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ABSTRACT: A NiFe-based compound is considered one of the most promising
candidates for the highest oxygen evolution reaction (OER) electrocatalytic activities

among all nonprecious metal-based electrocatalysts. In this report, a unique catalyst of

free-standing sandwiched NiFe nanoparticles encapsulated by graphene sheets is first
devised and fabricated. In this method, we use low-cost, sustainable, and environ-
mentally friendly glucose as a carbon source, ultrathin Fe-doped Ni(OH), nanosheets
as a precursor, and a sacrificial template. This special nanoarchitecture with a
conductive network around active catalysts can accelerate electron transfer and prevent
NiFe nanoparticles from aggregation and peeling off during long-time electrochemical
reactions, thereby exhibiting an excellent OER activity and stability in basic solutions. In
this work, our sandwiched catalyst presents well activities of a low onset of ~1.44 V (vs
RHE) and Tafel slope of ~30 mV/decade in 1 M KOH at a scan rate of S mV/s.
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batteries," intensive research and development of NiFe-based

As the energy demand is increasing rapidly, great attention has
been focused on sustainable energy sources, including designing
novel and efficient energy storage devices and developing earth-
abundant energy resources.” Hydrogen (H,), one source of
renewable clean energy with a high mass-specific energy
density, has been vigorously pursued as a promising energy
carrier in numerous renewable energy systems, such as solar
cells, metal—air batteries, and water splitting.1’3’4 Considering
the cost and purity, the most efficient way to produce H, is
water splitting.”~” However, the efficiency of H, production is
subject to the oxygen evolution reaction (OER), the key half-
reaction involved in water splitting.®” OER, a kinetically
sluggish process through four-proton-coupled electron transfer,
requires an effective electrocatalyst to accelerate the reaction
and reduce the overpotential, thereby leading to a high energy
conversion eﬁiciency.lo’
metal catalysts, both IrO, and RuO,, have been considered to
be the most active catalysts for the low overpotential and Tafel
slope, but they are limited in large-scale applications because of
their high cost and scarcity.'>"> With respect to the low cost,
earth abundance, high stability, and corrosion resistance, non-
noble transition metal-based catalysts, especially nickel (Ni),
are discovered for the good electrocatalytic activity toward
OER in alkaline solutions."* To further enhance the OER
activity, as reported in previous works, and allow for the lower
overpotential and cost, combining Ni-based catalysts with iron
(Fe) seems to be a feasible solution. Since Edison and Junger
first discovered the effect of Fe impurities on Ni-based

""'In the past few decades, precious
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compounds have been devoted to enhance OER activity.'®™'®

As we know, nanoscale materials, especially with designed
and fabricated structures, have attracted a great deal of interest
because of their enriched active sites and large specific surface
area.'”*° In recent years, NiFe-based composites with different
structures and dimensions have been introduced, such as
nanoparticles,21 nanowires,”> nanorods,”> nanotubes,®* and
flowerlike® and dendritic structures,® to improve the catalytic
performance. Nevertheless, poor stability in basic solutions
hampers their further application, which results from a limited
specific surface area and conductivity. Currently, the most
popular strategy for solving this problem is to fabricate NiFe-
based architecture on conductive substrates like Ni foam,>’
graphene,”® and carbon nanotubes.”” It is reported that
graphene has been exploited as a promising material for
electrocatalyst support for its unique physicochemical proper-
ties, such as strong mechanical strength, huge surface area, and
excellent electronic and thermal conductivity.'”***' To the best
of our knowledge, with the interconnected electrically
conducting networks between the graphene network and the
supported electrocatalysts, graphene-conjugated catalysts can
remarkably enhance the catalytic properties. To date, most of
the graphene-based composites are fabricated by direct
deposition or adsorption of nanocatalysts on a graphene

surface,””* yet the biggest problem is that the active catalysts
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are easily peeled off from the graphene surface during long-
term electrochemical reactions, thus resulting in poor stability.

