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Abstract: Hydrogen evolution reaction (HER) has a dominant function in energy conversion and
storage because it supplies a most effective way for converting electricity into sustainable high-purity
hydrogen. Layered double hydroxides (LDHs) have shown promising performance in the process of
electrochemical water oxidation (a half-reaction for water splitting). Nevertheless, HER properties
have not been well released due to the structural characteristics of related materials. Herein, a simple
and scalable tactics is developed to synthesize chromium-doped CoFe LDH (CoFeCr LDH). Thanks
to oxygen vacancy, optimized electronic structure and interconnected array hierarchical structure,
our developed ternary CoFeCr-based layered double hydroxide catalysts can provide 10 mA cm 2
current density at —0.201 V vs. RHE with superior long-term stability in alkaline electrolyte. We
anticipate that the simple but feasible polymetallic electronic modulation strategy can strengthen the
electrocatalytic property of the layered double hydroxides established in the present study, based on
a carbon neutral and hydrogen economy.

Keywords: chromium-modified; hydrogen evolution reaction; free-standing; layered double hydroxides;

electron transfer

1. Introduction

By increasing the proportion of green energy used and reducing the use of non-
renewable energy, the carbon neutral process can be made to happen better [1]. The
electrolysis of water (utilizing electric energy to drive hydrogen production without CO,
emissions) can more effectively work out the balance for environmental pollution and
energy shortages. Now, the electric propulsion water decomposition needs high-cost
electrodes to overcome adverse energy barriers of the involved reaction process [2]. The
most efficient electrode for HER is still noble metal Pt or Pt/C. Nevertheless, the high
expense and insufficient reserves of Pt limit its utility in industrial scale [3].

In the past decades, substantial effort and research have been devoted in the prepa-
ration of high-efficiency transition metal and carbon-based electrocatalysts [4]. Among
various electrocatalysts, LDHs in particular have attracted much attention on account
of their 2D layered structure, interlayer spacing, tunable electronic structure and metal
species, which could simultaneously increase the number of active sites and expedite
electron transport [5]. Introducing heteroatoms or other composite systems to increase the
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activity of the electrode, from the point of view of surface and/or interface, is a common
strategy [6]. The electron density in the metal center of the composite system can be opti-
mized by introducing high valence metal ions [7]. Chen et al. have developed FeCoNi(S)
oxygen evolution and overall water splitting catalysts and suggested that reconstructed
Ni(Fe,Co)OOH is the real active sites [8]. Fu’s group synthesized MoSe,-based HER elec-
trodes catalysts with a more complex piezo-flexoelectric coupling effect at 1T and 2H-phase
interfacial areas by etching Mo metallic mesh through an optimized hydrothermal route [9].
Yang Shao-Horn and colleagues reported a new type of metal hydroxide-organic frame-
works synthesized through combining aromatic carboxylate linkers on the LDHs. The
results showed that excellent performance comes from optimized Ni redox and the bind-
ing of intermediates [10]. More importantly, the most promising strategy is to maximize
catalytic sites utilization and improve the synergy of mass and electron transport [11,12].
Hence, it is a key challenge to fabricate highly efficient and inexpensive catalysts with open
architecture to better balance electron transport and mass transfer [13].

To address the above problems, in this research, hierarchical chromium-modified
cobalt iron layered double hydroxides electrodes were systematically fabricated by means
of a one-step electrodeposition strategy. Such an integrated CoFeCr LDH nanostructure
remarkably improves the ability of catalytic process. More importantly, —0.201 V vs. RHE
is needed to achieve 10 mA cm~2 over the optimized CoFeCr LDH with oxygen vacancy
electrocatalyst. The remarkable performance and long-term stability of CoFeCr LDH were
attributed to the synergy effect between structural and electronic modulation. In particular,
this research is conducive to better understanding the polymetallic modulation based on
advanced LDHs catalyst for energy conversion.

2. Materials and Methods
2.1. Materials

Cobalt (II) nitrate hexahydrate (AR) and Chromic nitrate nonahydrate (AR) were pur-
chased from DAMAO. Platinum carbon (Pt/C, 20 wt%), ammonium hydroxide (AR) and
potassium hydroxide (AR) were obtained from INNOCHEM, MACKLIN and CMACKLIN
KESH], respectively. Ultrapure water was used throughout the experiment process.

2.2. Preparation of CoFeCr LDH and CoFe LDH Electrodes

The electrodes were prepared by electrodeposition process. The whole electrodeposi-
tion was carried out by using CHI660E workstation, and saturated calomel, Pt mesh and
beforehand Ni foam served as reference electrode, counter electrode and work electrode,
respectively. The composition of electrodeposition solution changed with the chromium
doping concentration while the moles of cobalt ions and total moles of metal ions remained
the same. The specific composition of the electrodeposition solution is shown in Table S1.
Take the 10% CoFeCr LDH for example; the aqueous solution (40 mL) contained 2.5 mmol
Co(NO3),-6H,0, 0.875 mmol FeCl,-4H,O and 0.375 mmol Cr(NO3)3-9H,0 was firstly
sonicated for 15 min to accelerate dissolution and then 0.37 mL NHj3-H,O was added. The
electrodeposition process was operated at specific potential (—2.0 V vs. SCE) [14]. The
deposition times were set as 60, 80, 100, 200 and 300 s. After the electrochemical test, the
sample with 100 s (10%-CoFeCr-LDH-100s) had best performance for HER and its loading
was ~0.4 mg cm~2. The catalyst load was determined by weight change before and after
electrodeposition process.

