-
nating from the Ni–O/F first-neighbor, Ni–Ni second neighbor, 
and Ni–Ni–Ni paths (Figure S9, Supporting Information), with 
the oscillations of the imaginary parts tracking closely with 
each other (Figure 2h).[37,38] Therefore, it can be concluded that 
the microstructure of the as-formed Ni–F–OH is similar to that 
of β-Ni(OH)2, which is also evidenced by the wave transform 
(WT) analysis of EXAFS (WT-EXAFS) as shown in Figure  2i. 
The slight negative shift related to the first two shells (Ni–O/F 
and Ni–Ni bonding), is attributed to the shorter Ni–O/F and  
Ni–Ni distances in Ni–F–OH.[39,40] Given the similarity of the 
fine structures, we subsequently conducted the fitting with 
standard β-Ni(OH)2 as the model, and the fitted distances of 
Ni–O, Ni–Ni, and Ni–Ni–Ni paths are shown in Table S2 and 
Figure S10 in the Supporting Information.

It should be noted that, although the XANES and FT-EXAFS 
results concurrently reveal that the fine structure of Ni–F–OH 
is similar to that of β-Ni(OH)2, the corresponding XRD patterns  
are not exactly the same (Figure S11, Supporting Information).  
To better understand this phenomenon, we conducted a 
DFT relaxation simulation of the Ni–F–OH structure from 
β-Ni(OH)2. A starting structure with the substitution of F is 
constructed in Figure S12 (Supporting Information) based on 
a 3 × 1 × 2 superlattice structure. The generated structure after 
relaxation (Figure S13, Supporting Information) presents lattice  
parameters of a, b, c = 9.271, 3.121, 9.351 Å and α, β, γ = 84.31°, 
88.53°, 120.07° (Table S3, Supporting Information), respectively. 
With this relaxed model, the FT-EXAFS spectrum of Ni–F–OH is 
further fitted (Figure S14, Supporting Information), producing  
the average Ni–O and Ni–F distances of 2.01 Å (error bar, 0.01 Å)  
and 2.07 Å (error bar, 0.01 Å), with the Ni–Ni distance deter-
mined to be 3.069 Å (error bar, 0.005 Å). The simulated XRD 
pattern is given in Figure S15 in the Supporting Information, 
which displays a reasonable agreement with our experimental 
results except for the two peaks at 39.5° and 41° (indexed to 
Miller indices (310) and (312), respectively). After applying a dis-
placement of successive layers by 1/6a per layer over six layers, 
the simulated XRD pattern produces satisfying agreement 
with the experiment result (Figure S16, Supporting Informa-
tion). Furthermore, by adding an isotropic strain of 0.4%, the 
simulated XRD pattern finely reproduces the peak widths as 
shown in Figure 3a. The as-obtained final structure of the ultra-
thick layered Ni–F–OH microstructure is given in Figure  3b. 
The lattice spacing (d) based on both the TEM-SAED pattern 
and HRTEM images (Figure S17, Supporting Information) of  

Ni–F–OH was calculated, which are 0.2612 and 0.2600  nm, 
respectively. We attribute this to the (010) facet of Ni–F–OH 
based on its triangle symmetry group (Figure 3a), which is per-
pendicular to the (001) facet as expected.

Scanning transmission X-ray microscope (STXM) spectra of 
the F and O K-edges in Ni–F–OH were combined with theo-
retically generated spectra (based on the final relaxed structure). 
The comparison of the experimental and simulated results 
is shown in Figure S18 in the Supporting Information. It is  
noteworthy that this adopted structure, being consistent with 
all observations, is one of the most optimal ones rather than 
the only one. It is believed that the structure modelling might 
be further improved by modifying the distribution and ratio of 
F and O.

A series of time-dependent experiments are performed to 
decouple the formation details of Ni–F–OH. As demonstrated 
by the time-dependent SEM images (Figure 3c), the detectable  
nanosheets are produced with a reaction time of ≈2.5 h, which 
become larger and thicker with time, and ultimately achieve 
high-mass-loading integration onto the substrate with a  
sub-micrometer thickness (over 700  nm). Moreover, the time-
dependent F 1s and Ni 2p X-ray photoelectron spectroscopy 
(XPS) spectra are compared (Figure  3d). Obviously, the F 1s 
spectra, which correspond to F− in metal-F bonding,[41,42] follow 
the same trend as the Ni 2p spectra and the content of F finally 
reaches a steady state with time (Figure S19, Supporting Infor-
mation). Combining this with the XRD results, it is found 
that the diffraction peaks (2θ = 19.0°, 34.5°, 36.5°, 47.0°, 60.8°, 
and 64.2°) related to Ni–F–OH emerge with a reaction time of 
2.2 h. The peaks become more and more intense with no emer-
gence of other diffraction peaks after the first 2.5 h (Figure S20,  
Supporting Information). This is further confirmed by Raman 
spectra, as shown in Figure 3e. The considerable signal peaks 
at about 252, 358, and 506 cm−1, related to the Ni–F–OH phase, 
are observed with the reaction time of 2.5  h, while no addi-
tional peaks emerged during the subsequent reaction process. 
After 8 h of reaction, the Raman mapping images are collected. 
The images in the regions marked light green, blue and red 
regions are related to the peaks at 252, 358, and 506 cm−1 of the  
as-made Ni–F–OH phase, respectively. These signals demon-
strate the uniform distribution on the carbon fiber with a distin-
guishable outline, indicative of the intimate and homogenous 
integration of Ni–F–OH over the carbon substrate.[43] These 
results are well-matched with the aforementioned analysis that 
the dynamic nucleation and growth of ultrathick Ni–F–OH, 
driven by the dual synergistic effects of NH4

+ and F−, is phase-
holding during the whole reaction process.

