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Core—Shell Carbon Nanofibers-NiFe Structure on 3D
Porous Carbon Foam: Facilitating a Promising Trajectory
toward Decarbonizing Energy Production

Tung Ngoc Pham,* Ajaikumar Samikannu, Zsuzsanna Vincze, Peter Zettinig,
Solomon Tesfalidet, Thomas Wagberg, and Jyri-Pekka Mikkola*

In this work, a low-cost, light-weight, highly efficient, and durable electrode
in which NiFe-layered double hydroxide is electrodeposited on a carbon
nanofiber (CNF) core supported on a carbon foam (CF) is introduced. The
resulting 3D NiFe-CNFs-CF electrode shows excellent oxygen evolution reac-
tion and hydrogen evolution reaction performance in alkaline media. When
used as an anode and a cathode in the same cell, a current density of

10 mA cm2 is achieved, at a cell voltage of 1.65 V. Moreover, good stability
over a long testing time (50 h) is demonstrated. The ternary hybrid electrode
gives rise to an excellent performance-to-weight ratio owing to its very low bulk
density (=34 mg cm3) inherited from super lightweight components composed
of CF and CNFs. The developed electrode can potentially be used in large-scale
alkaline water electrolysis, in facilities such as offshore hydrogen production
platforms, which can complement the variable renewable energy production of

technological developments have practical
implications to solve the bigger quandary
of decarbonizing energy production. Water
electrolysis is one of the most attractive
methods used to produce hydrogen, which
is widely accepted as an excellent alterna-
tive to the traditional nonrenewable energy
sources or fossil fuels.'3l For hydrogen
production, renewable energy resources
such as solar, wind, and wave energy are
used to power electrolysis at offshore loca-
tions to utilize abundant resources.*! A
highly suitable application for water elec-
trolysis systems would be coupling them
with offshore wind energy generation to
establish viability and increase effective-

wind farms through hydrogen storage and fuel cells.

1. Introduction

The primary aim of the paper is to report the results of experi-
ments with catalyst-electrode development for water splitting.
The paper also provides multidisciplinary reflections on how

ness of components by combining these
technologies to create system level innova-
tions, which contribute to decarbonizing
the world economy.

In the electrolysis of water, hydrogen is generated at the
cathode through the hydrogen evolution reaction (HER) and
oxygen is evolving at the anode through the oxygen evolution
reaction (OER) under an applied potential®’! which is always
higher than the theoretical value of 1.23 V. In alkaline water
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electrolysis, the exceeding over-potential is mainly caused by
the high activation barrier of the electrode materials and the
total ohmic resistance in the electrochemical cell.®] Therefore,
in order to minimize the over-potential and enhance the efficacy
of the process, an effective electrocatalyst should be employed.

Noble metal-based catalysts such as IrO,/RuO, and Pt are
benchmark electrocatalysts for OER and HER, respectively,
owing to their small onset potential.’-! However, the high
cost and the shortage of these precious metals create economic
pressure and subsequently prevent them from large-scale
application. Hence, electrocatalysts based on nonprecious and
earth-abundant materials have been proposed as viable alterna-
tives to the noble metal catalysts. Recently, it has been revealed
that earth-abundant materials such as metal oxides/hydrox-
ides,[®12718] metal chalcogenides,® 2?2 and pnictogenides!?3-26l
possess high electrocatalytic activity in the water-splitting reac-
tion. Especially, despite the common sense that a catalyst which
is active for OER may exhibit a sluggish activity toward HER
and vice versa, some of these materials have been proven to
work efficiently as bifunctional catalysts with good activity for
both OER and HER.%15232427-29 Among these bifunctional
catalysts, due to its low cost, special structure, and high catalytic
activity, NiFe-layered double hydroxide (NiFe LDH) is probably
one of the most promising catalysts to be employed in overall
water electrolysis."#1>%] The NiFe LDH can be easily synthe-
sized through either hydrothermal method™2! or by electro-
deposition[™>3% of which the latter is fast, simple, and easy to
scale-up.

