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Abstract: A reasonable design of nickel-based catalysts is key to efficient and sustainable energy
conversion. For electrocatalytic materials in alkaline electrolytes, however, atomic-level control of
the active sites is essential. Moreover, the well-defined surface structure contributes to a deeper
understanding of the catalytic mechanism. Here, we report the loading of defective nickel-cobalt
layered double hydroxide nanosheets (NipCo-LDH@C) after carbonization of silk. Under the precise
regulation of the local coordination environment of the catalytic active site and the presence of
defects, NipCo-LDH@C can provide an ultra-low overpotential of 164.8 mV for hydrogen evolution
reactions (HERs) at 10 mA cm ™2, exceeding that of commercial Pt/C catalysts. Density functional
theory calculations show that NipCo-LDH@C optimizes the adsorption energy of the intermediate
and promotes the O-O coupling of the active site in the oxygen evolution reaction. When using
NipCo-LDH@Cs as cathodes and anodes to achieve overall water splitting, a low voltage of 1.63 V is
required to achieve a current density of 10 mA cm 2. As an ideal model, Ni,Co-LDH@C has excellent
water splitting properties and has the potential to develop water—alkali electrocatalysts.

Keywords: electrocatalyst; synergistic effect; carbonization of silk; overall water splitting

1. Introduction

The development and search for modern, clean, economic, and sustainable energy
technologies is an essential issue that needs to be addressed [1,2]. Hydrogen has a clear
advantage as the most efficient and clean energy source of future concern [3-6]. Among
the numerous hydrogen carriers and hydrogen production reactions, electrolytic water is
considered to be a promising method for producing hydrogen with elevated purity due
to its high efficiency and low cost [7-10]. Thus, HER catalysts with excellent performance
and stability have been widely studied and developed. Precious metal catalysts such as
Pt-based catalysts have shown excellent HER properties, but the rarity and high price of
precious metals have limited their further development [11,12]. As a result, the search for
inexpensive and efficient electrocatalysts that can replace precious metals has become a
hot topic. The nanoflower-like N-dope carbon-encapsulated CoNiPt alloy structure with
composition segregation exhibits excellent HER activity in alkaline media [13]. However,
due to their conjugated electronic structure, graphene carbon atoms are not excellent
electrocatalytic active sites and exhibit poor electrocatalytic activity in HER. Silk has a
naturally occurring strong molecular fiber that contains C, N, O, H, and additional elements.

C 2023, 9, 94. https:/ /doi.org/10.3390/c9040094

https:/ /www.mdpi.com/journal/carbon


https://doi.org/10.3390/c9040094
https://doi.org/10.3390/c9040094
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/carbon
https://www.mdpi.com
https://orcid.org/0000-0003-0963-5670
https://orcid.org/0000-0001-7330-5874
https://doi.org/10.3390/c9040094
https://www.mdpi.com/journal/carbon
https://www.mdpi.com/article/10.3390/c9040094?type=check_update&version=1

C 2023, 9,94

20f13

Compared to conventional substrate materials, elevated-temperature carbonized silk has
better electrical conductivity, richer surface structure, higher stability and flexibility, and
the self-supporting structural system gives a richer means of modification [14,15].