Further, the sub-micrometer-thickness bimetallic plates 
were also produced by selective substitution of Ni sites. For 
example, through the substitution of Ni sites with Co, the bime-
tallic ultra-thick plate microstructure (the ratio of Co to Ni is 
1/3, denoted as Ni3Co–F–OH) was generated (Figure 4a–c). 
Here, the as-formed Ni3Co–F–OH also displays single-crystal  
characteristics with hexagonal symmetry along (001) plane. It 
possesses a Ni–F–OH-like crystal structure as shown in the 
XRD result (Figure  4e,f). The only difference, driven by Co 
substitution, is the slight negative shift of the typical diffrac-
tion peaks (such as these at 2θ of 36.1° and 18.6°), manifesting 
the lattice expansion and modulation of the host layer and 

Adv. Mater. 2023, 35, 2211603
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interlayer.[44,45] Particularly, the tailored Ni–F–OH-like bimetallic 
single-crystal is extendable and has a big family, evidenced by 
the formation of Ni6Ru–F–OH with ultrathick micro structure 
(Figure S21, Supporting Information).

The tailored ultrathick microstructure is ready to serve as the 
preactive materials (high-mass-loading precursor) for aqueous 
energy storage, considering the competitive performances 
of Ni- and Co-based phosphides or selenides.[46–48] Figure  4d  
displays the TEM elemental mapping images of the as-formed 
phosphorization-treated Ni3Co–F–OH (Ni3Co–F–P), where Ni, 
P, Co, O, and F are homogeneously distributed on the micro-
structure. XRD analysis shows the generation of the Ni2P phase 
with considerable intensity, accompanied by the sharp decrease 
of the diffraction peak intensity related to Ni3Co–F–OH  
(Figure  4e,f), showing that Ni3Co–F–OH is partially trans-
formed to phosphides. The peak at about 25° is attributed to 
the (002) plane of the hexagonal graphite carbon structure 
from our carbon fiber substrate.[49,50] The XPS spectra dem-
onstrate that the spin-energy separations of Co 2p and Ni 2p 
are 15.6 and 17.6  eV (Figure S31, Supporting Information), 
respectively, indicative of the Ni2+ and Co2+-dominated char-
acteristic of Ni3Co–F–P.[51,52] The above results manifest that 
the tailor-made ultrathick plate superstructures are a versatile 
family including single metal-/mixed metal-based hydroxides 

and their derivatives with advanced properties, holding a great 
promise to tackle many practical issues in different emerging 
technologies (Figure 4g).

2.4. Substantial Achievements of the Ultrathick Plate 
Superstructure for Energy Storage

To investigate the energy-storage performances, the GCD curves 
of the Ni–F–OH, as well as Ni3Co–F–OH, were first collected  
at different current densities (Figure S22a,b, Supporting Infor-
mation). Both display unsatisfying specific capacities (Figure 
S22c, Supporting Information) even with ultrathick thickness, 
as expected. Actually, the developed ultrathick transition-metal 
hydroxide (such as Ni–F–OH, Ni3Co–F–OH) can only be used 
as “preactive” electrode materials, but not directly, i.e., a simple 
post-treatment of phosphorization or selenylation is needed 
(Figure S23, Supporting Information). As can be seen in  
Figure 5a,b, the as-configured Ni3Co–F–P with a high mass 
loading up to 25.5 mg cm−2 shows reversible charge/discharge 
capabilities at different current densities, displaying an 
enhanced areal capacity up to 7144 mC cm−2 when compared 
with that of the as-formed traditional NiCo-based phosphides 
(Ni3Co–P, 2668 mC cm−2, Figure S24, Supporting Information)  

Adv. Mater. 2023, 35, 2211603

Figure 3. a) A comparison of XRD patterns of Ni–F–OH and its simulated microstructure. b) Finally simulated structure for Ni–F–OH. c–e) Time-
dependent experiments of Ni–F–OH: c) SEM images and the variation of the plate thickness with time (Boltzmann fitting is applied to study the 
tendency, scale bar: 1 µm); d) XPS spectra including F 1s and Ni 2p; and e) Raman spectra for Ni–F–OH samples and Raman mapping images of 
Ni–F–OH (reaction time of 8 h) in the marked light green, blue, and red regions.
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as well as a sound volumetric capacity of 223 C cm−3  
(Figure S25, Supporting Information). Even at a high current 
density of 50 mA cm−2, a high specific capacity of 5625 mC cm−2  
can be maintained with a retention rate of 79%.

