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Recently, Ni-based layered double hydroxide (LDH) materials have attracted growing interest owing to the
remarkable performance for oxygen evolution reaction (OER). Here we demonstrate the preparation of
ultrathin NizFeAly trinary LDH nanosheets with higher activity and stability than NiFe—LDH nanosheets for
OER. The enhancement was derived from Al substitution, which increased the concentration of Ni** active sites
on the catalyst surface. Besides, low-coordinated Ni and Fe atoms and defects were formed by partial etching/
dissolution of AI** in alkaline solution, which further increased the activity towards OER. To improve the
conductivity, NizFeAl,-~LDH (x=0, 0.91, 1.27 or 2.73) nanosheets were also in-situ grown on three-
dimensional-networked nickel foam. The binder-free NizFeAl,—~LDH/Ni foam electrodes exhibited further
improved catalytic performance compared to the electrodes made of powdery NizFeAl,~LDHs and nafion
binder. The best OER performance was presented by NizFeAlpo;—LDH/Ni foam, showing a Tafel slope of
57 mV/dec, a low overpotential (304 mV) at the current density of 20 mA/cm?, and a current density of
235 mA/cm? at 1.60 V (vs. RHE). Furthermore, the NizFeAlyo;—LDHs/Ni foam electrode showed excellent

long-term stability, maintaining a stable overpotential of 320 mV at 20 mA/cm? after testing for 18 h.

1. Introduction

Oxygen evolution reaction (OER) is one of the major bottlenecks in
many important energy conversion processes [1-5], such as the water
splitting for hydrogen production [6] and the electrochemical reduction
of harmful CO, emissions [7]. Due to the slow kinetics, normally the
overall energy conversion efficiency of OER is significantly limited by
the high overpotential. Therefore, effective electrocatalyst is a necessity
in most of cases. However, numerous catalysts reported in the
literature are usually based on scarce and expensive materials, such
as IrO, and RuO, [8-10]. It is very important to develop high-
performance catalysts based on earth-abundant materials with long-
term stability under continuous exposure to oxidizing conditions.

The process of OER is determined by the formation and adsorption
of intermediate —OOH, and the transport of electrons [11,12].
Transition metal layered double hydroxides (LDHs) have been demon-
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strated to have good efficiency and anti-corrosion stability for OER in
alkaline condition and much lower cost than RuO, or IrO, based
electrocatalysts [13—19]. Besides, ultrathin LDH nanosheets present
much higher activity than their counterpart bulky LDHs [14,17,20].
Among the diverse LDH electrocatalysts, NiFe-LDHs have been
intensively studied because they are considered as one class of the
most active catalysts in alkaline medium [21-26], which exhibit an
OER turnover frequency (TOF) > 10 fold higher than that of IrO, [27].
However, NiFe-LDHs suffer from poor electronic conductivity that
hampers their practical application as electrode materials. To overcome
this shortage, coupling LDHs with three-dimensional (3D) conductive
architectures with superior electron conductivity (such as CNTs [22],
nickel foam [28,29], graphene framework [30], defective grapheme
[31], exfoliated graphene foil [32]) is a feasible solution that can lead to
a dramatic improvement in the electrochemical performance. In brief,
3D porous conductive architectures can offer several critical advan-


http://www.sciencedirect.com/science/journal/22112855
http://www.elsevier.com/locate/nanoen
http://dx.doi.org/10.1016/j.nanoen.2017.04.011
http://dx.doi.org/10.1016/j.nanoen.2017.04.011
http://dx.doi.org/10.1016/j.nanoen.2017.04.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2017.04.011&domain=pdf

H. Liu et al.

tages: 1) facilitating electron transport, 2) promoting electrolyte
penetration, and 3) increasing electrochemically-active surface area
(ECSA).