2.3. Characterizations of CoFeCr LDH and CoFe LDH Electrodes

The SEM measurements were performed on a scanning electron microscope (FESEM,
JSM-7610F, 10 kV). The TEM and HR-TEM measurements were taken with a JEOL JEM-F200
microscope. The samples were prepared by dropping ethanol dispersion of samples onto
carbon-coated copper TEM grids using pipettes and dried under ambient condition. The
X-ray photoelectron spectroscopy (XPS) measurements were conducted on a Kratos Axis
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Ultra DLD spectrometer. The electron paramagnetic resonance (EPR) spectroscopy was
probed by a Bruker E580 spectrometer at room temperature (295 K).

2.4. Electrochemical Measurements

All electrochemical tests were performed in a conventional three-electrodes system by
the CHI660E workstation (CHI Instruments, Shanghai, China) at room temperature with
the as-prepared electrodes (1 cmx1 cm) as work electrodes, carbon rod as counter electrode,
Hg/HgO as reference electrode and 1.0 M KOH as electrolyte. All linear sweep voltammetry
(LSV) curves towards HER in this work were conducted at a scan rate of 10 mV s~ ! and cal-
ibrated by iR corrected. Electrochemical impedance spectroscopy (EIS) was measured with
AC impedance over a frequency range from 0.1 to 10° Hz. The potentials used in this work
were calibrated to RHE by the equation: E (vs. RHE) = E (vs. Hg/HgO) + 0.098 + 0.059 pH.

3. Results

In this paper we developed an electrodeposition process to synthesize chromium-
modified cobalt iron layered double hydroxides directly grown on Ni foam in a general
solution (Co, Fe, Cr metal ions) based on optimized concentration and time, as illustrated
in Figure 1a. The detailed synthesis parameters and process are provided in the electronic
Supplementary Material (Table S1). Commercial nickel was selected as the substrate due to
low cost and multi-dimensional characteristic. Mass transport and electron transport are
two major regulatory directions of electrochemistry. The best efficiency can be achieved
only by maintaining a balance between the mass transport and electron transport. For
the nickel foam, due to its open structure, the catalytic dose can be increased to a certain
extent without affecting electron transport. However, when the catalyst is overloaded,
electron transport is affected [15]. The microscopic morphology images Figures 1b,c and S1
show that the prepared material adhered well to the surface of the Ni foam. A further
observation declares that the as-fabricated CoFeCr LDH catalysts consist of a large number
of nanoscale lamellar structures. The stability of the whole array structure can be improved
by cross-linking between the nanosheets [16].

To gain the results of structure and chemical composition, the CoFeCr LDH electrode
was investigated by transmission electron microscope (TEM) and selected area electron
diffraction (SAED) element mapping, respectively. The TEM results displayed that the
nanosheets were assembled together with high uniformity (Figure 1d,e). The interplanar
separation in the HR-TEM image (Figure 1f) was calculated to be 0.216 and 0.246 nm,
corresponding to (107) and (104) planes of trimetallic CoFeCr layer double hydroxides,
respectively [17]. The inset of Figure 1f shows that the spacing is determined to be 0.216 nm.
The SAED image of CoFeCr LDH sample further confirms the good crystallinity and
polycrystalline property (Figures 1g and S2) [18]. The energy-dispersive X-ray (EDX)
spectrum displays the existence of Co, Fe, Cr and O elements (Figure S3). Figure 2 shows
elemental mapping images, which demonstrate that the four elements (Co, Fe, Cr and O) are
evenly distributed across the whole CoFeCr LDH nanosheets, and no partial aggregation
of chromium can be observed.

The surface chemical compositions and oxidation states of elements in CoFeCr LDH
samples were investigated by X-ray photoelectron spectroscopy (XPS). The CoFeCr LDH
survey spectra demonstrated the presence of Co, Fe, Cr, C and O elements (Figure 3a). The
Cl1s spectrum of CoFeCr LDH shows two board peaks (284.9 eV and 289.7 eV), correspond-
ing to C-C and O-C=C (Figure 3b), respectively [19]. The Co 2p spectrum of CoFeCr LDH
includes four obvious Co peaks (Figure 3c), in which the peaks (781.2 eV) and (797.0 eV)
correspond to the Co®* species, and the peaks (783.2 eV) and (798.1 eV) belong to the Co**
species. The Fe 2p spectra shown in Figure 3d also exhibits the presence of oxidation state
of Fe?* (710.2 eV) and Fe3* (714.8 eV), respectively [20]. The Cr 2p spectrum (Figure 3e) of
CoFeCr LDH electrode shows two board peaks at 586.7 eV (Cr 2p; /) and 578.0 eV Cr 2p3,»
(Cr3*) [21]. Simultaneously, two peaks of O 1s spectrum at 531.7 and 533. 0 eV correspond
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with M-O and H;O, respectively [22]. The above characterization well indicates that we
have prepared a polymetallic hydroxides CoFeCr LDH sample.

Figure 1. (a) Schematic diagram of sample preparation, (b,c) scanning electron microscope images,
(d,e) transmission electron microscope images, (f) high resolution transmission electron microscopy
image and (g) selected area electron diffraction pattern of the CoFeCr LDH electrocatalysts.

MAG: 226000 x

Co+Fe+Cr+O -

Figure 2. The corresponding elements mapping of CoFeCr LDH nanosheets array electrocatalyst.
(a) STEM image of CoFeCr LDH. (b—f) EDX elemental mapping spectra of Co, Fe, Cr, O and mixed,
respectively.
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Figure 3. The XPS spectra of the CoFeCr LDH catalysts. (a) Survey spectra, (b) Cls, (c) Co 2p, (d) Fe
2p, (e) Cr2p and (f) O 1s.