Among all the carbon-combined materials, a sandwichlike
structure with nanoparticles evenly confined and the graphene
sheets layered on both outer sides can partially overcome the
issues mentioned above. Because of its special carbon-
conjugated two-dimentional (2D) structure with a large specific
surface area and high conductivity, sandwiched materials
possess dramatic improvements in terms of the electrochemical
performance of the active materials, leading to immense
potential in plenty of fields.>*** Herein, we report a novel
sandwich-like structure with NiFe nanoparticles encapsulated in
coupled graphene sheets (NiFe/C) for high-efficiency oxygen
evolution. In this strategy, we utilize a simple and universal
approach rather than electrodeposition. First, we synthesize Fe-
doped Ni(OH), through an ion diffusion-exchange process at
ambient temperature. Subsequently, we use the ultrathin Fe-
doped Ni(OH), nanosheets as a precursor and sacrificial
template and low-cost glucose as a green carbon source. Under
the action of hydrogen bonding, the glucose molecules are
tightly absorbed onto the surface of the precursor. Then the
polymer-coated precursor is calcined in an Ar atmosphere at
680 °C to obtain the sandwiched NiFe/C. As for this unique
nanoarchitecture, its 2D structure with a conductive network
around active catalysts can facilitate both electron and OH™
transfer and prevent NiFe nanoparticles from aggregation and
peeling off during long-time electrochemical reactions.
Furthermore, its porous structure helps to increase the active
surface area, which can further ensure efficient contact between
the electrolyte and active catalysts. Therefore, this special
ultrathin free-standing sandwiched structure obtained here
demonstrates strikingly enhanced active performance and
superior stability in basic solutions.

B RESULTS AND DISCUSSION

The whole synthetic process is illustrated in Scheme 1. First,
the ultrathin Ni(OH), nanosheets were fabricated under

Scheme 1. Illustration To Introduce the Whole Fabrication
Route from the Ultrathin Ni(OH), Nanosheets to Fe-Doped
Ni(OH), Nanosheets and NiFe Nanoparticles Encapsulated
in Coupled Graphene Sheets”
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for oxygen evolution reaction.
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solvothermal conditions in a large scale. Subsequently, the
Ni(OH), nanosheets were immersed in an FeCl, aqueous
solution to prepare the Fe-doped Ni(OH), through an ion
diffusion-exchange process at room temperature because of the
near atomic radius. In this strategy, the sheetlike Fe-doped
Ni(OH), [(Fe)Ni(OH),] served as a sacrificial template for the
synthesis of the coupled graphene layers. With the aid of
hydrogen bonding action among the hydrated or hydroxyl
groups between (Fe)Ni(OH), and glucose molecules, the
polymer was tightly coated on the surface of the precursor
under hydrothermal conditions. Finally, due to a large amount
of substance loss, (Fe)Ni(OH), nanosheets were changed into
NiFe nanoparticles, while the polymers were transformed into
graphitized carbon layers upon calcination. The final samples
with sandwichlike architecture exhibit excellent OER activity
and stability in basic solutions.

Typical characterizations of Ni(OH), nanosheets are shown
in Figure 1. The low-magnification scanning electron
microscopy (SEM) image (Figure 1a) reveals that the ultrathin
Ni(OH), with good flexibility can be uniformly fabricated on a
large scale. Panels b and ¢ of Figure 1 are the transmission
electron microscopy (TEM) image and high-resolution trans-
mission electron microscopy (HRTEM) image of Ni(OH),
nanosheets, respectively. A crystal structure observed via
HRTEM shows that distances of 0.27 and 0.46 nm correspond
to that of (100) and its equivalent crystal plane of (001),
respectively. Combining these data with the X-ray diffraction
(XRD) data (Figure S2a of the Supporting Information), we
can conclude that our sheetlike Ni(OH), is pure in phase and
single crystal. To prepare the (Fe)Ni(OH),, the Ni(OH),
nanosheets are added to an aqueous 1 M FeCl, solution.
Because of the similar atomic size of Fe and Ni, Fe?* can easily
exchange with Ni** in an aqueous FeCl, solution and ultimately
produce (Fe)Ni(OH),. The related characterization of (Fe)-
Ni(OH), is demonstrated in Figures S1 and S2 of the
Supporting Information. The SEM image and HRTEM image
in panels a and b of Figure S1 of the Supporting Information
disclose the sheetlike morphology and crystal structure of
(Fe)Ni(OH),, which is virtually the same as that of Ni(OH),.
From XRD patterns in Figure S2a of the Supporting
Information, we can observe that the XRD peak position
hardly changes after Fe doping. Via integration with the layered
structure in Figure S1 of the Supporting Information, it is
indicated that a small amount of Fe doping does not affect the
crystal structure but induces a remarkable color change as
shown in Figure S2b of the Supporting Information.