Previous works [33—35] show that low-coordinated Ni, Fe and Co
sites originated from defects or vacancies in disordered or amorphous
structures can serve as the active sites for OER catalysis. Therefore, it is
promising to further improve the catalytic activity of NiFe-LDHs by
increasing the proportion of low-coordinated Ni and Fe sites.
Elemental doping has been demonstrated to be an effective approach
to adjust the coordination valence states and chemical environment of
electrocatalysts [36,37]. Moreover, by the selective etching/dissolution
of less stable elements [38], more defects will be created on the surface
of electrode and more surface metal atoms with low coordination
number will be exposed, so that the surface energy and the number of
electrocatalytic sites can be further increased.

Inspired by the above analysis, we propose that the electrocatalytic
activity of NiFe—-LDHs can be increased by aluminum (Al) substitution,
because the introduction of trivalent Al ions will greatly increase the
faction of low-coordinated Ni and Fe atoms. Furthermore, the number
of active sites will be greatly increased by the etching of Al species in
strong alkaline solution, which is expected to be very beneficial to the
OER performances in alkaline conditions. Herein, we demonstrate the
preparation of rationally-designed ultrathin NiFeAl trinary LDH
(NizFeAl,—~LDH) nanosheets, which can be used as remarkable electro-
catalysts with superior catalytic activity and stability towards OER. The
ultrahigh activity is mainly attributed to the increased concentration of
active site Ni*>* by the introduction of Al**. Besides, more exposed
active sites/defect sites (i.e. Ni** and Fe®*) formed by partial dissolu-
tion of AI** in strong alkaline solution also play an important role in
the enhancement of catalytic activity. Our research shows that
NizFeAlp o;—LDH nanosheets exhibit highest catalytic activity towards
OER when comparing with NizFe-LDH, NisFeAl,,,—~LDH and
NiszFeAl, -3—LDH nanosheets. To further improve the conductivity of
electrodes, ultrathin NizFeAl,—~LDH nanosheets grown on 3D porous
Ni foam (NisFeAl,—~LDH/NF) were also prepared by an in-situ growth
method, showing greatly enhanced electrocatalytic performances
(Table S1).

2. Experimental section
2.1. Chemicals

All the chemicals were purchased from Sinopharm Chemical
Reagent Corp. with analytical grade and used without further purifica-
tion.

2.2. Preparation of ultrathin NizFeAlL—LDH nanosheets

In a typical procedure, prescribed amounts of Ni(NO3),-6H-O,
Fe(NO3)3-9H,0 and Al(NO3)3-9H,0 were dissolved in 75 mL of mixed
deionized water and ethanol (Vyo0: Veion=9:1) to form a solution with
a total metal ion concentration of 2.0 mmol/L. The ratio of Ni**, Fe3*
and AI®* were fixed at 3: 1: x (x=0, 1.0, 1.5 or 3.0). Triethanolamine
(TEA) was added into the mixture; the concentration of TEA in the final
solution is 3 times higher than the total contents of Fe>* and Al**. Then
16 mmol of hexamethylenetetramine (HMT) were added into the
mixture and stirred for 0.5h. The solution was transferred into a
stainless-steel Teflon-lined autoclave, which was sealed and main-
tained at 95°C for 10 h and then cooled down naturally to room
temperature. The products were collected by centrifugation at
3000 rpm for 5 min, washed by excessive ethanol and deionized water
for several times, and then freeze-dried under vacuum at —40 °C
overnight.
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2.3. Preparation of NisFeAl,—LDH/NF electrodes

Typically, a piece of Ni foam (~3 cmx4cm) was cleaned by
subsequent ultrasonication in acetone, ethanol and 6 M HCI solution
for 15 min respectively, and then washed by deionized water for 3
times. The cleaned Ni foam was transfer into a stainless-steel Teflon-
lined autoclave containing the same precursor solution for preparing
NisFeAl,—~LDH nanosheets, and reacted under the same conditions as
described above. The as-obtained NizFeAl,—~LDH/NF electrode was
washed by deionized water and ethanol for several times, and then
freeze-dried for further use.