Carbon carriers are widely used in the field of electrocatalysis [16]. However, the inert
surface of carbon materials usually causes the interaction force between the metal nanopar-
ticles and the carbon surface to be too weak, which means that it is difficult to effectively
regulate the electronic structure of metal nanoparticles and improve their catalytic activity,
and it is difficult to effectively inhibit their agglomeration [17,18]. To solve the above key
problems, a strategy of adjusting the m-conjugated structure of silk after carbonization to
enhance the interaction between the carbon carrier and the loaded metal nanoparticles was
proposed to achieve effective regulation of the electronic structure and catalytic activity of
metal nanoparticles, and to improve their catalytic stability. [19] Composite nanoreactors
with transition metal atoms and carbon substrates have been successfully constructed
by doping carbonized silk with transition metal atoms such as Co and Ni [20]. The first-
principle calculation shows that the modification of metal Co and Ni atoms can lead to the
redistribution of the surface charge of carbon materials, and make carbon atoms around
Co and Ni atoms appear to be electron-deficient, which significantly enhances the electron
transfer from Co and Ni nanoparticles to carbon carriers [21]. The effect of interfacial charge
rearrangement of C nanomaterials induced by metal Co and Ni atoms doping on HER
catalytic performance was investigated. Overall, the adsorption of hydrogen by Co is quite
strong, resulting in its low electrocatalytic decomposition activity for aquatic hydrogen. In
contrast, the Ni site at the interface of the composite nanoreactor has a moderate hydrogen
adsorption capacity and elevated hydrogen evolution activity. The Ni sites further away
from the interface favor the splitting of water molecules and provide an efficient source of
oxygen evolution reactions (OER) [22]. As a result, carbon materials were employed as a
substrate for the synthesis of various Ni-Co electrocatalysts with different ratios. Among
these catalysts, NiyCo-LDH@C exhibited exceptional HER performance in the alkaline.
DEFT calculations revealed that an increased amount of Ni facilitates the hydrolysis process
during alkaline HER. It is noteworthy that the catalytic activity and surface oxygen content
demonstrate a distribution pattern resembling a volcano shape, primarily attributed to
Ni3q-Oyp hybridization. The synergistic effect resulting from these factors enables the
NiyCo-LDH@C catalyst to achieve an impressively low overpotential of 164.8/183.4 mV
for HER/OER at a current density of 10 mA cm~2, surpassing most previously reported
catalysts in terms of performance advantages. In addition, when Ni,Co-LDH@C is used
as the cathode and anode for overall water splitting, it requires only a very low voltage
of 1.82 'V to for 50 mA cm~2. Most importantly, its exceptional long-term stability in an
alkaline environment gives it a possibility for actual use in overall water splitting.

2. Materials and Methods
2.1. Degumming of Silk Worm Cocoons

Due to the poor stability of sericin in the outer layer of the original silk, the silk needs
to be degummed before use to obtain silk fibroin fiber. A certain amount of cocoons was
weighed, they were split, the pupae was discard, and the cocoons were cut properly. The
degummed silk was placed in 5 g/L Na;COj3 solution of 100:1, and the temperature of
water bath was maintained at about 95 °C; after 30 min, the silk was removed. After
repeated cleaning with distilled water, the silk was placed in an oven at 40 °C to dry for
later use.

2.2. Synthesis of NixCoy-LDH@C

A certain quality of 17 mmol urea, 1 g PVP, Co(NO3);-H>0O, and Ni(NO3),-6H,O were
added into the beaker. Measures of 70 mL anhydrous ethanol and 10 mL deionized water
were added to mix the raw materials well, then 0.5 g of degummed silk was added to the
flask and refluxed in an oil bath at 90 °C for 10 h. After the solution was cooled to room
temperature, the final products were collected by centrifugation, washed with deionized
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water:ethanol = 1:1, and dried at 40 °C for 12 h. The dried products were annealed at
800 °C for 2 h at a heating rate of 2 °C min~!. After calcination, 20 mg of the product was
dispersed into 10 mL deionized water, and 10 mL 1.0 M HNOj solution was added drop
by drop, then 10 mL 1.0 M NH3-H,O solution was added drop by drop. After ultrasonic
treatment for 10 min, centrifuge washing was performed until the colution was neutral;
then the samples were dried at 60 °C for 12 h to obtain the NixCoy LDH@C.

2.3. Structure Characterizations

A D/MAX2400 X-ray diffractometer produced by Company in Japan was adopted for
X-ray diffraction (XRD) analysis; CuKa (X = 1.54 A) was used as the radiation source. The
operating voltage was 200 kV, current was 50 mA, 20 was 10-80°, and the scanning rate was
10 min~!. Raman spectroscopy analysis was used (Thermo Fisher Company, Waltham, MA,
USA), in which the laser wavelength was 532 nm and the detection range was 0-2500 cm L,
Morphology was analyzed by field emission scanning electron microscopy (FE-SEM, NOVA
NanoSEM 450, American FEI Company, Hillsboro, OR, USA). Transmission electron mi-
croscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) analysis
were performed (Tecnai G2 F30S, American FEI Company). X-ray photoelectron spec-
troscopy (XPS) analysis was performed using ESCALAB 250 X-ray photoelectron spec-
troscopy (Thermo Fisher Company, Waltham, MA, USA) with Al K« radiation.