Besides the catalyst, the electrode matrix/substrate is also an
important factor to promote the catalytic performance of the
electrode. Recently, 3D structured electrodes fabricated from
conductive materials such as nickel foam and copper foam
have received much attention from scientists owing to their
large surface area, easy dissipation of the generated gas bub-
bles as well as rapid and unhindered penetration of electrolytes
into the whole electrode matrix.'>30-32 Also, to further increase
the surface area and thus promote the overall catalytic activity,
nanostructures were grown directly on such foams, e.g., CuO
and CuCO,S nanowires on copper foam!>?33 and Ni nano-
chains, CuCoO,, NiSe, and ZnO nanowires/nanorods on
nickel foam.[%17:2234 Based on these special design structures,
a 3D core-shell-structured NiFe LDHs can be synthesized!™>34
which, in turn, acts as a very efficient catalyst for the overall
water-splitting reaction. However, these excellent materials bear
a major disadvantage due to their complex and high energy
demanding manufacturing procedurel®>3¢ where the expense
can limit their use in large-scale applications.

Because of their well-known advantages related to their high
chemical stability, light-weight structure, low price, and the pos-
sibility to recover the metal catalysts, carbon materials such as
carbon cloth (CC),’738 carbon fiber paper (CFP),73*4 and
glassy carbont** have been widely studied as electrode matrix
in the electrochemical water-splitting studies. Decoration of
the surface of carbon materials with graphene and carbon
nanotubes (CNTs) has also been used to boost the surface area
and subsequently increase their performance to a level which
is comparable to metal foam materials.22444] However, the
bulk density of the CFP and CC which is in the order of 450
and 380 mg cm73,* respectively, is similar to those of metal
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foams which can reach values as low as 400 and 450 mg cm™

for copper foam and nickel foam, respectively.2%*! Thus, the
performance-to-weight ratio of electrodes based on CFP and
CC is not superior to metal foam-based electrodes and cannot
be introduced as outstanding candidates for offshore facilities
where the weight is one of the limiting factors.

Herein, we introduce NiFe LDH decorated on carbon
nanofibers-carbon foam (NiFe-CNFs-CF) electrode with a 3D
porous core-shell structure. The NiFe-CNFs-CF combines the
advantages of different materials: low price and extremely low
bulk density of the melamine foam!*! and CF, high surface
area, electrical conductivity, and chemical resistance of CNFs as
well as the excellent catalytic activity of the NiFe LDH catalyst.
The electrode, as prepared, possesses high catalytic activity and
excellent durability which is comparable with the “state-of-the-
art” reported catalyst for both OER and HER. For the overall
water splitting, in the two-electrode setup, the NiFe-CNFs-CF
also showed a good performance, operating with a cell potential
of only 1.65 V to reach the current density of 10 mA cm™, and
good stability after a long-running time (50 h) at 10 mA cm™.
Due to the extremely low bulk density of the electrode
(=34 mg cm), the performance-to-weight ratio of the NiFe-
CNFs-CF electrode is surprisingly high and reached the specific
current of 10 A g7, at the over-potential of 240 and 130 mV for
OER and HER, respectively. The NiFe-CNFs-CF electrode can
be synthesized using simple and scalable methods such as
pyrolysis, catalytic chemical vapor deposition (CCVD), and elec-
trodeposition, and as such the CF electrode has the potential to
be used in a large-scale alkaline water electrolysis, especially in
offshore facilities.