To understand the origin of its superior performances, we 
carried out EIS characterization for the ultrathick Ni3Co–F–OH  
and Ni3Co–F–P electrodes. As shown in Figure S26a  
(Supporting Information), the Ni3Co–F–OH demonstrates a 
large semicircle diameter in the high-frequency region, which 
is attributed to their poor intrinsic conductivity. On the other 
hand, the Ni3Co–F–P derived from the Ni3Co–F–OH delivers a 
significantly reduced diameter of the semicircle, indicative of 
the highly improved conductivity for promoting the charge-
transfer dynamics. Moreover, the IR drop was evaluated from 
the charge/discharge curves at different current densities. As 
shown in Figure S26b (Supporting Information), the Ni3Co–F–P  
electrode demonstrates a low IR drop of 12  mV at 4  mA 
cm−2. As the increase of current density, the values are much 
lower compared to those of Ni3Co–F–OH, indicative of the 

fast-kinetic response for highly enhanced charge storage.[53,54] 
Furthermore, the electrochemically active surface area (ECSA) 
of the ultrathick electrode (Ni3Co–F–P) was determined and 
compared with the traditional one assembled with thin plates 
(Ni3Co–P).[55–58] The total ECSA of the ultrathick electrode is 
dramatically increased thanks to its increased loading mass 
(Figure S27, Supporting Information), resulting in the high-
packing density of active sites in the unit area. Finally, the 
cycling measurement of Ni3Co–F–P was carried out at a current 
density of 50  mA cm−2. It is encouraging that a decent reten-
tion rate of up to 82% is achieved after 5000 cycles (Figure S28,  
Supporting Information). Through the XRD, XPS, and 
SEM characterizations, the structure evolution was carefully 
studied and discussed in Figures S29–S31 in the Supporting 
Information.

This is also the case for selenium-treated Ni3Co–F–OH 
(Ni3Co–F–Se) (mass loading: 27.6 mg cm−2), which displays the 
highly promoted charge-storage capability (5818 mC cm−2) and 
rate performance (Figure S32, Supporting Information). The 

Adv. Mater. 2023, 35, 2211603

Figure 4. a,b) SEM images of the as-formed Ni3Co–F–OH. Scale bar of (a): 4 µm; scale bar of (b): 1 µm. c,d) TEM elemental mapping images of 
Ni3Co–F–OH (c) and Ni3Co–F–P (d). Scale bar: 1 µm. e) Comparison of the XRD patterns of the as-formed Ni–F–OH, Ni3Co–F–OH, and Ni3Co–F–P. 
f) Magnified XRD patterns of the two regions in (e). g) Scheme illustration of the development of a versatile ultrathick plate family including single 
metal-/mixed metal-based hydroxides and their derivatives.
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exact Ni/Co ratios were listed in Table S4 in the Supporting 
Information. The charge-storage performances of the present 
ultrathick plate superstructure electrodes were systematically 
compared with previous studies (Figure  5c; Table S5, Sup-
porting Information). We believe that the as-proposed NH4

+ 
and F− synergistic-modulation strategy, accompanied by simple 
post-treatment, will allow the development of high-mass-
loading self-supporting electrodes with record-level energy 
storage performances. And we note here that as with most 
novel strategies, more comprehensive explorations and under-
standings are highly expected to further boost the development 
and applications of our strategy. It is predicted that this design 
route can help close the gap between experimental studies and 
commercial applications, and attract many efforts for boosting 
the practical development of energy and material chemistry in 
the near future.

3. Conclusions

Record-level-thickness (over 700  nm) layered Ni–F–OH plates 
on carbon substrates, which achieve a superhigh mass loading 
of 29.8 mg cm−2 (72% of the whole electrode mass), have been 
successfully developed. By coupling theoretical simulations 
with XAFS analysis, we substantiated that the NH4

+ and F− 
modulation produces dual effects. On one hand, the F− enters 
into the lattice of β-Ni(OH)2 with superior thermodynamic 
stability, and tunes the surface energy of (001) plane for high 
intrinsic activity, thus guiding the formation of ultrathick 

layered plates. On the other hand, the NH4
+ serves as the 

consumer of local excessive OH− to restrain the phase sepa-
ration of Ni–F–OH, ultimately guaranteeing the formation of 
large and ultra-thick single crystals. Besides the monometallic  
Ni–F–OH, our strategy was applied to form ultrathick bimetallic  
plates and their derivates, producing an attractive transition 
metal compound family. With a superhigh mass loading, the 
as-developed ultrathick layered Ni3Co–F–OH can serve as 
the preactive materials to achieve an exceptionally high areal 
capacity of 7144 mC cm−2 with a sound rate performance (79% 
at 50 mA cm−2), superior to most of the related results in the 
literature. This NH4

+–F−-modulation strategy, as the first solu-
tion to obtain ultrathick layered plates, successfully breaks the 
inherent structure limit of 2D layered materials. We believe 
that, guided by our strategy, these emerging tailored ultrathick 
2D materials are able to grow into a rising family, ultimately 
better meeting practical requirements of energy storage and 
conversion in the future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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