We first assessed the properties of the chromium-modified cobalt iron layered double
hydroxides array for HER. The HER performance of the CoFeCr LDH and other reference
catalysts (CoFe LDH, Pt/C and Ni substrate) was evaluated by utilizing a standard three-
electrodes system in 1 M KOH solution. The CoFeCr LDH electrode was directly used as
the working electrode. The CoFeCr LDH exhibited a low onset potential. As shown in
Figure 4a, the prepared electrode revealed excellent performance towards HER (201 mV
overpotential at 10 mA cm™~2, 265 mV overpotential at 50 mA cm~2) as compared with
CoFe LDH electrode (Figure 4a,b). Although there is still room for improvement com-
pared with Pt/C (39 mV overpotential at the current density 10 mA cm™~2), our catalysts
showed a better advantage when compared with related non-precious metals, such as NiFe-
LDH/FeCoS,/CFC (380 mV at 10 mA cm~2), Ni;_,Fe, "LDH (242 mV at 10 mA cm~2),
CoFe LDHF (255 mV at 10 mA cm~2) and CoMoV LDH/NF (270 mV at 10 mA cm™~2), as
listed in Table S2 (see comparison details) [23-26].
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Figure 4. (a) The iR-corrected polarization curves, (b) a comparison of the corresponding overpoten-
tials at 10 mA cm~2 and 50 mA cm 2 current outputs, (c) corresponding Tafel plot and (d) the EIS
and equivalent circuit model (insert) of the CoFe LDH, CoFeCr LDH, Pt/C and bare NF electrodes.
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The catalytic kinetics of the CoFeCr LDH electrode and other reference electrodes was
analyzed by the Tafel slopes and the electrochemical impedance spectroscopy. With a small
Tafel slope, the hydrogen evolution rate would increase rapidly with less increment of the
overpotential. The CoFeCr LDH electrode reveals a smaller Tafel slope of 95.1 mV dec™!
compared with that of CoFe LDH (130.3 mV dec™!), indicating superior HER kinetics
(Figure 4c) [27]. The electrochemical impedance spectroscopy curves also illustrate smaller
electron transfer resistance (Rt) and thus faster HER kinetics for the CoFeCr LDH electrode,
comparing with the undoped CoFe LDH electrode (Figure 4d) [28].

The long-term durability is another investigation objectives for practical electrochemi-
cal process [29]. Figure 5a shows that the as-prepared CoFeCr LDH electrode can be keep
stable under a variety of current output. In the meantime, the HER durability of the CoFeCr
LDH electrode was evaluated by performing cyclic voltammetry process. After 500 cycles
(Figure 5b), the potential of a given current (50 mA cm~?2) has increased by only 5.7 mV.
No identified degradation was discovered after 24 h continuous working under a constant
current density, revealing that the combined electrode possesses excellent long-term sta-
bility (Figure S4). The CoFeCr LDH electrodes that operate for a long time were further
characterized by several advanced tests. Figure S5 presents the SEM image of the used
CoFeCr LDH electrode, revealing the nanosheets morphology and array architecture. The
result is consistent with the pristine CoFeCr LDH electrode (Figure 1). At the same time,
the stability of the two-dimensional structure was also proved by TEM results (Figure 6a,b).
The results of HR-TEM showed that there were more nanopores in the nanosheet structure
and more defect sites could be increased in the catalytic process (Figures 6c and S7). After a
long period of operation, the electrode still retains the polycrystalline nature and LDHs
phase structure (Figure 6¢,d). The EDX result displays the existence four metal elements
(Co, Fe, Cr, O) in the used CoFeCr LDH electrode (Figure S6). Figure 6e shows elemental
mapping images, which demonstrate that the elements are evenly distributed across the
whole CoFeCr LDH nanosheets.
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Figure 5. (a) The multi-current steps and (b) iR-corrected polarization curves of the electrode before
and after 500 cycles (Scanned area: —1.1~1.5 V vs. Hg/HgO, Potential scan rate: 200 mV s~ 1).

The valence changes of elements were investigated by XPS test. As the result shows,
the peak positions of each element basically remain unchanged, indicating that the catalytic
electrode has excellent stability (Figure S8a,b). Nonetheless, compared with the initial
CoFeCr LDH electrode, the total content of Cr is reduced during the HER process. The
EPR test at room temperature shown in Figure S9 illustrates that the defect degree of
CoFeCr LDH remained during the long-term electrolysis [30]. A variety of characterization
techniques have demonstrated that the CoFeCr LDH catalyst has high stability. We also
studied the stability of hydrogen evolution in acid electrolyte. The results show that the
electrode also has moderate stability under acidic conditions (Figure S10), and further
research is in progress.
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MAG: 226000 X

Figure 6. (a,b) Transmission electron microscopy images, (c) high resolution transmission electron
microscopy image, (d) selected area electron diffraction pattern and (e) the corresponding element
mapping of the CoFeCr LDH catalysts after the stability test.

We performed a series of optimizations for the parameters involved in the catalyst
preparation process. The deposition time affects the catalyst load. The right amount of
catalyst has an important effect on both electron transport and electron transport. By
comparing samples with different times, we confirm that the best deposition time is 100 s
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(Figure 7a), and the best catalyst has high catalytic activity and fast electron transfer
Figures 7b,c and S11). Furthermore, we optimized the doping concentration of Cr species.
When the doping concentration is 10% (Figure 7d), the electrode has the highest catalytic
performance due to the lowest transfer resistance (Figures 7e,f and S12).
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Figure 7. (a,d) The iR-corrected polarization curves, (b,e) the EIS spectra and equivalent circuit model
(insert) and (c,f) corresponding Tafel plot of CoFeCr LDH electrodes with different deposition time
and doping concentrations, respectively.

