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/Abstract: Layered double hydroxides (LDHs), whose formation is strongly related to OH concentration, have attracted\
significant interest in various fields. However, the effect of the real-time change of OH concentration on LDHSs’
formation has not been fully explored due to the unsuitability of the existing synthesis methods for in situ
characterization. Here, the deliberately designed combination of NH; gas diffusion and in situ pH measurement provides
a solution to the above problem. The obtained results revealed the formation mechanism and also guided us to
synthesize a library of LDHs with the desired attributes in water at room temperature without using any additives. After
evaluating their oxygen evolution reaction performance, we found that FeNi-LDH with a Fe/Ni ratio of 25/75 exhibits

/

Introduction

Layered double hydroxides (LDHs) are a large family of
two-dimensional materials with the general formula of [M**
M (OH), T [A" ,,]F -mH,0, where M and A" are
metal cations and the interlayered anions, respectively.!"
Due to their unique physicochemical properties,'*! LDHs
are considered as attractive materials for many
applications.'™? Accordingly, great efforts have been made
to synthesize LDHs, which is mainly via various wet
chemical strategies including hydrothermal/solvothermal
method,”! co-precipitation,® electrodeposition,?** and mi-
crowave-assisted synthesis,'" etc. Wet chemical synthesis of
LDHs is a precipitation process involving both, the reaction
of M with OH and the incorporation of doping M into the
host lattice. Although it is well established that the
nucleation and growth of the precipitate are strongly related
to OH concentration,'™” progress is slow in understanding

the effect of the change of OH concentration on the
formation of LDHs, especially on the incorporation mecha-
nism, because the existing synthesis methods are not ideal
for realizing in situ monitoring of the change of OH
concentration.” In fact, solving the above-mentioned prob-
lem is crucial not only to extend the understanding of the
influence of OH change on the morphology or crystallinity
of LDHs and then design the synthesis scheme for the
desired LDHs,® but also to optimize the synthesis con-
ditions of LDHs via excluding undesired factors of the
synthesis process.l'*>"

Enlighted by the efficient crystallization control of the
vapor diffusion method employed in our previous works,®
we herein utilized a gas diffusion method, which involves
the diffusion of NH; into an aqueous solution of Ni** and
Fe?*”*, to monitor the change of OH via in situ pH
measurement. Meanwhile, some reference experiments were
also carried out using NaOH as the alkali source. We
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selected FeNi-LDHs as a model material because: First,
FeNi-LDHs and its derivative materials” are regarded as
the most promising electrocatalysts for the oxygen evolution
reaction (OER) in alkaline solutions.””*' Second, the Fe
precursor (Fe?" or Fe*") is adjustable, which is beneficial for
performing systematic research on the formation mechanism
of LDHs. The disclosed results guided us to successfully
synthesized various LDHs, namely FeNi-LDHs with differ-
ent Fe/Ni ratios and other LDHs systems (FeY, CoNi, CoY,
and CoNiY), in water under ambient conditions without
using any additives, which is a significant improvement over
previous methods. To verify optimizing the synthesis con-
dition of LDHs without sacrificing their performance, all
obtained LDHs were tested for OER in a 1.0M KOH
solution. In particular, FeNi-LDH with a Fe/Ni ratio of
25/75 exhibits excellent performance, which is reflected by
ultralow overpotentials of 203 mV at 10 mAcm 2, a Tafel
slope of 24.9 mV dec !, and remaining nearly constant in the
stability test. A combination of experimental character-
ization and density-functional theory (DFT) calculations
reveals that the key to this remarkable electrocatalytic
performance is the local electronic structure change of Ni
sites caused by the incorporation of Fe species.