Under suitable conditions, the scalability of sandwiched
NiFe/C can be feasibly accessible. As shown in the SEM image
(Figure 2a), flexible sandwichlike NiFe/C can be synthesized
uniformly and evenly. In the enlarged SEM image (Figure 2b),
many monodisperse NiFe nanoparticles are tightly confined in
coupled graphene sheets. Furthermore, the scanning electron
beam accelerated by 15 kV can also penetrate the graphitized
carbon layers within several tens of nanometers, indicating that
the ultrathin graphitized carbon layers are strictly wrapping
around NiFe nanoparticles, which is well inherited by the
precursor. With the XRD data revealed in Figure 2c, all the
peaks from 15° to 90° match very well with pure Ni (JCPDS
Card No. 87-0712), further suggesting that Fe impurities
introduced into the precursor can barely effect the crystal
structure of our final samples. Moreover, the shar?Pness of the
peaks uncovers the truth of good crystallinity.””*® In this
pattern, a small peak around 26.6°, indexed to graphite (JCPDS
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Figure 1. Typical characterizations of Ni(OH),. (a) Low-magnification SEM image of Ni(OH), nanosheets. (b) TEM and (c) HRTEM images to
clearly demonstrate the sheetlike morphology and crystal structure of obtained Ni(OH), nanosheets.
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Figure 2. SEM images at lower (a) and higher (b) resolutions to
demonstrate the sandwichlike architecture with NiFe nanoparticles
encapsulated inside and several graphene sheets wrapping outside. (c)
XRD data from 15° to 90° at 26 to show the pure phase and good
crystallinity of final samples. (d) Corresponding EDS analysis.

Card No. 75-2078), proves that we have successfully
synthesized graphene under typical conditions with low-cost,
recyclable, and environmentally friendly glucose. The corre-
sponding X-ray energy dispersive spectrum (EDS) analysis in
Figure 2d suggests the existence of Ni, Fe, C, and O elements,
as well as Si derived from the silicon substrate, in which the
molar ratio of Ni and Fe is nearly 4:1. Furthermore, to
determine the elemental distribution of the sandwiched
samples, elemental imaging of the selected area of EDS is
conducted. As detected in Figure 3, Ni and Fe elements evenly
exist in each nanoparticle (Figure 3c,d), confirming Fe was
doped in the crystal lattice of Ni via ion diffusion-exchange
process even at room temperature. This approach with low-
energy consumption can provide a new idea about ion doping.
Besides, the good distribution of the C element in Figure 3b
reveals that the carbon layers uniformly wrap outside.

TEM is also allowed to uncover more structural details on a
tiny scale. From Figure 4a and the enlarged TEM image in
Figure 4b, NiFe nanoparticles with a diameter of 10—20 nm are
strictly encapsulated and confined in coupled graphene sheets.
Similar to our previous sandwichlike materials,>**° this
sandwiched NiFe/C not only can effectively keep the
nanoparticles from aggregating and agglomerating but also
can ensure continuous contact between the graphene sheets
and active catalysts during long-term electrochemical reactions,
further improving the conductivity and cyclic stability. The
crystal structure of NiFe (Figure 4c) shows lattice spacings of

Figure 3. Elemental images via EDX show the element distribution of
the NiFe nanoparticles encapsulated by sandwiched coupled graphene
sheets. (a) TEM image. The presence and distribution of C, Fe, and Ni
are demonstrated in panels b—d, respectively.