2.4. Electrocatalytic Measurements

A three-electrode system was used for electrocatalytic test at room temperature
(298.15 K). A Pt sheet was used as the counter electrode, the electrode Ag/AgCl was used
as a counter reference. NixCoy-LDH@Cs were used as the working electrodes, relative to
the standard hydrogen electrode (RHE). Voltage: Erpg = Eag/agcr +0.197 V + 0.059 x pH.
Linear sweep voltammetry (LSV) was used for the polarization curve of the electrochemical
catalyst. The scanning rate was 2 mV/s. Stable tests were performed at the current density
of 10 mA cm~2. Electrochemical impedance spectroscopy (EIS) was used to measure the
frequency range 0.1~100 kHz. Cyclic voltammetry (CV, scanning rate 50 mV/s) and the
timing current method were used for the stability test. Electrochemical double-layer capac-
itance (Cq;) was measured by cyclic voltammetry curves at different scanning rates: CV
test voltage range —0.05~0.45V (vs. RHE); scanning rate 5~100 mV/s. Cq4; was calculated
according to the following formula: ic = VCy;. Here, ic is the exchange current (mA/ cm?), V
is the scanning rate (mV/s), and Cg; is the double layer capacitance (F/cm?). The turnover
frequency range (TOF) was calculated at potentials of 1.0~1.5 V. The supporting information
provides elaborate descriptions of the test methods employed for infrared spectroscopy, the
techniques utilized for determining the total solution of water, and the calculation methods
applied for density functional theory (DFT).

3. Results
3.1. Characterization of Electrocatalysts

NixCoy-LDH@C was prepared using the condensate reflux method. Then, NiCo-
LDH@C was prepared by injecting nitrogen and calcining it at 800 °C. By adjusting the
ratio of Ni/Co, catalysts with different Ni contents can be prepared (Figure 1a). They
are labeled Ni;Co-LDH@C, NiCo,-LDH@C, and NiCo-LDH®@C, according to the ratio of
Ni/Co (Figure 1b). It can be seen that the main diffraction peaks of the sample before
and after etching basically match the standard XRD cards (JCPDS:46-0943, 26-0408). The
diffraction peaks of samples at 11.1°, 35.4°, and 48.9° are different from those of (003), (012),
and (110), respectively. After loading with silk fibroin, diffraction peaks corresponding
to the (003), (012), and (110) crystal planes of the sample still exist, and there are obvious
diffraction peaks corresponding to silk fibroin at 31.2° and 52.5°, indicating that Ni;Co-
LDH was successfully loaded onto the silk and increased the layer spacing of LDH [23,24].
To understand the chemical valence states of each element in Ni,Co—LDH®@C, the XPS
of Ni;Co-LDH@C is given in Figure 2. The survey spectrums of Ni;Co-LDH@C showed
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that the sample material contains only Ni, Co, O, and C elements (Figure 1c). The XPS
quantitative analysis results, as presented in Table S1, reveal Ni:Co ratios of 2.14:1.54 in
NiCo-LDH@C, 5.43:2.45 in NiCo-LDH@C, and 2.9:4.86 in NiCo,-LDH@C, which impecca-
bly align with the molar ratio indicated by the molecular formula. In the Nij, emission
spectrum (Figure 1d), in addition to the two obvious satellite peaks, there are diffraction
peaks with binding energies of 855.5 eV and 873.3 eV, corresponding to Nipp3,2 and Nipp1 2,
respectively, indicating the existence of only Ni**. Gaussian fitting Coyp high-resolution
spectrum includes two satellite peaks and two spin orbit peaks (Figure 1e). In Coyp, the
peak values of binding energy at 780.5 eV and 796.2 eV correspond to Co®*, and the bind-
ing energies at 782.3 eV and 796.6 eV belong to Co?*. The appearance of Co>* may be
caused by the effect of oxygen in solution on the sample at high temperature [23-26]. The
distribution of C in XPS data was roughly as follows: C-C 284.9 eV, C=0 288.3 eV, C-O
287.5 eV (as shown in Figure S1). IR spectra of Ni;Co-LDH@C are shown in Figure 1f.
The spectrum contained absorption vibration peaks of three types of functional groups.
Two absorption peaks of 3426 and 1630 cm~! were caused by stretching vibration of hy-
droxyl O-H on the laminate and bending vibration of interlaminar water molecules. The
strong absorption peak of 1404 cm™! can be attributed to the symmetric tensile vibration
of Co-O, which indicates that the Co-O intercalationthe low absorption peak is caused
by lattice vibration of metal-oxygen bond (Ni-O or Co-O) [27-30]. Figure 1g shows the
Raman spectra of NiCo-LDH@C. The characteristic peaks of 1342, 1575, and 884 cmtin
the Raman spectrum correspond to D, G, and 2D peaks of the silk carbonized material,
respectively. Among them, the D peak is the defect peak, which was caused by structural
defects and disorder. In addition, the Raman spectra of the grown Ni;Co-LDH@C mate-
rials demonstrate the vibration peaks of the Raman displacement at 459 and 517 cm ™!,
which correspond to the tensile vibration of the Ni-OH bond and the symmetric stretching
vibration mode of Ag in the Co-O bond, respectively [31,32]. In addition, by observing
the Raman characteristic peak of the composite sample, the Ni;Co-LDH@C composite
structure was successfully synthesized.