Results and Discussion

Scheme 1 depicts the designed four reaction routes, in which
NH; or NaOH was introduced into an aqueous solution of
Ni*" and Fe?’*”" at ambient conditions without using any
additives, and the obtained products were denoted as NH;-
Fe? "Ni?*, NH;-Fe’"Ni**, NaOH-Fe’"Ni’", and NaOH-Fe**
Ni?*, respectively. As shown in the scanning electron micro-
scopy (SEM) images (Figure SIA-D), NH;-Fe’"Ni** and
NH;-Fe’"Ni** exhibit a hexagon nanosheet morphology
with a diameter of around 200 nm, while aggregated small
irregular nanosheets can be observed for NaOH-Fe? " Ni**
and NaOH-Fe’*Ni**. Furthermore, transmission electron
microscopy (TEM) images (Figure 1A-D) confirm the
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Scheme 1. A schematic illustration of four reaction routes.
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Figure 1. A)-D) TEM images and E) XRD patterns of NH;-Fe* " Ni*™,
NH;-Fe*"Ni’*, NaOH-Fe?"Ni**, and NaOH-Fe*"Ni’*. F) Observation
of pH as a function of time for solutions containing different metal
cations.

aforementioned morphology difference. The X-ray diffrac-
tion (XRD) pattern of NH;-Fe*"Ni*" in Figure 1E shows
three diffraction peaks at 26 values of 11.6, 23.3, and 34.5°,
corresponding to the d-values of 7.6, 3.8, and 2.6 A,
respectively. The d-values correspond to the (003), (006),
and (009) planes of the hydrotalcite-like structure, respec-
tively, confirming the successful formation of LDHs.l"l In
contrast, B-Ni(OH), is obtained in the case of NH;-Fe*"Ni**,
and FeNi-LDH is obtained in the cases of NaOH-Fe?"Ni**
and NaOH-Fe’"Ni*". Note that the sharp and intense
diffraction peaks of NH;-Fe*'Ni’* and NH;-Fe’"Ni**
indicate their highly crystalline nature, and the broad
diffraction peaks of NaOH-Fe’*Ni’* and NaOH-Fe’*Ni**
suggest their poor crystallinity. The crystalline difference is
confirmed by the fast Fourier transform (FFT) patterns
obtained from their high-resolution TEM (HRTEM) images
(Figure S2). Overall, varying alkaline sources has a greater
influence on the morphology and crystallinity than changing
Fe species, while the incorporation of Fe species into the
lattice of Ni(OH), is strongly associated with the selection of
both Fe species and alkaline sources.

Theoretically, the hydroxide’s formation process can be
described as follows (Figure S3): (1) M first interacts with
water molecules to form the hexaaqua ions [M(H,O)]"*. (2)
As the pH rises, [M(H,0)q]"" undergoes a deprotonation
process, condensation reactions via olation or oxolation, and
elimination of water molecules, leading to the formation of
an insoluble hydroxide network.'"? The formation of FeNi-
LDHs additionally involves the incorporation and the
acceptance of [Fe(H,0)s*"”" into the Ni(OH), network.
Since the whole process is driven by the change of OH
concentration, observing pH as a function of time (Fig-
ure S4) is a suitable way to investigate the influence of
varying Fe species or alkaline sources on the formation of
FeNi-LDHs. We first recorded the pH profile of NH;
diffusing into an aqueous solution of 20 mM Ni**, 20 mM
Fe?*, and 20 mM Fe’*. As shown in Figure 1F, these pH
profiles could be divided into several corresponding stages.
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Concretely, their pH profiles show an increasing trend

during the first stage caused by the hydrolysis of NH;-H,O.

Then, the pH curves reach a constant plateau, meaning that

an equal rate is obtained for the generation of OH and its

consumption by the hydrolysis of M. Note that the pH
values of these plateaus are different, which is consistent
with the hydrolysis behavior difference of these cations.

Subsequently, before reaching the final plateau, the pH

curves display again a rapid rise, indicating that the

generation rate of OH is faster than the consumption rate
of OH , which results from the nearly completed hydrolysis
of M. The pH profile of NH;-Fe?"Ni** exhibits also a similar
multi-staged change. The presence of the only plateau that
is located between the plateaus of NH;-Ni** and NH;-Fe**
evidences the synchronized deprotonation and condensation
reaction of Fe’" and Ni** hexaaqua ions, which is beneficial
for the incorporation of [Fe(H,0)¢*" into the Ni(OH),
network. In contrast, the pH profile of NH;-Fe® Ni**
displays two plateaus at pH of 2.8 and 8.9, which correspond
to the hydrolysis of Fe*™ and Ni*", respectively, suggesting
their respective or staged hydrolysis. As for pH profiles of

NaOH-Fe?"Ni*" and NaOH-Fe*"Ni**, before reaching the

final chemical equilibrium, their pH immediately increases

to around 12 at the moment of adding NaOH aqueous
solution due to the instant release of OH . Based on the
above results, it is concluded that

(1) Fe’" hydrolyses fast while Ni** and Fe’" have consid-
erably slower and similar hydrolysis behavior.