0.124 and 0.125 nm, corresponding to the (220) and (022)
planes of nickel, respectively. Through the edge areas of the
thin carbon film (Figure 4d), the hexagonal lattice of graphene
can be also observed, validating the existence of graphene. In
addition, to identify the graphitization in the final samples,
Raman spectroscopy (RS) is essential. As shown in Figure S3 of
the Supporting Information, the peaks at 1359.7 cm™ (D
band) and 1599.6 cm™' (G band) are associated with
disordered carbon and graphitized carbon, respectively. It is
verified that the well-graphitized as-prepared samples are
obtained at the appropriate temperature as the intensity of G
band is stronger than that of the D band.*”*® As the carbon
content of our sandwiched NiFe/C is ~5.6 wt %, it scarcely
reduces the eletrocatalytic activity of active catalysts; on the
contrary, it results in high OER activity because of the superior
conductivity of graphene.

With the purpose of evaluating the porous structure of the
final samples, nitrogen adsorption and desorption isotherms
(BET) are also introduced. As presented in Figure S, a specific
surface area of 203.112 m?/g is obtained from the N,
adsorption and desorption profile. Barrete—Joyner—Halenda
(BJH) analysis (inset of Figure S5) affirms the regular
mesopores. The pore size in the sandwiches with a range of
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Figure 4. (a and b) TEM images at different resolutions to disclose the
sandwiched NiFe/C on a tiny scale. (c and d) HRTEM images to
uncover the crystal structure of NiFe nanoparticles and the outside
carbon layers.
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Figure S. BET isotherm of the sandwichlike NiFe/C to reveal the
specific surface area and pore size distribution derived from the
desorption branch (inset).

1.8—5 nm, mainly focusing on the 1.8 nm pores, implies that
the pervasive porous structure has been successfully generated
through high-temperature calcination due to massive substance
loss. To the best of our knowledge, a huge surface area can
provide rich active sites for the OER and large contact areas
between the electrolyte and active material, bringing out high
conductivity and low overpotential. More importantly, the
porous structure can enlarge the active surface area and further
strengthen the efficient contact of active catalysts in basic
solutions.

The NiFe-based compound is one of the most promising
candidates with the highest OER electrocatalytic activities
among all nonprecious metal-based electrocatalysts. Such a
sandwiched structure should promote electrochemical reactions
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due to the more exposed active sites and high conductivity.
Herein, a series of electrocatalytic tests have been investigated
by a typical three-electrode setup in 1 M KOH. Figure 6a shows
the polarization curves at a slow scan rate of S mV/s. As
expected, sandwichlike NiFe/C exhibits an early onset of ~1.44
V (correlated to an overpotential of ~210 mV), beyond which
the current rises rapidly as the potential increases. For
comparison, sandwiched Ni/C and pure Ni nanoparticles are
also performed under the same conditions. It is observed that
sandwiched Ni/C and pure Ni nanoparticles show relatively
high onsets of ~1.53 and ~1.62 V, respectively, indicating that
sandwiched NiFe/C is more desirable for OER. To further
confirm the high OER activity of sandwiched NiFe/C, another
common catalyst of Fe-doped Ni(OH), (precursor) is used for
comparison. It is observed that NiFe(OH), exhibits an early
onset of ~1.47 V (Figure S4a of the Supporting Information),
which is also higher than that of our NiFe/C catalyst.
Moreover, among the most active nonprecious metal
electrocatalysts®**~*(Table S1 of the Supporting Informa-
tion), our sandwiched NiFe/C possesses excellent OER
activities, significantly verifying the superiority of the novel
sandwichlike structure. To gain more insight into OER activity,
Tafel plots derived from polarization curves are also
determined. The linear portions of the Tafel plots (Figure
6b) are then fit to the Tafel equation [# = b log(j) + a, where j
is the current density and b is the Tafel slope], yielding a very
small Tafel slope of ~30 mV/decade for our sandwiched NiFe/
C, which is much smaller than those of sandwiched Ni/C (~56
mV/decade) and pure Ni nanoparticles (~117 mV/decade). It
is noteworthy that the Tafel slopes of as-prepared samples are
also smaller than those of the previously reported NiFe-based
OER catalysts under the same conditions””*>* and even can
be comparable to the lower values reported for NiFe-based
catalysts (30 mV/decade).** Therefore, it remarkably implies
the positive effect of the structural design. On the basis of the
amount of catalyst on the sandwiched NiFe/C electrode, the
calculated turnover frequency (TOF) for the catalyst at 7 = 0.3
V reaches ~0.53 s™', which is higher than most of the NiFe-
based electrocatalysts, *>*>4¢ indicating the high OER catalytic
activity.