In order to play a more efficient role, the conductivity of each carbonized silk fiber must
be significantly enhanced. The current received by each component is required to efficiently
conduct and bundle through the substrate material, thereby increasing its efficiency. Nickel
and cobalt were loaded onto the silk by condensation reflux and then carbonized and
modified with Ni,Co-LDH. Efficient electrostatic materials were fabricated with better
electrical conductivity, richer surface structure, and higher stability and flexibility than
conventional substrate materials. Self-supporting structural systems give them richer
means of modification [33,34]. Ni,Co-LDH@C showed the SEM of two-dimensional rod-
like morphology (Figure 2a,b), and aggregated NiyCo-LDH particles were observed on
the surface of carbonized silk (Figure 2c). In addition, the atomic structure of NiyCo-
LDH was revealed by HRTEM. The Ni and Co sites of the coordination were found to
be uniformly anchored throughout the surface (Figure 2c). HRTEM was used to the
study structural changes in the loaded carbonized silk. Figure 2e showed shows that the
crystal spacing of Ni;Co-LDH is 0.242 nm and 0.353 nm for the (111) and (002) crystal
planes of NipCo-LDH, respectively. Figure 2f shows that the two groups of nicely resolved
lattice fringes at 0.353 nm and 0.261 nm belong to the (002) plane of NiCo-LDH, and
0.261 nm corresponds to the (012) crystal plane. The Ni,Co-LDH@C with carbon atoms
preserves the crystal structure of the NiCo-LDH, in agreement with the XRD results [35].
The EDS indicated a continuous decrease in the Ni content with the introduction of more
Co atoms, indicating that some Ni atoms are replaced by Co atoms. The Wt% values of
the NixCoy-LDH@C EDS analysis are presented in Table 52, showing the compositional
ratios of NiCo-LDH@C (Ni/Co = 27.16:28.56), Ni,Co-LDH@C (Ni/Co = 40.98:18.37), and
NiCo,-LDH@C (Ni:Co = 15.98:33.17). The Wt% analysis revealed that the molar ratios of
Ni to Co are 1:1, 2:1, and 1:2, respectively, which closely align with the XPS result. In
electrochemical performance tests, NipCo-LDH@C was found to have the best catalytic
performance (Figure 2g—i).
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Figure 1. (a) Schematic diagram of the Ni,Co-LDH@C preparation via a two-step method. (b) XRD
pattern of the NixCoy-LDH@C; (c) XPS survey of the NipCo-LDH@C catalysts; (d) the spectra of Nipp;
(e) the spectra of Copp; (f) the FI-IR spectra of the NixCoy-LDH@C catalysts; (g) Raman spectra of the
NixCoy-LDH@C catalysts.