2.4. Characterizations

The morphology and compositions of these samples were examined
by transmission electron microscopy (TEM, JEM-2100), scanning
electron microscopy (SEM, Hitachi-S4800) and Energy-dispersive X-
ray spectroscope (EDX) attached to the SEM. The crystallinity of
products was characterized by X-ray diffraction (XRD) on a Rigaku-
Ultima IV powder diffractometer using Cu Ka (A=1.5418 A) radiation
at scan rate of 10°/min between 10° and90°. X-ray photoelectron
spectra (XPS) were obtained using a PHI-5000 VersaProbe X-ray
photoelectron spectrometer with an Al Ka X-ray radiation.
Inductively coupled plasma optical emission spectrometer (ICP-OES)
were carried out using Optima 5300DV analyzer.

2.5. Electrochemical measurements

For preparing electrodes, 5.0 mg of NizFeAl,—~LDH was dispersed
into a 1.0 mL of ethanol and deionized water mixed solution (Vethanol:
Vi20=9:1) containing 40 pL aqueous solution of nafion (5 wt%), and
then ultrasonicated for 0.5 h. The mixture was pasted onto a rotating
disk electrode (RDE, 5 mm diameter) with a loading mass of 0.2 mg/
cm?. The electrochemical measurements were performed in a three-
electrode system connected with an electrochemical workstation
(Chenhua CHI-760E). The electrolyte was 1.0 M KOH, the counter
electrode was Pt foil, and the reference electrode was Hg/HgO
electrode (MMO) filled with 1.0 M KOH. Prior to the tests, high-purity
N, was bubbled through the electrolyte to eliminate dissolved oxygen.
Cyclic voltammetry (CV) was performed for 30 cycles between —0.20
and 0.75 V vs. MMO at a scan rate of 300 mV/s to clean the surface of
electrode.

To confirm that the Al species in the NizFeAl,-LDHs were partially
etched/dissolved in strong alkaline solution during the electrochemical
tests, we also performed EDX analysis on NizFeAl,-LDH electrodes
after electrochemical treatments (CV scanning between -0.20 and
0.75 V vs. MMO at a scan rate of 300 mV/s for 30 circles in oxygen-
saturated 1.0 M KOH solution, then washing in deionized water and
dried at room temperature).

The electrochemical surface area (ECSA) was estimated according
to the roughness factor (R [28]. Briefly, CVs were recorded between
-0.15 and -0.05 V vs. MMO at the scan rates from 5 to 200 mV/s. In
this potential range, the current was originated from the electrical
double layers rather than the charge transfer reactions of electrode. The
current density Aj=(j,—j.) at —0.10 V vs. MMO was plotted against the
scan rates, and the slope was the Cy;. The Ry (Ry=Cq1/60 pF/ cm?) was
calculated by dividing C4; with the capacitance of smooth metal oxide
surface [39].

For OER tests, linear scan voltammogram (LSV) was carried out
from -0.20 to 0.75V vs. MMO at a scan rate of 10 mV/s on RDE at
2400 rpm in oxygen-saturated 1.0 M KOH solution to ensure the O,/
H,0 equilibrium at 1.23 V vs. RHE. The LSV of NizFeAl,/NF catalysts
was carried out in the potential range from -0.20 to 0.75 V vs. MMO at
a scan rate of 1 mV/s, with a loading mass of 0.5 mg/cm?. The activity
of NizFeAl,/NF catalysts was normalized by the geometric area. And
the chronopotentiometric measurements were recorded at the current
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density of 20 mA/cm?. All potentials were calibrated with reversible
hydrogen electrode (RHE) by the Nernst Eq. (1):

B (V) = Eyngo + 0. 059pH + Eyi = Eyiio + 0. 059pH + 0. 098 (1)

and the overpotential was calculated as following:

-1.23 @

The OER Faradaic efficiency over the NizFeAl,—~LDH catalysts was
measured by RRDE. Prior to the tests, high-purity N, flow was bubbled
into 1.0 M KOH electrolyte for 25 min and maintained throughout the
experiment to purge the system. The disk potential was held at 0.65 V
vs. MMO in the OER kinetic-limited region for 2 min, while the ring
current was collected at —0.60 V vs. MMO. The Faradaic efficiency was
determined as below:
Faradaic efficiency = &L

N iy 3)
where n is the number of electrons (n=2), N is the collection efficiency
of RRDE (IN=0.386 in this work), i,- and iz are the measured ring
current and disk current, respectively.