The long-term durability toward OER is critical for
electrocatalysts in future energy systems. A 40 h chronopo-
tentiometry test has been conducted at different current
densities. As shown in Figure 6c¢, our sandwiched NiFe/C has
nearly unvarying operating potentials of 1.468 and 1.496 V at
current densities of 20 and 40 mA/cm? respectively. The
overpotential is almost without any changes (less than ~2%)
after 40 h. Even generating a large current of 60 mA/ cm?, our
sandwiched NiFe/C uncovers good durability in alkaline
solutions and demonstrates a stable potential of 1.51 V with
a change of <3%. To highlight the sandwiched structure design,
a series of comparative experiments of the durability have been
also conducted at a constant current density of 20 mA/cm®
(Figure S4b,c of the Supporting Information). It proves that the
applied potential on the sandwiched NiFe/C is the lowest and
almost steady for more than 40 h (increased by ~1%), whereas
the NiFe(OH), and sandwiched Ni/C present increases of ~11
and ~9%, respectively, after 40 h. The pure Ni nanoparticles
show a sharp increase in potential at 20 h. We reasonably
believe these observations result from the unique sandwiched
nanoarchitecture, that is, NiFe nanoparticles confined inside
and coupled graphene layers wrapped outside. This novel free-
standing 2D structure with a large number of mesopores
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Figure 6. (a) LSV plots of sandwichlike NiFe/C along with sandwichlike Ni/C and Ni nanoparticles for comparison at a scan rate of S mV/sin 1 M
KOH. (b) Tafel curves obtained from the polarization curves. (c) Chronopotentiometry curves of sandwichlike NiFe/C at different current densities
of 20, 40, and 60 mA/cm?. (d) Durability test for the sandwichlike NiFe/C after 2000 cycles at a rate of S mV/s in 1 M KOH.
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Figure 7. (a) Polarization curves of sandwiched NiFe/C, tested in a thermostatic water bath from 0 °C to 25 and 50 °C at a scan rate of 5 mV/s in 1
M KOH. (b) Durability test at different temperatures at a constant current density of 20 mA/cm?.

provides a large specific surface area and high conductivity,
which can facilitate charge transfer, which is thus beneficial to
OER activity. To affirm the conductivity of our final samples,
the electrochemical impedance spectrum (EIS) is measured
(Figure S4d of the Supporting Information). As observed in the
EIS spectra, our sandwiched NiFe/C has the lower internal
resistance (~5.0 Q) and a charge transfer resistance smaller
than that of Fe-doped Ni(OH),. Importantly, this sandwichlike
structure can effectively separate nanoparticles and keep NiFe
nanoparticles from agglomerating and peeling off during long-
time electrochemical reactions, thereby enhancing the stability
in basic solutions. To affirm the structural passability, we revisit
the status of the sandwiched NiFe/C after electrochemical
reaction for 40 h. To the best of our knowledge, carbon is not
thermodynamically stable for possible corrosion under OER

9207

conditions. However, because of the high level of graphitization
of our final samples under high-temperature calcinations, the
sandwiched structure remains stable even for a long OER
operation just as expected. The graphitized carbon layers
wrapping outside can be clearly detected (Figure SSa,b of the
Supporting Information). In addition, Raman spectroscopy
(RS) is also introduced to affirm the graphitization of NiFe/C
after a 40 h test (Figure SSc of the Supporting Information). All
the observations presented here can absolutely attest that our
sandwiched structure possesses superior stability in basic
solutions. On the other hand, Fe-doped Ni(OH), exhibits
relatively poor stability because of the serious aggregation and
pulverization during long-time reaction (Figure SSd of the
Supporting Information). Furthermore, we also probe the
durability of the sandwiched NiFe/C under continuous
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potential scanning conditions. As revealed in Figure 6d, our
obtained samples disclose a good stability with negligible
current loss for 2000 cycles at a scan rate of 5 mV/s. Besides,
the durability test at a high scanning speed of S0 mV/s was also
conducted (Figure S6 of the Supporting Information). As
observed, there is almost no attenuation after 2000 cycles,
suggesting the superior durability of our sandwiched NiFe/C.