3.2. Electrocatalytic Performance for the HER

The HER of the catalysts was studied in 1 mol/L KOH solution. Figure 3a showed
NiCo-LDH@C, Ni,Co-LDH@C, NiCo,-LDH@C, and Pt/C. As expected, Ni;Co-LDH@C
showed the highest HER activity among the three synthesized catalysts, and the current
density of 10 mA cm~2 only needed 164.8 mV overpotential. However, NiCo,-LDH@C and
NiCo-LDH@C require 232 and 181.6 mV, respectively. Figure 3b shows the corresponding
EIS for these catalysts. The R¢t of NipCo-LDH@C was 3.32 (), indicating that the interface
electron transfer rate of NipCo-LDH@C was faster, and it could maintain a low overpoten-
tial even at a high current density. The Tafel of Ni;Co-LDH@C was 113.9 mV dec~!, which
was lower than NiCo,-LDH@C (242.8 mV dec!) and NiCo-LDH@C (230.49 mV dec™ 1),
20 wt% Pt/C (38.7 mV dec™ 1) (Figure 3c). Under the same current density of 10 mA cm 2,
the Ni;Co-LDH@C catalyst exhibited significantly higher current density compared to cata-
lysts with different molar ratios of components and outperformed commercial 20 wt% Pt/C
catalysts. These results indicate that the prepared catalyst with a molar ratio of 2:1 demon-
strates superior electrocatalytic activity for HER. The results showed that NiCo,-LDH@C
had the fastest reaction rate. In addition, Ni;Co-LDH@C performance was better than many
Ni-based catalysts (Table S3). These results indicated that the interfacial effect of Ni/Co
heterostructure and the three-dimensional structure composed of carbon materials were
conducive to enhancing the hydrogen evolution activity of the catalysts [36,37]. In order
to compare the intrinsic activity of the catalysts, the electrochemical active surface area
(ECSA) of catalytic activity was normalized. ECSA was proportional to the double layer
capacitance (Cq)) of the catalyst (Figure S2), using CV curves at different scanning rates,
the Cq; values of the NiCo-LDH@C, NiCo,-LDH@C, and Ni,Co-LDH@C can be calculated
as 4.65 mF cm 2, 3.80 mF cm 2, and 26.10 mF cm 2, respectively. Ni;Co-LDH@C had a
lower activation energy of only 6.6 k] /mol compared to the remaining two catalysts. It
was considerably smaller than NiCo,-LDH@C (11 kJ/mol), NiCo-LDH@C (7.2 k] /mol),
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and Ni,Co-LDH (12.8 kJ/mol), and the adsorption of hydrogen by Co is overly strong,
resulting the low activity of electrocatalytic decomposition of aquatic hydrogen. Compar-
ing the electrocatalytic activities of several catalysts with current densities of 10 mA-cm~2,
50 mA/cm 2, and 100 mA-cm~2, Ni,Co-LDH@C had the lowest overpotential (Figure 3f).
The NipCo-LDH@C catalyst had the lowest hydrogen evolutionary excess potential com-
pared to similar published catalysts. To verify the stability of the sample, after circulating
the catalyst for 1000 cycles, the coincidence degree of the curve elevated and practically
no shift is present, indicating perfect stability. As shown in Figure 3i, at the initial current
density of 10 mA-cm~2, the sample showed no obvious attenuation after 12 h.

®y, i

’b“‘ -

Figure 2. (a) SEM of the Ni,Co-LDH@C catalysts. Scale bar: 2 pm. (b) TEM of the carbonization of
silk. (c,d) TEM of the Ni;Co-LDH@C catalysts. Scale bar: 100 nm. (e) HRTEM of the Ni,Co-LDH
catalysts. (f) HRTEM of the NipCo-LDH@C catalysts. Scale bar: 5 nm. (g-i) Mapping of Ni, Co, and
C elements.