4. Discussion

The activity improvement of the CoFeCr LDH electrode was discussed in detail. To
understand the surface chemical state of the as-prepared electrodes, X-ray photoelectron
spectroscopy (XPS) measurement was conducted. Compared with the CoFe LDH sample,
an additional faint Cr element peak was found in the survey spectra of the CoFeCr LDH,
demonstrating the successful doping of the Cr species into CoFe LDH substrate. It is
worth noting that both peaks (Co 2p3,, and Co 2pq ;) shift towards lower energy (0.15 eV)
due to doped Cr, verifying the synergistic electronic interactions of metal ions among Co,
Fe and Cr cations [30-33]. The introduced Cr element has a noticeable influence on the
chemical microenvironment of the CoFe LDH electrode. In Cr 2p spectra (Figure 2d), the
two deconvoluted peaks (586.7 eV and 578 eV) should be attributed to Cr 2p;,, and Cr
2p3/, (Cr¥*) (Figure 3e). At the same time, we found that the position of Fe 2p peak did
not change significantly after Cr doped. The phenomenon indicates that the introduction
of foreign Cr causes the selective change of metals electron density in the CoFeCr LDH
catalyst. The change of electron density can promote electrochemical adsorption and
desorption [30,34,35].

To further verify the existence of the oxygen vacancies, room temperature electron
paramagnetic resonance (EPR) was performed. The evident signal peak was at g = 2.003,
which is identified as the essential feature of surface oxygen vacancy [36,37]. As shown
in Figure 8c, after the introduction of foreign Cr element, the signal strength representing
oxygen defects was enhanced. The presence of oxygen deficiency can increase the electron
transport in catalytic process, thus enhancing the adsorption/desorption of related inter-
mediates [38,39]. Combined with our previous published article [20], we believe that Ni
foam as a substrate also plays an indispensable role in improving the performance of the
catalysts. The tight interface between the Ni foam substrate and catalyst layer can regulate
the electron density of the metal and accelerate the electron transfer process (Figure S13).
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In addition to the improvement of electron transfer, the enhancement of mass transfer by
array structure also plays a pivotal role in improving the overall efficacy.

a CoFe LDH b . —— CoFe LDH C
5 —— CoFeCr LDH ’ el
I 0.15 eV g : ;
2 = 2
= 2
8 5 g
i= £ €
CoFe LDH
—— CoFeCr LDH
774 780 786 792 798 804 810 702 708 714 720 726 732 738 309.0 3095 310.0 3105
Binding Energy / eV Binding Energy / eV Magnetic Field (Gauss)

Figure 8. X-ray photoelectron spectroscopy (a) Co 2p, (b) Fe 2p and (c) the electron paramagnetic
resonance spectra of CoFeCr LDH and CoFe LDH electrodes.

5. Conclusions

In this work, we designed a CoFeCr LDH hybrid for water splitting through one-step
electrodeposition strategy. The prepared electrode shows high performance in hydrogen
production, only requiring 201 mV overpotential to drive current output (10 mA cm~2)
with an outstanding stability in 1.0 M KOH electrolyte. The CoFeCr LDH HER electrode is
distinctly more active than the previous reported oxyhydroxide HER catalysts. The work
demonstrates the effect of electrode composition on improving the intrinsic properties
and optimizing the electronic structure of electrode. Considering the fine control of this
technique to high quality water splitting catalysts, the work emphasizes a competitive
strategy to obtain cheap HER layered double hydroxides electrodes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12071227 /s1, Figure S1: The SEM of CoFeCr LDH electrode;
Figure S2: The HRTEM and corresponding fast-Fourier-transform (FFT) of the as-obtained CoFeCr
LDH electrode; Figure S3: The EDX of CoFeCr LDH electrode; Figure S4: The chronopotentiometry
measurement of CoFeCr LDH electrode; Figure S5: The SEM images of CoFeCr LDH electrode after
long-time stability test; Figure S6: The EDX of CoFeCr LDH electrode after long- time stability test;
Figure S7: The HRTEM image of CoFeCr LDH electrode after long- time stability test; Figure S8:
High-resolution XPS (a) Co 2p, (b) Fe 2p and (c) Cr 2p spectra of CoFeCr LDH electrode before
and after long- time stability test; Figure S9: The electron paramagnetic resonance (EPR ) spectra
of CoFeCr LDH electrode before and after long time stability test; Figure S10: (a) the polarization
curves of the electrode before and after 500 cycles. (b) the multi-potential steps and (c) the multi-
current steps; Figure S11: The comparison of the corresponding overpotentials at 10 mA cm 2
and 50 mA cm~2 current outputs based on different deposition time electrodes; Figure S12: The
comparison of the corresponding overpotentials at 10 mA cm~2 and 50 mA cm ™2 current outputs
based on different doping concentrations electrodes; Figure S13: The high-resolution (a) Co 2p and
(b) Fe 2p spectra of CoFe LDH electrode and CoFe LDH powder; Table S1: Summary of parameters
for sample preparation; Table S2: Comparison of the HER performance of CoFeCr LDH catalyst with
other reported OER catalysts. References [40-50] are cited in the Supplementary Materials.

Author Contributions: J.-].Z.: Conceptualization, analysis, funding acquisition, writing—original
draft. M.-Y.L.: Conducted the synthesis of the electrodes and carried out corresponding characteri-
zations, W.-W.B. and C.-Q.J.: Writing- review & editing. X.-H.F. and G.L.: Helped to conduct data
analysis. C.-M.Y., X.L. and N.-N.Z.: Helped to conduct data analysis. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/nano12071227/s1
https://www.mdpi.com/article/10.3390/nano12071227/s1

Nanomaterials 2022, 12, 1227 10 of 12

Funding: This work was funded by the National Natural Science Foundation of China (Grant
Nos. 21902123), Natural Science Basic Research Program of Department of Science and Technology of
Shaanxi Province (2020JQ-806), the support of the Research Fund for the Doctoral Program of Xi’an
Technological University (Grant Nos. 0853-302020540) and the Fundamental Research Fund for the
Undergraduate Innovation Project (5S202110702085).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article as no new data were
created or analysed in this study.