To further evaluate the pH dependence of sandwichlike
NiFe/C, we have also measured the electrocatalytic OER
activity under the same conditions except for the pH value (0.1
M KOH). As Figure S7 of the Supporting Information shows,
sandwiched NiFe/C exhibits high OER activity with a low
onset of ~1.47 V (Figure S7a of the Supporting Information; 7
~ 240 mV). Significantly, there is no measurable increase in
operating potential during the 20 h durability test (Figure S7b
of the Supporting Information). The excellent OER activities as
well as superior durability at different pH values may be derived
from our unique and stable sandwiched structure. Besides, a
series of measurements of the NiFe/C catalysts at different
temperature have also been taken at a scan rate of S mV/s in 1
M KOH. As shown in Figure 7a, as in the previous work, the
applied potential increases only slightly from 1.43 V to 1.44 and
1.47 V when the temperature decreases from 50 °C to 25 and 0
°C, respectively. It is demonstrated that our catalysts can
endure a relative large temperature variation, which is essential
for extended application of OER catalysis. Additionally, the
sandwiched NiFe/C exhibits good stability at both high and
low temperatures (Figure 7b). It shows practically no increase
at 25 and S0 °C after 20 h at an invariable current of 20 mA/
cm® (<1%) and relatively large changes of <3% at 0 °C,
revealing an outstanding durability of our sandwiched catalysts
in basic solutions. On the basis of these results, it is believed
that the sandwiched NiFe/C is desirable for OER and will
facilitate its commercial production.

B CONCLUSION

In summary, unique and uniform sandwiched NiFe nano-
particles encapsulated in coupled graphene sheets have been
successfully fabricated by a novel and controllable synthetic
method. Via this strategy, the NiFe alloy is achieved via the ion
diftusion-exchange process followed by high-temperature
annealing. This designed 2D sandwiched structure possesses
plenty of properties such as a large specific surface area, high
nanoporosity, and high electrical conductivity, which can lead
to outstanding OER activity and excellent durability. As an
advanced OER catalyst, our sandwiched NiFe/C exhibits a low
onset of ~1.44 V, a Tafel slope of 30 mV/decade, and a high
durability (~2% increase) of stability for 40 h under basic
conditions. Furthermore, at various pH values or temperatures,
the sandwiched NiFe/C catalysts remain unaffected and
present enhanced OER activity and stability. We anticipate
that the unique design of the OER electrode would lead to
improved strategies and broaden the scope for future
exploration in many other fields.

B EXPERIMENTAL SECTION

Materials. All chemicals or materials were utilized directly without
any further purification before being used: ethylene glycol (Fisher
Chemical, 99.99%), ammonium hydroxide (NH;-H,O, 28—30 wt %, J.
T. Baker), nickel nitrate [Ni(NOs), 99.9%, Aldrich], sodium
carbonate (Na,CO;, 99.9%, Aldrich), glucose (Cica-Reagent, Kanto
Chemical), and ferrous chloride (FeCl,-4H,0, 99.9%, Aldrich).
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Preparation of Ni(OH), Nanosheets. In a typical synthesis of
Ni(OH),, ethylene glycol (10 mL), concentrated NH;-H,O (12 mL),
a 1 M Na,COj; aqueous solution (4 mL), and a 1 M Ni(NO,),
aqueous solution (4 mL) were mixed step by step while being strongly
stirred with intervals of 2 min. After that, the precursor solution was
stirred for an additional 10 min, and then the mixture changed into a
dark blue solution. Afterward, the precursor solution was transferred
into a Teflon-lined stainless steel autoclave with a volume of 50 mL.
Thermal treatment was performed on the Teflon liner in an electric
oven at 170 °C for 16 h. After the autoclave was cooled naturally to
room temperature in air, samples deposited at the bottom of Teflon
were collected and washed by centrifugation at least three times using
deionized water and one time using pure ethanol. The as-synthesized
samples were then dried in a normal oven at 60 °C overnight to
remove the absorbed water and ethanol for the subsequent fabrication
and characterization.