C 2023, 9,94

7 of 13

0 5 0.4
a b @ NiCo-LDH C * 20wt%PtC
@c =
20 4 ® NiCo-LDH@C . ::%%Lng%c
4] @ Nico-LDH@C H e i
@ NiCo-LDH 0.3 iCo,-LDH@C 2
— -40 - .y a @ NiCo, -LDH N oS
£ E 34 = ’\""LB A
: = < g M
£ 5340 2024 oo
= -80 N 0 LY o o
= 24 ® e gl‘“q o
[ 65"
-100 —e—20 wt% PYC s‘o“”’ ‘e o Bo ] ¥
——NiCo-LDH@C 14 2020 ". ) o0V 4eC
-120 —o—Ni,Co-LDH@C A 32 * g‘f_‘/ B L
i ——NiCo,-LDH@C @ @ 02982000
= T T T T T 0 - 0.0 L+ T T T T T T
048 040 032 -024 016 -0.08 8 0.30 0.45 060 075 090 1.05 1.20 1.35
Potential (V vs. RHE) z (Ohm) log [ (mA cm™)]
¢ 14 2 Mlotblde e ) NiCo-LDH@C f " =
o oo o NiCo-LD
[ NfCoz-LDH@C 24] Ni,Co-LDH@C . i
__ 12+ @ NiCo-LDH@C . “"7]--e-- Nico LDH@C < 500 -{ I Ni Co-LDH@C
& @ NiCo -LDH s Mo et € |mEmNiCo-LDH@C
£ 40 2 § 234 ! =
2 2 ; 2 T 400
o L. T 4004
E 8 #A0 Tg. o qu ga] V=g b
= 857" X7 hawmat T g sk mar” ‘g 300 -
2 6- . 2 S . e a
g = 92 214 & e
< e e [
44 4.65mF cm e ; 200
o....'..._3..--0--~~-0-~"'° 20 1M kimol T Y o
5] sgomFem’ L4 i
Sjors 0 SMET VS “::., ........ o 19 128kimol” Ty 1003
Oi--'-"""" 232chm i T . T :
P P = o0 i 0.0030 0.0031 0.0032 0.0033
- -2 -2 o
Scan rates (mV's™) T (K) 10mAcm’ 50 mAcm” 100 mAcm®
h 0 . 200 -
gaso 1 ——NiCo -LDH@C
7 *Ru-co0
20 1 100
< 320+
£ 40 4 <
= 280 g E o
f *core0 0800 2
€ *Ta0N, -60 - <
§ 240 + Cu'CHi foam (50 vt i) E, 1000 cycles E 100
° e cofincr LoH@Mo s ME =5 —o—Initial =<-1004
g 200 Ta, .n:éﬁ"cpv“ -80 4
>
o !msw;rx 3 -200
160 4 mculluu@cu: .C0,,,0, NPS@N-RGO -100 4
120 —Tr——T—T—T7T——T7T—T—T—T L L e Lo e < R S B e -300 T T T T
0 4 6 8 10 12 14 -042 0.35 -0.28 -021 -014 -0.07 0 20 40 60 80 100
Electrocatalysts Potential (V vs.RHE) Time (h)

Figure 3. (a) HER LSV curves of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C at 20 wt%
Pt/C/NF. (b) EIS tests of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C. (c) Tafel plots of NiCo-
LDH®@C, Ni,Co-LDH@C, and NiCo,-LDH@C. (d) ECSA of NiCo-LDH@C, Ni,Co-LDH@C, and
NiCo,-LDH@C. (e) Ea of NiCo-LDH@C, Ni;Co-LDH@C, and NiCo,-LDH@C. (f) The comparisons
of overpotential at 10 mA em ™2 (n1p) and 50 mA cm 2 of NiCo-LDH@C, Ni,Co-LDHs@C, and
NiCo,-LDHs@C. (g) HER performance comparison. (h) Polarization curves for the Ni;Co-LDH@C
before and after 1000 cycles. (i) The chronoamperometric curves of NipCo-LDH@C for 100 h.