The turnover frequency (TOF) was calculated as following: [40]

1
4Fm

TOF =

Q)

where I is the current at 1.58 V vs. RHE (with the overpotential of
350 mV), F is the Faraday constant (96485 C/mol), and m is the mole
number of the total active material dropped on the glassy carbon
electrode.

3. Results and discussion

3.1. Characterizations and OER performances of NizFeAl—LDH
nanosheets

The experimental process for preparing ultrathin NizFeAl,—LDH
nanosheets (x=0, 0.91, 1.27 or 2.73) is detailed in the Experimental
section, as illustrated in Fig. la. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were employed to
investigate the morphology and structure of NizFeAl,—LDH samples.
The TEM images of as-obtained NizFeAl,—LDH products are shown in
Fig. 1b-e, indicating that ultrathin nanosheet structures with size larger
than 200 nm have been successfully synthesized. As the Al content
increases to higher level, the morphology of NizFeAl,—~LDH nanosheets
become more rough and amorphous (Fig. 1c-e), indicating the crystal-
linity is gradually decreased. Sponge-like nanoporous structures can be
found in the NisFeAl, ,,~LDH and NisFeAl, -,3—LDH nanosheets
(Fig. 1d,e). SEM characterization confirms that the NizFe-LDH
nanosheets are with smooth surface and lamellar structure (Fig. 1f).
In accordance with the TEM observations, the SEM images of
NisFeAly 9;—LDH, NisFeAl; ,,—~LDH and NizFeAl, »3—~LDH nanosheets
(Fig. 1g-i) present more rough and fragmented morphology along with
the increase of Al content. The decreased crystallinity was attributed to
Al substitution, which increased the structural disorder of
NizFeAl,—~LDH nanosheets. The crystalline structures of products were
examined by X-ray diffraction spectroscopy (XRD), as shown in Fig. 2a.
The XRD peaks of NizFeAl,~LDH nanosheets can be accordingly
ascribed to the NizFe-LDH phase (JCPDS card No. 51-0463,
R-3m(166): a=b=3.080, c=22.950). Owing to the introduction of Al
species, resulting in lattice distortion, the positions of (003), (006),
(012) and (113) peaks slightly shifted, and the full widths at half
maximum (FWHM) of above peaks were broaden [9,14]. The XRD
results confirmed that the Al substitution changed the interplanar
spacings and decreased the crystallization degree of NizFeAl,—LDH
products.