(2) For NH; diffusion, the successful formation of FeNi-
LDHs took place in the case of Fe?*/Ni’*, instead of
Fe’"/Ni**, which is caused by the synchronized or
staged hydrolysis, indicating that, under the low change
rate of OH concentration, the hydrolysis behavior
difference between Ni’" and Fe*™”" can change the
possibility of the incorporation and the acceptance of
[Fe(H,0)e]*™®* into the Ni(OH), network, which in
turn influences the formation of FeNi-LDHs.

(3) Utilizing NaOH aqueous solution as the alkaline source
preferentially promotes the formation of FeNi-LDHs
regardless of the Fe species, which can be attributed to
the condition that the instant increase of OH concen-
tration results in the compulsive incorporation of [Fe-
(H,O)¢]**"" into the Ni(OH), network. Meanwhile, the
Ni(OH), network tends to accept these [Fe(H,O)4]**"*
ions owing to the insufficient time for [Fe(H,O)q]*" and
[Ni(H,0)]*" to exchange/rearrange before olation.

The above results disclosed how varying Fe species and the
real-time change of OH concentration influence the
morphology, crystallinity, and the incorporation of Fe
species into the lattice of Ni(OH),, guiding us to design the
synthesis scheme for LDHs with the desired attributes.

Since the composition of LDHs exerts a vital influence
on their performance, we were interested to extend our
synthesis method to more LDHs. We focused on the
strategy of preparing NH;-Fe’"Ni*" because it not only
possesses high crystallinity and well-defined morphology but
also exhibits better OER activity than NH;-Fe’*Ni**,
NaOH-Fe?"Ni**, and NaOH-Fe*"Ni** (Figure S5). Besides,
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the facile synthesis condition and the upscaling possibility to
the gram range (Figure S6) are clear advantages for
facilitating the low-cost fabrication of such material com-
pared with other reported methods (Figure 2A and Ta-
ble S1). Accordingly, a series of experiments with a Fe/Ni
ratio ranging from 100/0 to 0/100 was conducted, and the
obtained nanomaterials were denoted as NH;-Fe?"Ni**
-FexNiy. X-ray photoelectron spectroscopy (XPS) was used
to characterize the composition of these nanomaterials. The
Fe/Ni ratio is calculated and the results are in good agree-
ment with the feeding ratios (Figure 2C). The XRD patterns
(Figure 2D) of the nanomaterials with Fe/Ni feeding ratio=
100/0, 99/1, and 90/10 are indexed to y-Fe,0,.'! The XRD
pattern of NH;-Fe?"Ni?*-Fe75Ni25 is similar to that of 100/0
except for an additional weak signal at 11.5° belonging to
the (003) facet of a-Ni(OH),, suggesting that y-Fe,O; can
only tolerate a certain amount of Ni’*. Interestingly, with a
further decrease in Fe/Ni, the main characteristic peaks of
NH;-Fe?Ni**-Fe50Ni50 are assigned to different facets of
a-Ni(OH), besides a weak peak at around 35.6° resulting
from y-Fe,0;. In the XRD pattern of NH;-Fe’"Ni*"
-Fe25Ni75, it is found that a-Ni(OH), is still the main phase,
and traces of B-Ni(OH), instead of the y-Fe,O; phase are
also observed. This phenomenon demonstrates that an
insufficient amount of Fe dopant leads to the formation of
pure B-Ni(OH),. Further decreasing the doping amount of
Fe results in the increase of the peak intensity at 19.2° and
the decrease of the peak intensity at 11.5°, implying the
quantity change of B-Ni(OH), and o-Ni(OH), phases. Be-
sides, as shown in Figure S7, changing Fe/Ni ratio affects the
morphology of the synthesized nanomaterials. Note that we
also demonstrate the successful transfer of our synthesis
strategy to LDHs of CoY, FeY, CoNi and CoNiY.
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Figure 2. A) A comparison of our synthesis process compared to other
reported synthesis processes. The synthesis processes highlighted in
green and yellow involve the use of special devices and organic
solvents, respectively. B) XPS spectra of the as-prepared nanomaterials
with various Fe/Ni feeding ratios. C) The feeding percentage and the
calculation percentage of Fe: Ni. D) XRD patterns of the as-prepared
nanomaterials with various Fe/Ni feeding ratios.
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As seen in Figure S13 and Figure 3A, NH;-Fe?"Ni**
-Fe25Ni75 has the lowest overpotential of 203 mV for OER
at 10 mA cm 2 Besides, the calculated Tafel slope value of
NH;-Fe? ' Ni**-Fe25Ni75 is as low as 249 mVdec ' (Fig-
ure 3B), indicating its faster charge transfer. Note that the
remarkable OER performance of NH;-Fe*"Ni*"-Fe25Ni75
is better than the reference samples of this work and
reported congeneric materials (Figure 3C and Table $3).1!4!
To further evaluate its intrinsic activity, turnover frequen-
cies (TOFs) and the double-layer capacitance (Cg) were
analyzed. As shown in Figure 3D and S14A-E, the highest
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catalysts. D) TOF of different materials.
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Figure 4. A) SAED pattern, B) HRTEM image, C), D) STEM images of
NH;-Fe? " Ni’*-Fe25Ni75. Multivariate statistical analysis for E) Fe and
F) Ni. G) XPS survey spectra, H) Ni 2p spectra, and I) Fe 2p spectra.
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double-layer capacitance value (5.89 mFcem ?) and turnover
frequencies value (0.015s ! at the overpotential of 240 mV)
of NH;-Fe?*Ni?*-Fe25Ni75 further confirms that it affords
the large electrochemically active surface area and excellent
intrinsic activity toward catalyzing OER. As presented in
Figure S14F, the potential for each step at different current
densities could maintain constant for 1000 s, suggesting its
excellent stability and mass transport performance. Further-
more, the potential remains nearly constant at a current
density of 10mAcm > for 100h (Figure SI5A) and
100 mAcm * for 24 h (Figure S15B), again indicating ex-
cellent long-term stability. Note that such good stability is
also supported by a negligible dissolution of Fe and Ni
content (Table S4) captured in the used electrolyte after a
long-term stability test over 100h via the inductively
coupled plasma mass spectrometry.