3.3. Electrocatalytic Performance for the OER

The OER catalytic activity of the samples was evaluated in the 1.0 mol/L KOH elec-
trolyte. Figure 4a shows the polarization curves of samples obtained by linear sweep
voltammetry (LSV). As can be seen from the polarization curves, the OER catalytic per-
formance of the samples obtained is gradually enhanced with the difference of Ni/Co
ratio. When Ni:Co = 2:1, it shows the optimal catalytic activity. When the current density is
10 mA-cm~2, the overcurrent potential is only 183.4 mV. Ni,Co-LDH@C performance was
better than many Ni-based catalysts (Table S4). However, when Ni:Co = 1:1, the catalytic
activity of the obtained sample suddenly decreased, which may be due to the collapse of
the NiCo-LDH structure, resulting in a sharp reduction in the specific surface area. The
interfacial charge transfer resistance (Rct) controls the charge transfer efficiency of interfacial
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reaction. As shown in Figure 4b, the R¢t of NipCo-LDH@C was 2.95 (), indicating that
the interface electron transfer rate of Ni, Co-LDH@C was faster in the OER reaction. The
Tafel slope reflected the kinetic performance of OER. In general, the smaller the Tafel slope
is, the better the kinetic performance of the catalyst. As can be seen from Figure 4c, the
slope of Tafel decreased from 169 mV dec~! to 108.27 mV dec~! with a different Ni:Co
ratio, indicating that the introduction of Ni ions can improve the dynamic performance
of Ni;Co-LDH@C. In order to compare the intrinsic activity of the catalysts, the Ea of
catalytic activity was normalized, as shown in Figure 4d. The defect-rich structure and
metal/oxide interface substantially improved the intrinsic activity of the catalyst: its Ea
was Ni;Co-LDH@C < NiCo,-LDH@C < NiCo-LDH@C < Ni;Co-LDH. Compared with
similar published catalysts, the Ni;Co-LDH@C catalyst had the lowest oxygen evolution
overpotential (Figure 4e). The OER overpotential was compared at different current densi-
ties (10, 50, 100 mA-cm~2). The results showed that the Ni,Co-LDH@C catalyst had the
lowest excess potential at different current densities, suggesting that Ni;Co-LDH@C had
better catalytic activity for oxygen evolution (Figure 4f). Figure 4g shows the multistep
timing voltage analysis curves; similarly to the results of OER, its voltage does not change
significantly as the current density increases sequentially from —30 to —300 mA-cm~2, and
each time it increases by —30 mA cm~2 and stays for 500 s. By coupling Ni,Co-LDH@C,
NiCo,-LDH@C, and NiCo-LDH@C for the heterogeneous structure, Ni:Co not only makes
use of the bifunctional properties, but also improves the intrinsic activity of the catalyst
through the interface effect [38,39]. In addition to catalytic activity and kinetic properties,
stability is also an important factor in evaluating the performance of catalysts. The stability
of NipCo-LDH@C characterized by loop test, after 1000 cycles, the curves basically coincide
(Figure 4h). At the initial current density of 10 mA-cm™~2, the current density of NiyCo-
LDH@C can remain after 12 h (Figure 4i), indicating that it has excellent long-term stability
in OER catalytic reaction.

3.4. Overall Water Splitting Performance

Ni,Co-LDH@C||Ni;Co-LDH@C were used as both cathode and anode catalysts for
the water splitting reaction. Figure 5a showed the polarization curves of its catalyst
reaction. Ni;Co-LDH@C||Ni;Co-LDH@C required only 1.63, 1.82, and 1.94 V to obtain
current densities of 10, 50, and 100 mA cm~2, respectively (Figure 5b). In addition, the
performance of the Ni;Co-LDH@C||NipCo-LDH@C catalyst was better than others reported
(Figure 5¢). The above results indicate that NiCo-LDH@C||Ni,Co-LDH@C had excellent
HER and OER stability. The intrinsic catalytic performance of NiCo-LDH@C||Ni,Co-
LDH@C electrode was evaluated by oxygen turnover frequency. The cyclic voltammetry
diagram showed the linear relationship with the scanning rate. The cyclic voltammetry
(Figures S3-S5) showed that the oxidation peak of the sample had a linear relationship
with the scanning rate, after fitting with LSV (Figure 5d). Table S5 shows that the oxygen
turnover frequency of NiCo-LDH@C was 0.0103 s~! and that of NiCop-LDH@C was
0.0216 s~1. Ni,Co-LDH@C reached 0.0597 mol O, s~ ! under the overpotential of 190.6 mV.
Table S6 shows the oxygen turnover frequency of NiCo,-LDH@C||NiCo,-LDH@C, which
reached 0.0615 mol O, s~! under the overpotential of 181.6 mV (Figure 5e). The catalysts
with a three-dimensional array structure supported on the loose and porous surface of the
carbon materials facilitated the exposure of the active site and the escape of bubbles as well
as contact with the electrolyte. Under the same conditions, the performance of nickel-based
transition metal electrocatalysts is better than most of the previously reported nickel-based
transition metal electrocatalysts (Table S7). The voltage test experiment (Figure 5h) shows
that the Ni,Co-LDH@C||Ni;Co-LDH@C electrodes had good stability of total solution
water at 1.66 V, and the potential change can be ignored. Figure 5f shows the overall water
splitting performance of the device over 100 h (producing O,) and the cathode (producing
Hy); the two-electrode catalyst showed good stability.
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Figure 4. (a) OER LSV curves of NiCo-LDH@C, Ni,Co-LDH@C, NiCo,-LDH@C, and IrO». (b) EIS
curves of NiCo-LDH@C, Ni,Co-LDH@C, NiCo,-LDH@C, and IrO,. (c) Tafel plots of NiCo-LDH@C,
Nip;Co-LDH@C, and NiCo,-LDH@C. (d) Ea of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C.
(e) OER performance comparison. (f) The comparisons of overpotential at 10 mA em ™2 (1790) and
50 mA ecm~2 of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C. (g) CP plots on the catalyst.
(h) Polarization curves for the Ni;Co-LDH@C before and after 1000 cycles. (i) The chronoampero-
metric curves of Ni;Co-LDH@C for 100 h.