Acknowledgments: The authors would like to thank the anonymous reviewers who helped to
significantly improve the quality of the research paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Nong, H.N.; Falling, L.J.; Bergmann, A.; Klingenhof, M.; Tran, H.P,; Spori, C.; Mom, R.; Timoshenko, J.; Zichittella, G.; Knop-
Gericke, A.; et al. Key role of chemistry versus bias in electrocatalytic oxygen evolution. Nature 2020, 587, 408—413. [CrossRef]
[PubMed]

Liu, Y,; Feng, Q.G.; Liu, W.; Li, Q.; Wang, Y.C,; Liu, B.; Zheng, L.R.; Wang, W.; Huang, L.; Chen, L.M.; et al. Boosting interfacial
charge transfer for alkaline hydrogen evolution via rational interior Se modification. Nano Energy 2021, 81, 105641. [CrossRef]
Tang, Y.J.; Zheng, H.; Wang, Y.; Zhang, W.; Zhou, K. Laser-induced annealing of metal-organic frameworks on conductive
substrates for electrochemical water splitting. Adv. Funct. Mater. 2021, 31, 2102648. [CrossRef]

Gao, LK; Cui, X,; Sewell, C.D.; Li, J.; Lin, Z.Q. Recent advances in activating surface reconstruction for the high-effiffifficiency
oxygen evolution reaction. Chem. Soc. Rev. 2021, 50, 8428-8469. [CrossRef] [PubMed]

Wu, LB,; Yu, L,; Xiao, X.; Zhang, FH.; Song, S.W.; Chen, S.; Ren, Z.F. Recent advances in self-supported layered double hydroxides
for oxygen evolution reaction. Research 2020, 2020, 3976278. [CrossRef] [PubMed]

Wang, Z.; Long, X.; Yang, S.H. Effects of metal combinations on the electrocatalytic properties of transition-metal-based layered
double hydroxides for water oxidation: A perspective with insights. ACS Omega 2018, 3, 16529-16541. [CrossRef]

Zhang, B.; Wang, L.; Cao, Z.; Kozlov, S.M.; de Arquer, EP.G,; Dinh, C.T;; Li, ]J.; Wang, Z.Y.; Zheng, X.L.; Zhang, L.S.; et al.
High-valence metals improve oxygen evolution reaction performance by modulating 3d metal oxidation cycle energetics. Nat.
Catal. 2020, 3, 985-992. [CrossRef]

Chen, L.; Wang, Y.P.; Zhao, X.; Wang, Y.C.; Li, Q.; Wang, Q.C.; Tang, Y.G.; Lei, Y.P. Trimetallic oxyhydroxides as active sites for
large-current-density alkaline oxygen evolution and overall water splitting. J. Mater.Sci. Technol. 2022, 110, 128-135. [CrossRef]
Yang, C.M.; Zhou, L. H.; Wang, C.T.; Duan, W.; Zhang, L.; Zhang, F.C.; Zhang, ].].; Zhen, Y.Z.; Gao, L].; Fu, F; et al. Large-scale
synthetic Mo@(2H-1T)-MoSe; monolithic electrode for efficient hydrogen evolution in all pH scale ranges and seawater. Appl.
Catal. B Environ. 2022, 304, 120993. [CrossRef]

Yuan, S.; Peng, ].Y.; Cai, B.; Huang, Z.H.; Garcia-Esparza, A.T.; Sokaras, D.; Zhang, Y.R.; Giordano, L.; Akkiraju, K.; Zhu, Y.G; et al.
Tunable metal hydroxide-organic frameworks for catalysing oxygen evolution. Nat. Mater. 2022, 1-8. [CrossRef]

Zhang, ].J.; Bao, WW.,; Li, M.Y,; Yang, C.M.; Zhang, N.N. Ultrafast formation of an FeOOH electrocatalyst on Ni for efficient
alkaline water and urea oxidation. Chem. Commun. 2020, 56, 14713-14716. [CrossRef] [PubMed]

Zhang, ].J.; Zhao, T.J.; Wang, H.H.; Lin, Y.X.; Zhai, G.Y,; Jiang, Z.D.; Hirano, S.; Li, X.H.; Chen, ].S. Oriented arrays of Co304
nanoneedles for highly efficient electrocatalytic water oxidatio. Chem. Commun. 2019, 55, 3971-3974. [CrossRef] [PubMed]
Zhang, ].J.; Lv, L.B.;; Zhao, T.J.; Lin, Y.X; Yu, Q.Y.; Su, J.; Hirano, S.; Li, X.H.; Chen, ].S. Engineering the interfaces of super-
absorbing graphene-based electrodes with gas and electrolyte to boost gas evolution/activation reactions. ChemSusChem 2018, 11,
2306-2309. [CrossRef] [PubMed]

Xu, S.M.; Liang, X.; Wu, X.Y.; Zhao, S.L.; Chen, J.; Wang, K.X.; Chen, ].S. Multistaged discharge constructing heterostructure with
enhanced solid-solution behavior for long-life lithium-oxygen batteries. Nat. Commun 2019, 10, 5810. [CrossRef]

Fei, B.; Chen, Z.L,; Liu, ].X,; Xu, H.B.; Yan, X.X,; Qing, H.L.; Chen, M.; Wu, R.B. Ultrathinning nickel sulfide with modulated
electron density for efficient water splitting. Adv. Energy Mater. 2020, 10, 2001963. [CrossRef]