Preparation of Fe-Doped Ni(OH), Nanosheets. The as-
prepared Ni(OH), nanosheets (100 mg) were ultrasonically mixed
with 10 mL of an aqueous FeCl, solution (1 M) and 10 mL of
deionized water to form a homogeneous solution. The mixture was
standing for 1 h at room temperature until the color of the nanosheets
slowly turned to yellow. Finally, the samples were washed for three
cycles with deionized water and one cycle with ethanol and then dried
in a normal oven at 60 °C.

Preparation of the NiFe Nanoparticles Encapsulated in
Sandwiched Graphene Sheets. Fe-doped Ni(OH), nanosheets
were mixed with an aqueous glucose solution (S mL, 1 M) together
with additional deionized water (25 mL) to form a homogeneous
solution after ultrasonication for 10 min. The solution described above
was poured into a 50 mL Teflon-lined autoclave and sealed tightly.
Then the liner was heated in an electric oven at 180 °C for 8 h. After
that, the samples were washed using centrifugation with three cycles of
deionized water and one cycle of ethanol and then dried in air at 60 °C
for 24 h to remove the residual water and ethanol. Afterward, the dried
samples were loaded into the tube furnace and calcined under an Ar
atmosphere at 680 °C for 200 min with a ramp of 1 °C/min.

Carbon Content of Sandwichlike NiFe/C. The 200 mg final
samples were dissolved in concentrated hydrochloric acid (10 M)
while being vigorously stirred. After standing for almost 2 days, the
final samples floated on the liquid level. Afterward, the samples were
washed using centrifugation with three cycles of deionized water and
one cycle of ethanol and then dried in air at 60 °C for 24 h to remove
the residual water and ethanol. The carbon content of sandwiched
NiFe/C was then calculated using the formula

C% = W(C)/W(NiFe/C) X 100%

where W(C) and W(NiFe/C) are the weight of carbon and NiFe/C,
respectively.

Characterization of the Samples. A field-emission scanning
electron microscope (SEM) coupled with an EDX analyzer (JEOL,
JSM-7800F, 15 kV), a transmission electron microscope coupled with
an EDX analyzer (Philips, Tecnai, F30, 300 kV), powder X-ray
diffraction with CuKa radiation (XRD, Bruker D8 Advance), BET
surface area measurement with a surface area and pore size analyzer
(Quantachrome Autosorb-6B), and a Raman microscope [RENISH-
AW Invia, UK, voltage (ac) of 100—240 V, power of 150 W] were
employed to characterize the obtained samples.

Electrochemical Testing. The oxygen evolution reaction was
performed on a model CHIG60E electrochemical workstation using a
three-electrode setup, including a modified glassy carbon electrode
(GCE, 3 mm in diameter) as a working electrode, a saturated calomel
electrode (SCE) as a reference electrode, and Pt foil as a counter
electrode. The catalyst suspension was made by mixing 3 mg of
catalyst, 100 uL of a Nafion solution (0.5 wt %), and 300 L of ethanol
solvent during ultrasonication treatment for 20 min. The working
electrode was made by dropping a 4 uL suspension on the GCE
(loading of ~0.36 mg cm™2) and dried at room temperature. Linear
sweep voltammetry (LSV) was performed in 1.0 and 0.1 M KOH
solutions from 0 to 0.7 V at a scan rate of S mV s™. ac impedance
measurements were taken in the same configuration at open circuit
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voltages from 10° to 0.1 Hz with an ac voltage of 5 mV. All the
potentials that appeared in the water splitting section were versus the
reversible hydrogen electrode (RHE) according the equation E(RHE)
= E(SCE) + 0.059 pH + 0.241 V. The overpotential (#) corresponds
to the equation # = E(RHE) — 1.23 V.

Turnover Frequency (TOF) Calculation of the Catalysts. The
TOF value is calculated from the equation®>*’

TOF = ﬂ

4Fm

where ] is the current density at an overpotential of 0.3 V in ampers
per square centimeter, A is the area of the glassy carbon electrode, F is
the Faraday constant (a value of 96485 C/mol). and m is the number
of moles of the active materials that is deposited onto the glassy
carbon electrode.
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