The selected area electron diffraction (SAED) result
(Figure 4A) reveals its single-crystalline nature and the
exposed (001) planes, which is further confirmed by the
HRTEM image (Figure 4B) showing clear lattice fringes
with a lattice spacing of 0.154 nm. To determine the exact
thickness, we observed NH;-Fe?*Ni?*-Fe25Ni75 from the
direction parallel to the lateral surface by using scanning
transmission electron microscopy (STEM). The result in
Figure 4C suggests that its thickness is 2-8 nm. EDX
indicates the co-existence of Fe/Ni elements and their
homogeneous distribution on the micrometer and nano-
meter (Figure 4D-F and S16) length scales. Multivariate
statistical analysis!"”! did not reveal the segregation of Fe or
Ni. These features are beneficial for exposing more active
sites that can be contacted with the electrolyte. Besides,
XPS was employed to analyze the valence state and
electronic structure. The Ni2p spectrum (Figure 4H)
presents two main peaks located at around 856 and 874 eV,
corresponding to the Ni*" oxidation state. In the Fe 2p
spectrum (Figure 4I), two main peaks at 711.4 and 725.8 eV
reveal the Fe’" oxidation state, and the pre-peak at around
707 eV is attributed to the presence of Fe species with a
lower-than-normal oxidation state.!'® The shift towards high-
er values of the binding energy of Fe 2p and Ni 2p in NH-
Fe?*Ni*"-Fe25Ni75 compared to that of NH;-Fe’™Ni**
-FeONi100 and NH;-Fe?"Ni*"-Fe100Ni0 signifies the mutual
effect between Fe species and Ni species in NH;-Fe? ' Ni**
-Fe25Ni75. Such coupling could improve OER kinetics by
modulating the electronic structure to accelerate electron
transfer from the electrode to reactants.”*!”