The compositions of NizFeAl,—LDH nanosheets were examined by
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X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray
spectroscopy (EDX). The Al contents of NizFeAl,—~LDHs were calcu-
lated according to the EDX results (Fig. S1), and the survey spectra of
XPS (Fig. S2) are consistent with the EDX analysis. In the high-
resolution XPS spectra of NizFeAl,—LDH nanosheets around Ni 2p
region (Fig. 2b—e and Fig. S3a), the main peaks and satellite peaks of
Ni2ps,» and Ni2p;/, can be clearly observed. The high-resolution XPS
spectra around Fe 2p region are also presented in Figs. S3b and S4.
Along with the increasing Al content, the peaks of Ni 2p3,, and Ni 2p;,»
moved to higher energy, while the peaks of Fe 2ps,» and Fe 2p;,»
moved to lower energy. The Ni2pz,, binding energy of NizFe-LDH,
NisFeAlj 9;-LDH, NizFeAl, ,,—LDH and NizFeAl, »3—LDH nanosheets
are about 855.4 eV, 855.6 €V, 855.7 eV and 855.9 €V, respectively. The
Ni2ps3/,, binding energy can be deconvoluted into two peaks at 855.0 eV
and 856.1 eV, corresponding to the oxidation states of Ni** and Ni®*,
respectively [41]. In order to reveal the influence of Al content on the
valence states of the nickel ions, the percentage of Ni®* in all Ni species
(Ni®* and Ni?") calculated by the XPS results as a function of the
atomic ratio of AI>* in all metal atoms (C(AI’*)) was plotted, as
presented in Fig. 3a. As the C(AI**) increased, the proportion of Ni**
in Ni species also increased, suggesting it was increased as a result of a
higher level of Al content. However, the atomic ratio of Ni®* in all metal
atoms didn’t monotonically increase along with the Al content
(Fig. 3b). The concentration of Ni®* in NizFeAl,o;—~LDH (~48.0% of
all metal atoms) is the highest among the NizFeAl,-LDH samples,
which is consistent with the electrochemical surface area of the data.
The calculated Ry values of NigFeAlj o;-LDH was the largest among the
samples (Fig. S5). The EDX spectra of NizFeAl,—LDH samples (Fig. S1)
revealed the co-existence of corresponding elements. More accurate
information was gathered by using ICP-OES. For this analysis, appro-
priate samples were dissolved in diluted hydrochloric acid. The content
of every metal element in NizFeAl,—LDH was listed in Table S2.

The electrocatalytic OER activity of NisFeAl,-LDHs was investi-
gated in 1.0 M KOH with a standard three-electrode system (as
detailed in the Experimental section). During OER tests, the working
electrode kept a rotating speed of 2400 rpm to remove oxygen bubbles
generated by catalysts. Fig. 3¢ shows the iR-corrected OER polarization
curves recorded at a slow scan rate of 10 mV/s to minimize capacitive
current. The ECSA of samples was estimated by the roughness factor
(Rp) measured from CV curves (Fig. S5). The redox peaks at 1.38-
1.48 V (Fig. S6) during the anodic and cathodic scans were resulted
from the conversion between Ni** and Ni®* in alkaline electrolyte. At
the current density of 1.0mA/cm? the overpotential of
NisFeAlpo;—-LDH is 300 mV, which is 20 mV lower than that of
NizFe-LDH (320 mV); the overpotential of NisFeAl; »»—LDH and
NizFeAl, »3—LDH are 323 mV and 327 mV, respectively (Fig. 3c). The
NisFeAly.9;—LDH shows the lowest onset potential, revealing its high-
est activity for OER. This result is consistent with the previous report
that the number of Ni®* and Fe®* active sites can affect the onset
potential for OER [32]. Fig. 3¢ summarized the current densities (red
columns) of NizFeAl,-LDHs at a fixed potential of 1.58 V vs. RHE
(with  overpotential of 350mV). The current density of
NizFeAlyo;-LDH nanosheets is 13.2 mA/cm?, which is 6.6 times
higher than that of NigFe-LDH (2.0 mA/cm?), and also much higher
than NigFeAl; »»—LDH (3.36 mA/cm?) and  NigFeAl, 73— LDH
(2.90 mA/cm?). Fig. 3d shows the Tafel plots of all samples obtained
from polarization curves. The Tafel slopes of NisFeAlyo;—LDH
(50 mV/dec), NisFeAl; ,»—LDH (53 mV/dec) and NizFeAl,,3—LDH
(52 mV/dec) greatly outperformed that of NizFe-LDH (97 mV/dec),
confirming the significantly enhanced OER activity of NizFeAl,—~LDH
samples. As shown in Fig. S7, the Faradaic efficiency measured by
RRDE was 92.5% for NizgFe—LDH, 97.2% for NizFeAly o;—LDH, 96.7%
for NisFeAl, ,,—LDH and 96.4% for NizFeAl,,3—LDH, respectively.
The high Faradaic efficiency indicated that the reaction on the disk
electrode was mainly OER, rather than the oxidation of catalysts. The
TOF of NizFeAl,—~LDH samples was calculated according to Eq. (4).
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Fig. 1. (a) Schematic preparation of NizFeAl,—LDH nanosheets, (b-e) TEM and (f-i) SEM images of as prepared ultrathin NizFeAl,—LDH nanosheets: (b, f) NizFe—-LDH, (c, g)