Sun, H.M,; Yan, Z.H.; Liu, EM.; Xu, W.C.; Cheng, EY.; Chen, ]. Self-supported transition-metal-based electrocatalysts for hydrogen
and oxygen evolution. Adv. Mater. 2019, 32, 1806326. [CrossRef]

Wu, LB;; Yu, L.; Zhu, Q.C.; McElhenny, B.; Zhang, EH.; Wu, C.Z; Xing, X.X,; Bao, ] M.; Chen, S.; Ren, Z.F. Boron-modified cobalt
iron layered double hydroxides for high efficiency seawater oxidation. Nano Energy 2021, 83, 105838. [CrossRef]

Zhang, J.].; Wang, H.H.; Zhao, T.J.; Zhang, K.X.; Wei, X,; Jiang, Z.D.; Hirano, S.; Li, X.H.; Chen, J.5. Oxygen vacancy engineering
of Co304 nanocrystals through coupling with metal support for water oxidation. ChemSusChem 2017, 10, 2875-2879. [CrossRef]


http://doi.org/10.1038/s41586-020-2908-2
http://www.ncbi.nlm.nih.gov/pubmed/33208960
http://doi.org/10.1016/j.nanoen.2020.105641
http://doi.org/10.1002/adfm.202102648
http://doi.org/10.1039/D0CS00962H
http://www.ncbi.nlm.nih.gov/pubmed/34259239
http://doi.org/10.34133/2020/3976278
http://www.ncbi.nlm.nih.gov/pubmed/32159161
http://doi.org/10.1021/acsomega.8b02565
http://doi.org/10.1038/s41929-020-00525-6
http://doi.org/10.1016/j.jmst.2021.08.083
http://doi.org/10.1016/j.apcatb.2021.120993
http://doi.org/10.1038/s41563-022-01199-0
http://doi.org/10.1039/D0CC05592A
http://www.ncbi.nlm.nih.gov/pubmed/33174544
http://doi.org/10.1039/C9CC00791A
http://www.ncbi.nlm.nih.gov/pubmed/30874700
http://doi.org/10.1002/cssc.201800826
http://www.ncbi.nlm.nih.gov/pubmed/29851293
http://doi.org/10.1038/s41467-019-13712-2
http://doi.org/10.1002/aenm.202001963
http://doi.org/10.1002/adma.201806326
http://doi.org/10.1016/j.nanoen.2021.105838
http://doi.org/10.1002/cssc.201700779

Nanomaterials 2022, 12, 1227 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yang, Y.B.; Cui, X,; Gao, D.; He, H.C.; Ou, Y.Q.; Zhou, M,; Lai, Q.X.; Wei, X.J.; Xiao, P.; Zhang, Y.H. Trimetallic CoFeCr hydroxide
electrocatalysts synthesized at low temperature for accelerating water oxidation via tuning electronic structure of active sites.
Sustain. Energy Fuels 2020, 4, 3647-3653. [CrossRef]

Li, M.Y,; Zhang, ].J.; Li, X.; Bao, WW.; Yang, C.M,; Jin, C.Q.; Li, M.; Wang, S.M.; Zhang, N.N. Tuning the electronic structures
of self-supported vertically aligned CoFe LDH arrays integrated with Ni foam toward highly efficient electrocatalytic water
oxidation. New J. Chem. 2021, 45, 13266-13270. [CrossRef]

Yang, Y.; Dang, L.N.; Shearer, M.].; Sheng, H.Y,; Li, W.].; Chen, J.; Xiao, P; Zhang, Y.H.; Hamers, R.].; Jin, S. Highly active trimetallic
NiFeCr layered double hydroxide electrocatalysts for oxygen evolution reaction. Adv. Energy Mater. 2018, 8, 1703189. [CrossRef]
Fan, L.Z.; Zhang, P.L.; Zhang, B.B.; Daniel, Q.; Timmer, B.].].; Zhang, EG.; Sun, L.C. A 3D core-shell NiFeCr catalyst on Cu
nanoarray for water oxidation: Synergy between structural and electronic modulation. ACS Energy Lett. 2018, 3, 2865-2874.
[CrossRef]

Zhang, Z.W.; Zhou, ].M.; Wei, H.L,; Dai, Y.F; Li, S.J.; Shi, H.J.; Xu, G. Construction of hierarchical NiFe-LDH/FeCoS,/CFC
composites as efficient bifunctional electrocatalysts for hydrogen and oxygen evolution reaction. J. Mater. Sci. 2020, 55,
16625-16640. [CrossRef]

Rajeshkhanna, G.; Singh, T.I,; Kim, N.H.; Lee, ]. Remarkable bifunctional oxygen and hydrogen evolution electrocatalytic activities
with trace level Fe-doping in Ni- and Co-layered double hydroxides for overall water splitting. ACS Appl. Mater. Interfaces 2018,
10, 42453-42468. [CrossRef] [PubMed]

Liu, PF; Yang, S.; Zhang, B.; Yang, H.G. Defect-rich ultrathin cobalt-iron layered double hydroxide for electrochemical overall
water splitting. ACS Appl. Mater. Interfaces 2016, 8, 34474-34481. [CrossRef] [PubMed]

Bao, J.; Wang, Z.L.; Xie, ].E; Xu, L.; Lei, EC.; Guan, M.L.; Zhao, Y.; Huang, Y.P; Li, H.M. Ternary cobalt-molybdenum-vanadium
layered double hydroxide nanosheet array as an efficient bifunctional electrocatalyst for overall water splitting. Chem. Commun.
2019, 55, 3521-3524. [CrossRef]