3.5. Theoretical Calculation Analysis

Ni,Co-LDH@C had a higher electron density than NipCo-LDH in the Fermi level,
indicating that NiCo-LDH@C had faster electron transfer, thereby improving its electrical
conductivity and showing enhanced catalytic activity, which was consistent with experi-
mental tests (Figure 6a). The C is introduced into NiCo-LDH in alkaline media to improve
HER performance. This was investigated using DFT models. The adsorption of H,O on
catalyst surface and the cleavage of H-OH bond with OH* and H* were the key steps of the
HER reaction under alkaline conditions. The mechanism of the excellent HER properties
was investigated by using the Gibbs free energies of HyO(AGH20) and H*(AGy+). The AGy+
value of Ni,Co-LDH@C was tiny, indicating that the supporting carbon materials were con-
ducive to improving HER performance (Figure 6b). The responsible for the excellent HER
performance was explained in Figure 6¢. Since the weak adsorption of HER to intermedi-
ates is the key factor for its elevated activity, the physical mechanism of hydrogen evolution
discussed by studying the electronic structure of Ni,Co-LDH@C (Figure 6c). In general, the
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OER pathway is a four-electron transfer step, including: H,O—*OH + (H* + e~), *OH—*O
+H*"+e7),*0O+ H,O™—=*O0OH + (H* + e7) and *OOH— O, + (H* + ™) (Figure 6d) [40].
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Figure 5. (a) LSV curves of 20 wt% Pt/C| | IrO, and Ni;Co-LDH@C | | Ni;Co-LDH®@C in a two-
electrode configuration in 1 M KOH. (b) The comparisons of potential at 10 mA cm ™2, 50 mA cm 2
and 100 mA cm ™2 of NipCo-LD@C | | NipCo-LDH@C. (c) Comparison performance of overall water
splitting. (d) The calculated TOF values of the NiCo-LDH@C, Ni, Co-LDH@C, and NiCo,-LDH@C
varied with the HER potentials. (e) The calculated TOF values of the NiCo-LDH@C, Ni,Co-LDH@C,
and NiCo,-LDH@C varied with the OER potentials. (f) The stability measurements of Ni;Co-
LDH@C | INi;Co-LDH@C in 1 M KOH.
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Figure 6. (a) DOS of NiyCo-LDH@C; (b) Gibbs free-energy diagrams of HER intermediates for NiyCo-
LDH@C; (c) Schematic diagram of HER mechanism; (d) Schematic diagram of OER mechanism.

4. Conclusions

In summary, a novel electrocatalytic synthesis strategy has been described for the
self-sustained stabilization of defective NiCo-LDH-active sites in carbon materials. Based
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on the precise tuning of the active site Ni:Co, NipCo-LDH@C offers superior HER and OER
properties with low excess potential, elevated current density, and long-term persistence in
alkaline media. The well-defined structure of the catalyst also allows for a fundamental
study of the reaction steps and dynamics of the HER and OER reactions. For example, DFT
calculations show that Ni;Co-LDH@C promotes favorable regulation of the H, adsorption
energy by HER and O-O coupling to the OER. This work not only develops a simple and
practical strategy for the synthesis of Ni;,Co-LDH@C, but also theoretically/experimentally
confirms the key role of carbon materials as self-supporting catalysts in the unexpected
optimization of electrocatalytic activity, opening up new opportunities for the development
of efficient and stable electrocatalysts, and potentially for the development of improved
commercial water splitting processes.
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