NizFeAlp 9;—LDH, (d, h) NizFeAl; »,—LDH, (e, i) NizFeAl, 73—LDH, respectively.

The TOF of the NizFeAly o;—~LDH is 0.170 s™%, which is higher than that
of NigFeAl; ,,-LDH (0.040 s%), NisFeAl,s—~LDH (0.030s™!) and
NisFe-LDH (0.015s7!), suggesting that NizFeAlo;-LDH has the
highest activity for OER.

For comparison, we also measured the compositions of NizFeAl,—
LDH electrodes after electrochemical treatment (CV scanning between
—-0.20 and 0.75 V at a scan rate of 300 mV/s for 30 circles in oxygen-
saturated 1.0 M KOH solution), as shown in Fig. S8. The EDX spectra
revealed the percentages of Al element in the NizFeAl,—~LDH na-
nosheets after electrochemical treatment were greatly reduced, com-
paring to those of pristine NizFeAl,—LDH nanosheets (Fig. S1). The
results confirmed that the Al species on the surface of NizFeAl,—~LDH
nanosheets were partially etched/dissolved in alkaline solution. The
high long-term durability and electrochemical stability of NizFeAl,—
LDH nanosheets in alkaline solution was also confirmed by the
continuous OER testing of NizFeAl,—LDH/NF electrodes for 18 h, as
detailed in the following section.

Based on the above results, we present the following discussions to
fully explicate the electrocatalytic activity improvement originated
from Al substitution: (1) From Fig. 3a and b, it can be concluded that
the OER activity of NizFeAl,-~LDHs is monotonically related to the
content of Ni**, rather than the content of AI** or the proportion of
Ni®* in all Ni species. Clearly, Fig. 3b demonstrates that both the
content of Ni®* and the OER electrocatalytic activity of NisFeAl,~LDHs
show a volcano-type dependence on the content of Al doping. It
indicates that the concentration of Ni®* sites on the catalyst surface
plays a crucial role in determining the performance of Ni-based LDH
electrocatalysts. This is coincident with the previous report [43] that a
layer of Ni** sites (or NiOOH) can be developed on the catalyst surface
at potentials approaching the evolution of oxygen and the electro-
chemical activity of Ni®* sites is very high towards OER. While the Fe
doping can also decrease the overpotential and increase the catalytic
activity at high potentials for OER [42]. (2) The partial etching/
dissolution of AI** in strong alkaline solution would create more

defects in the N3FeAl,—LDH lattices [44,45], hence further enlarging
the ECSA and Ry In the process of Al**dissolution, more Ni and Fe
active sites were exposed on the surface of sponge-like and porous
NsFeAl,—~LDH nanosheets, thus the OER catalytic activity was greatly
enhanced. This is also in accordance with the previous literature
[33,34,46—49] that low-coordinated Ni, Fe and Co sites resulted from
defects or vacancies can improve the catalytic activity. In brief, the
appropriate ratio of Al element in N3FeAl,—~LDH nanosheets greatly
increased the number of active sites, therefore significantly enhanced
the catalytic performance towards OER.