Yang, C.M.; Wang, C.T.; Zhou, L.H.; Duan, W,; Song, Y.Y.; Zhang, F.C.; Zhen, Y.Z.; Zhang, ].].; Bao, WW.,; Lu, Y.X,; et al. Refining
d-band center in Nij g5Se by Mo doping: A strategy for boosting hydrogen generation viacoupling electrocatalytic oxidation
5-hydroxymethylfurfural. Chem. Eng. ]. 2021, 422, 130125. [CrossRef]

Zhang, ].J.; Yang, C.M,; Jin, C.Q.; Bao, W.W.; Nan, R H.; Hu, L.; Liu, G.; Zhang, N.N. Hierarchical iron molybdate nanostructure
array for efficient water oxidation through optimizing electron density. Chem. Commun. 2021, 57, 3563-3566. [CrossRef]

Zhang, ].].; Ge, ] M.; Wang, H.H.; Wei, X.; Li, X.H.; Chen, ].S. Activating oxygen molecules over carbonyl-modified graphitic
carbon nitride: Merging supramolecular oxidation with photocatalysis in a metal-free catalyst for oxidative coupling of amines
into imine. ChemCatChem 2016, 8, 3441-3445. [CrossRef]

Xiao, L.; Bao, W.W.; Zhang, ].].; Yang, C.M.; Ai, T.T,; Li, Y.; Wei, X.L.; Jiang, P.; Kou, L.]. Interfacial interaction between NiMoP and
NiFe-LDH to regulate the electronic structure toward high-efficiency electrocatalytic oxygen evolution reaction. Int. ]. Hydrogen
Energy 2022, 47, 9230-9238. [CrossRef]

Wang, J.; Gao, Y.; Kong, H.; Kim, J.; Choi, S.; Ciucci, F.; Hao, Y.; Yang, S.H.; Shao, Z.P,; Lim, J. Non-precious-metal catalysts for
alkaline water electrolysis: Operando characterizations, theoretical calculations, and recent advances. Chem. Soc. Rev. 2020, 49,
9154-9196. [CrossRef]

Li, S.; Chen, B.B.; Wang, Y.; Ye, M.Y,; van Aken, P.A.; Cheng, C.; Thomas, A. Oxygen-evolving catalytic atoms on metal carbides.
Nat. Mater. 2021, 20, 1240-1247. [CrossRef]

Zhang, J.].; Su, H.; Wang, H.H.; Xue, Z.H.; Zhang, B.; Wei, X,; Li, X.H.; Hirano, S.I.; Chen, J.S. Constructing Ohmic contact in
cobalt selenide/Ti dyadic electrode: The third aspect to promote the oxygen evolution reaction. Nano Energy 2017, 39, 321-327.
[CrossRef]

He, J.; Zhou, X.; Xu, P.; Sun, ]. M. Promoting electrocatalytic water oxidation through tungsten-modulated oxygen vacancies on
hierarchical FeNi-layered double hydroxide. Nano Energy 2021, 80, 105540. [CrossRef]

Sun, YM,; Xue, Z.Q.; Liu, Q.L; Jia, Y.L.; Li, Y.L,; Liu, K,; Lin, Y.Y,; Liu, M.; Li, G.Q.; Su, C.Y. Modulating electronic structure of
metal-organic frameworks by introducing atomically dispersed Ru for efficient hydrogen evolution. Nat. Commun. 2021, 12, 1369.
[CrossRef] [PubMed]

Gong, Y.; Huang, J.; Cao, L.; Kajiyoshi, K.; Yang, D.; Feng, Y.; Kou, L.; Feng, L.L. Methanol-assisted synthesis of Ni3+-doped
ultrathin NiZn-LDH nanomeshes for boosted alkaline water splitting. Dalton Trans. 2020, 49, 1325-1333. [CrossRef] [PubMed]
Sun, H.C.; Zhang, W.; Li, ].G.; Li, Z.S.; Ao, X.; Xue, K.H.; Ostrikov, K.K,; Tang, J.; Wang, C.D. Rh-engineered ultrathin NiFe-LDH
nanosheets enable highly-efficient overall water splitting and urea electrolysis. Appl. Catal. B Environ. 2021, 284, 119740.
[CrossRef]

Liu, S.J.; Zhu, J.; Sun, M.; Ma, Z.X.; Hu, K.; Nakajima, T.; Liu, X.H.; Schmuki, P.; Wang, L. Promoting the hydrogen evolution
reaction through oxygen vacancies and phase transformation engineering on layered double hydroxide nanosheets. J. Mater.
Chem. A 2020, 8, 2490-2497. [CrossRef]

Xue, Y.Q.; Bai, X.J.; Xu, Y.Y,; Yan, Q.; Zhu, M.,; Zhu, K; Ye, K;; Yan, J.; Cao, D.X.; Wang, G.L. Vertically oriented Ni-doped MoS,
nanosheets supported on hollow carbon microtubes for enhanced hydrogen evolution reaction and water splitting. Compos. B
Eng. 2021, 224, 109229. [CrossRef]