X-ray absorption spectroscopy (XAS) was employed to
further clarify the local fine structure, atomic coordination,
and bond lengths of the relevant samples. As shown in
Figure 5A and B, the pre-edge intensity increase of NHj;-
Fe?*Ni*"-Fe25Ni75 indicates a completely unsaturated 6-
coordinate Ni structure, and the pre-edge exhibiting a
substantial shift to the higher energy compared with that of
commercial and synthesized Ni(OH), suggests the increase
in the oxidation state of Ni species, in agreement with the
aforementioned XPS result. Meanwhile, the normalized Fe
K-edge XAS spectrum (Figure 5D and E) shows a weak
shift of the absorption edge toward lower energies with
respect to Fe,O;, suggesting the decreased oxidation state of

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Fe species. The above-mentioned change in the oxidation
state of Ni and Fe species is due to the partial electron
transfer from Ni*" to Fe®" through the oxygen bridge
(Figure 5G-1)."¥ Such electron transfer will induce a change
in e, filling of Ni species, which could reform the local
electronic structure and change the reaction behavior of
H,O, intermediates, and O, in the OER process, hence
leading to enhanced OER activity. Figure 5C and F show
the Fourier-transformed extended X-ray absorption fine
structure (EXAFS) of Ni/Fe K-edge. Compared with those
in the synthesized and commercial Ni(OH), samples, the
Ni O at around 1.6 A and Ni M bonds at around 2.69 A in
NH;-Fe? "Ni’*"-Fe25Ni75 present a shorter radial distance,
which is consistent with its higher oxidation-state-sensitive
energy shown in the X-ray absorption near-edge structure
(XANES) spectra. Based on the above analysis, we infer
that the local electronic structure change of Ni sites caused
by the incorporation of Fe species is responsible for
improving the electrocatalysis performance, which is sup-
ported by the increase of oxidation state and the change of
local coordination environment for NH;-Fe?tNi**-Fe25Ni75
evidenced by TEM, XPS and XANES results (Figure S17)
after OER stability. Besides, the positive effect of the
incorporation of Fe species on boosting the catalytic OER
activity is confirmed by DFT calculations (Figure S18). To
be specific, both the FeNi-LDH and B-Ni(OH), afford the
same rate-determining step of the formation of OOH* from
O%*. Gibbs free formation energies results indicate that the
FeNi-LDH requires a lower overpotential of 0.35 V than B-
Ni(OH), (0.56 V), decoding the better OER activity of the
FeNi-LDH. To further unravel the underlying mechanism
for the promoted activity of the FeNi-LDH, we have carried
out a Bader charge analysis. The Bader charge for the
incorporated Fe is +1.99 e, much higher as compared to Ni
species (+1.36 e) in B-Ni(OH),. This largely weakens the
binding energy of O* by 0.29 eV, while moderately weaken-
ing the binding energy of OOH* by 0.08 eV. The whole
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effect thus reduces the formation energy of OOH* from O*
by 0.21 eV.

Conclusion

Here, the deliberately designed combination of NH; gas
diffusion and in situ pH measurement provides a solution
for investigating the formation mechanism of FeNi-LDHs.
The obtained results demonstrated that the incorporation of
Fe species into Ni(OH), lattice is influenced by the
hydrolysis behavior difference between Ni’* and Fe*™**
under the low change rate of OH , while the rapid increase
of OH concentration can promote the successful formation
of FeNi-LDHs regardless of the Fe species. Furthermore, we
disclosed that adjusting the change rate of OH can tune the
morphology, crystallinity, and purity of the obtained FeNi-
LDHs. Under the guidance of our findings, the same
strategy was successfully extended to prepare other binary
or ternary LDHs. After evaluating the OER performance of
all obtained products, it is found that NH;-Fe?"Ni**
-Fe25Ni75 exhibits one of the best OER performances so far
reported. This work takes one step forward towards in situ
investigations of the formation mechanism of LDHs and the
corresponding findings can provide further opportunities
not only to improve the synthesis condition of LDHs but
also to realize the customized synthesis of LDHs with the
desired features.
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