3.2. Characterizations and OER performances of NizFeAl,.—LDH/NF
electrodes

The practical application of LDHs as electrode materials was
usually hampered by the poor electronic conductivity and slow ion
transport. To resolve this problem, we performed the in-situ growth of
NizFeAl,—LDH nanosheets on 3D porous and conductive Ni foam,
which further led to a dramatic improvement in the electrochemical
performance. Fig. 4 show the SEM images of as-prepared NizFeAl,—
LDH/NF electrodes. The resultant ultrathin NizFeAl,—LDH nanosheets
with size of several hundred nanometers were homogeneously grown
on Ni foams. As the content of Al element increased, the surface of
nanosheets become rougher and more wrinkled, which is consistent
with the above characterizations of pristine NizFeAl,—LDH nanosheets
(Fig. 1). Compared to bare Ni foam (Fig. S9), it can be confirmed that
the surface of NizFeAl,—~LDH/NF electrodes was completely covered by
NizFeAl,—~LDH nanosheets. SEM was performed to investigate the
morphology and structure of NizFeAl,—LDH/NF electrodes after long-
term chronopotentiometric OER measurements at the current density
of 20 mA/em? in 1.0 M KOH solution for 18 h (Fig. S10). From the
SEM images, it can be seen that there is not a significant change in the
morphology and structure of NizFeAl,—LDH/NF electrodes after long-
term OER electrolysis and AI** dissolution; However, the surface
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Fig. 2. (a) XRD spectra and (b—e) XPS spectra at Ni 2p region of NizFeAl,—LDH nanosheets (x=0, 0.91, 1.27 and 2.73, respectively).

became rougher and more porous, indicating more active sites of Ni**
and Fe3* were exposed to the surface, which could be very helpful to
the enhancement of OER activity.

The OER performances of NizFeAl,~LDH/NF products were sys-
tematically measured. Fig. 5 shows the electrocatalytic performance of
NizFeAl,—~LDH/NF electrodes and pristine Ni foam control sample in
1.0 M KOH solution. Compared to pristine Ni foam, NizFeAl,—LDH/
NF electrodes show remarkably improved catalytic activity (Fig. 5a).
The redox peaks at ~1.41 V were resulted from the transformation
between Ni(OH), and NiOOH (Ni(OH),+OH <NiOOH+H>0+¢") in
alkaline electrolyte [40]. Among these 3D-networked electrodes,
NizFeAly9;—LDH/NF shows the highest catalytic activity, in accor-
dance with the above results of pristine NizFeAlp o;—LDH nanosheets.
Besides, the current densities of NizFeAl,—~LDH/NF electrodes are
much higher than their counterpart pristine NizFeAl,—LDH nanosheets
without Ni foam, demonstrating the merits of 3D-porous and highly-
conductive Ni foam. The overpotentials of all samples at the current
density of 20 mA/cm? were summarized in Fig. 5b. The overpotential
of NizFeAlpo;—LDH/NF (304 mV) is lower than NizFe—-LDH/NF

(336 mV), NisFeAl; ,,—LDH/NF (306 mV), NisFeAl,,3—LDH/NF
(316 mV) and pristine Ni foam (376 mV). At a fixed potential of
1.60 V vs. RHE, the current density of NizFeAlyo;—LDH nanosheets
is 235 mA/cm?, which is 4.4 times higher than that of NizFe-LDH
(53 mA/cmz), and also much higher than those of NizFeAl; >,—LDH
(120 mA/cm?), NigFeAl, ,5—LDH (105 mA/cm?) and pristine Ni foam
(20 mA/cm®). The catalytic activity of the samples at high potentials
can be ranked as the following order: NizFeAlyo;—LDH/NF >
NigFeAll_27—LDH/NF:NigFeA12,73—LDH/NF > NigFe—LDH/NF > >
pristine Ni foam. Fig. S11 shows the Tafel plots of all samples obtained
from the polarization curves (Fig. 5a). The Tafel slopes of NizFeAlj o;—
LDH/NF, NizFeAl; »,~LDH/NF and Ni;FeAl, ,;—LDH/NF are 57, 63
and 67 mV/dec, respectively. In contrast, the Tafel slope of NizFe—
LDH/NF is much higher (91 mV/dec), indicating that the Al substitu-
tion can greatly improve the OER activity. Besides, the Tafel slopes of
NizFeAl,—~LDH/NF electrodes are slightly higher than the electrodes
made of powdery NizFeAl,—~LDHs and nafion binder measured by
RDE, which is owing to the accumulation of oxygen bubbles on the
surface of NizFeAl,—~LDH/NF electrodes.
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Fig. 3. (a) The percentage of Ni®* in all Ni species (Ni*>* and Ni>*) against the atomic ratio of AI>* in all metal atoms of NizFeAl,~LDH nanosheets (x=0, 0.91, 1.27 or 2.73). (b) The
atomic ratio of Ni**(black dots) and the current density at the potential of 1.58 V vs. RHE (red columns) against the atomic ratio of AI** in all metal atoms of NizFeAl,~LDH nanosheets.
(c) The iR-corrected OER polarization curves and (d) Tafel plots of NizFeAl,—~LDH nanosheets recorded at a scan rate of 10 mV/s in 1.0 M KOH.