Xue, Z.; Su, H.; Yu, Q.; Zhang, B.; Wang, H.; Li, X.; Chen, J. Janus Co/CoP nanoparticles as efficient Mott-Schottky electrocatalysts
for overall water splitting in wide pH range. Adv. Enerqy Mater. 2017, 7, 1602355. [CrossRef]


http://doi.org/10.1039/D0SE00659A
http://doi.org/10.1039/D1NJ02229F
http://doi.org/10.1002/aenm.201703189
http://doi.org/10.1021/acsenergylett.8b01897
http://doi.org/10.1007/s10853-020-05182-5
http://doi.org/10.1021/acsami.8b16425
http://www.ncbi.nlm.nih.gov/pubmed/30430830
http://doi.org/10.1021/acsami.6b12803
http://www.ncbi.nlm.nih.gov/pubmed/27998124
http://doi.org/10.1039/C9CC00269C
http://doi.org/10.1016/j.cej.2021.130125
http://doi.org/10.1039/D0CC07735F
http://doi.org/10.1002/cctc.201601065
http://doi.org/10.1016/j.ijhydene.2021.12.258
http://doi.org/10.1039/D0CS00575D
http://doi.org/10.1038/s41563-021-01006-2
http://doi.org/10.1016/j.nanoen.2017.07.008
http://doi.org/10.1016/j.nanoen.2020.105540
http://doi.org/10.1038/s41467-021-21595-5
http://www.ncbi.nlm.nih.gov/pubmed/33649349
http://doi.org/10.1039/C9DT04282B
http://www.ncbi.nlm.nih.gov/pubmed/31913396
http://doi.org/10.1016/j.apcatb.2020.119740
http://doi.org/10.1039/C9TA12768B
http://doi.org/10.1016/j.compositesb.2021.109229
http://doi.org/10.1002/aenm.201602355

Nanomaterials 2022, 12, 1227 12 of 12

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Karakaya, C.; Solati, N.; Savaci, U; Keles, E.; Turan, S.; Celebi, S.; Kaya, S. Mesoporous thin-film NiS; as an idealized pre-
electrocatalyst for a hydrogen evolution reaction. ACS Catal. 2020, 10, 15114-15122. [CrossRef]

Luo, J.; Im, ].H.; Mayer, M.T.; Schreier, M.; Nazeeruddin, M.K; Park, N.G.; Tilley, S.D.; Fan, H.]J.; Grétzel, M. Water photolysis at
12.3% efficiency via perovskite photovoltaics and Earth-abundant catalysts. Science 2014, 345, 1593-1596. [CrossRef] [PubMed]
Venkateshwaran, S.; Josline, M.J.; Kumar, S.M.S. Fine-tuning interlayer spacing in MoS, forenriching 1T phase via alkylated
ammonium ions for electrocatalytic hydrogen evolution reaction. Int. . Hydrogen Energy 2021, 46, 8377-8390. [CrossRef]
Rajeshkhanna, G.; Kandula, S.; Shrestha, K.R.; Kim, N.H.; Lee, ] H. A new class of Zn;_,Fe,—oxyselenide and Zn;_ Fe,—~LDH
nanostructured material with remarkable bifunctional oxygen and hydrogen evolution electrocatalytic activities for overall water
splitting. Small 2018, 14, 1803638. [CrossRef] [PubMed]

Hou, Y.; Lohe, M.R,; Zhang, J.; Liu, S.; Zhuang, X.; Feng, X. Vertically oriented cobalt selenide/NiFe layered-double-hydroxide
nanosheets supported on exfoliated graphene foil: an efficient 3D electrode for overall water splitting. Energy Environ. Sci. 2016,
9, 478-483. [CrossRef]

Mahmood, N.; Yao, Y.; Zhang, ].-W.; Pan, L.; Zhang, X.; Zou, J.-J. Electrocatalysts for hydrogen evolution in alkaline elec-
trolytes:mechanisms, challenges, and prospective solutions. Adv. Sci. 2018, 5, 1700464. [CrossRef]

Wang, J.; Gao, Y.; Chen, D,; Liu, J.; Zhang, Z.; Shao, Z.; Ciucci, F. Water splitting with an enhanced bifunctional double perovskite.
ACS Catal. 2017, 8, 364-371. [CrossRef]

Jia, Y,; Zhang, L.; Gao, G.; Chen, H.; Wang, B.; Zhou, J.; Soo, M.T,; Hong, M.; Yan, X,; Qian, G.; Zou, J.; Du, A.; Yao, X. A
heterostructure coupling of exfoliated Ni-Fe hydroxide nanosheet and defective graphene as a bifunctional electrocatalyst for
overall water splitting. Adv. Mater. 2017, 29, 1700017. [CrossRef]

Wang, T.; Xu, M,; Li, E; Li, Y.; Chen, W. Multimetal-based nitrogen doped carbon nanotubes bifunctional electrocatalysts for
triiodide reduction and water-splitting synthesized from polyoxometalate-intercalated layered double hydroxide pyrolysis
strategy. Appl. Catal. B Environ. 2021, 280, 119421. [CrossRef]

Chen, G.-F; Ma, T.Y,; Liu, Z.-Q.; Li, N.; Su, Y.-Z.; Davey, K.; Qiao, S.-Z. Efficient and stable bifunctional electrocatalysts Ni/NixM,
(M =P, S) for overall water splitting. Adv. Funct. Mater. 2016, 26, 3314-3323. [CrossRef]


http://doi.org/10.1021/acscatal.0c03094
http://doi.org/10.1126/science.1258307
http://www.ncbi.nlm.nih.gov/pubmed/25258076
http://doi.org/10.1016/j.ijhydene.2020.12.054
http://doi.org/10.1002/smll.201803638
http://www.ncbi.nlm.nih.gov/pubmed/30444578
http://doi.org/10.1039/C5EE03440J
http://doi.org/10.1002/advs.201700464
http://doi.org/10.1021/acscatal.7b02650
http://doi.org/10.1002/adma.201700017
http://doi.org/10.1016/j.apcatb.2020.119421
http://doi.org/10.1002/adfm.201505626

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of CoFeCr LDH and CoFe LDH Electrodes 
	Characterizations of CoFeCr LDH and CoFe LDH Electrodes 
	Electrochemical Measurements 

	Results 
	Discussion 
	Conclusions 
	References