Furthermore, the stability of as-prepared catalysts toward OER was
also investigated. During the chronopotentiometric tests of the samples
at 20 mA/ecm? (Fig. 5¢), there were some fluctuations in overpotential,

which were originated from the absorption/accumulation and deso-
rption of oxygen bubbles on the electrode surface. Even so, the
overpotentials of NizFeAl,—~LDH/NF electrodes after testing for 18 h

Fig. 4. SEM images of as-obtained NizFeAl,—LDH nanosheets grown on Ni foams: (a) NizFe—LDH/NF, (b) NizFeAlj 9;—LDH/NF, (c) NizFeAl, ,,—LDH/NF and (d) NizFeAl, »3—LDH/

NF, respectively.
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Fig. 5. (a) OER performance of NizFe—~LDH/NF, NizFeAl,—~LDH/NF and pristine Ni foam electrodes recorded at 1.0 mV/s in 1.0 M KOH solution. (b) The overpotentials of above
samples obtained from (a) at the current density of 20 mA/cm?. (c) Chronopotentiometric measurements at the current density of 20 mA/em? in 1.0 M KOH solution. (d) The
overpotentials obtained from (c) after continuous testing for 1 h (solid columns) and 18 h (patterned columns).

show no obvious change, in contrast to the sharp activity loss of
pristine Ni foam. The overpotentials of all samples after testing for 1 h
and 18 h are compared in Fig. 5d. After continuously tested for 18 h,
the overpotential of pristine Ni foam increased more than 50 mV, while
the overpotentials of NizFeAl,—~LDH/NF electrodes increased only
~3 mV, indicating the high stability of Ni;FeAl,—~LDH/NF electrodes.
It can be concluded that the NizFeAljo;—LDHs/Ni foam electrode
shows the best activity and excellent long-term stability, maintaining a
stable overpotential of 320 mV at 20 mA/cm? after testing for 18 h.

4. Conclusions

In summary, we have introduced Al as the doping element into
ultrathin trinary NizFeAl,-LDH nanosheets, which exhibit greatly-
enhanced OER activity than NizFe-LDH. After the partial dissolution
of AI** species on the catalyst surface, the number of exposed active
sites were further increased. Interestingly, both the atomic ratio of Ni**
and the electrocatalytic activity of NizFeAl,—~LDHs presented an
identical volcano—type dependence on the contents of Al substitution,
indicating that the high concentration of Ni** active sites on the
catalyst surface derived from the appropriate ratio of Al element is a
vital factor in determining the OER activity. Moreover, the NisFeAl,—
LDH nanosheets grown on Ni foam showed even higher OER activity,
attributing to the highly-porous and 3D-conductive architecture of Ni
foam. This study provides a new insight into the role of elemental
doping in electrocatalysts. The outstanding features of high activity,
favorable kinetics, and prominent durability indicate that NizFeAl,—
LDHs can be used as high-performance catalysts for OER in alkaline
medium.
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