2. Results and Discussions

2.1. Material Characterization

The morphology, as well as the nanostructure of prepared sam-
ples, was investigated by scanning electron microscopy (SEM).
At low magnification, Figure 1a shows the 3D structure of the
CF with an open-cell structure and, at a higher magnification, a
smooth surface (Figure S3a, Supporting Information). The SEM
image of the CF after the CCVD process (Figure 1b,c and Figure
S3b, Supporting Information) shows a dense mat of short and
curved CNFs entangled into spaghetti-like form, which com-
pletely covers the surface of the CF. The presence of CNFs and
a small portion of CNTs was confirmed by the transmission
electron microscopy (TEM) image (Figure S4, Supporting Infor-
mation) where a combination of both CNFs and CNTs on the
surface of the CF is shown. However, only CNFs are mentioned
in the name of the material (CNFs-CF) for the sake of simpli-
fication. The high-resolution TEM (HRTEM) images reveal
that the CNFs are in the amorphous form where a very little
crystalline structure was found on the image (Figure S5a,b,
Supporting Information). The presence of these carbon nano-
structures can also be recognized through the rise of the bulk
density (Figure S6, Supporting Information) which is increased
from 9 (+0.5) for CF to 18 (1) mg cm™ for CNFs-CF, with a
concurrent increase of the specific surface area of the material
after the CCVD process. The Brunauer—-Emmett—Teller (BET)
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Figure 1. SEM images at different magnifications of a) CF, b) low, and
c) high magnification of CNFs-CF and d) NiFe-CNFs-CF at high magnifi-
cation. TEM images of ) CNFs and d) CNTs shelled with NiFe catalyst
of NiFe-CNFs-CF sample.

surface area based on the N, sorption—desorption isotherm was
calculated to be =46 m? g!, which is ten times bigger than that
of the CF alone (4 m? g™}).

Niand NiFe catalysts were deposited onto the CF and CNFs-CF
substrates by electrodeposition leading to the formation of
electrodes denoted as Ni-CF, NiFe-CF, Ni-CNFs-CF, and
NiFe-CNFs-CF. Figure 1d and Figures S7-S9 in the Supporting
Information reveal that catalyst morphology on survey elec-
trodes is strongly affected by the type of catalyst employed and
by the presence of CNFs on the electrode substrate. The SEM
images of the Ni-CF electrode (Figure S7, Supporting Informa-
tion) showed the presence of particles or aggregates with sizes
ranging from 150 to 200 nm of nickel catalyst on the CF sur-
face, which is completely different from the thick film found
on the surface of the NiFe-CF electrode (Figure S8, Supporting
Information). In the case of CNFs-CF substrate, the obtained
catalyst morphology was also found to be very distinctive in
which a nickel film was found on the surface of Ni-CNFs-CF
(Figure S9, Supporting Information) and nanosheet like
structures were observed on the surface of the NiFe-CNFs-CF
(Figure 1d). Remarkably, the TEM images of NiFe-CNFs-CF
showed different catalyst morphology for CNFs and CNTs.
While the CNFs are completely covered by ultrathin nanosheets
forming a highly porous core—shell structure (Figure le and
Figure S5c,d, Supporting Information), a thin film (around
20 nm) is formed on the surface of CNTs (Figure 1f) after the
electrodeposition process. The energy dispersive X-ray spec-
troscopy (EDS) mapping analysis of NiFe-CNFs-CF (Figure 2)
where carbon, nickel, and iron were indexed in yellow, blue,
and purple colors, respectively, showed the symmetric distri-
bution of Ni and Fe on the carbon frame. To identify the cata-
lyst loading of the NiFe-CNFs-CF, thermal gravimetric analysis
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Figure 2. SEM-EDS image of the NiFe-CNFs-CF with the corresponding
elemental mapping.

(TGA) measurement was carried out. The TGA showed a cata-
lyst loading at around 15 wt% (Figure S10, Supporting Informa-
tion). The result was further confirmed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis of the
digested NiFe-CNFs-CF sample which gave a similar amount
of catalyst loading (=14 wit%). Due to the very low density of
CNFs-CF, even at 15 wt% of catalyst loading, the NiFe-CNFs-CF
sample that has a geometric area of 1 cm? contains an extremely
small amount of metal catalysts (=0.37 mg).

To identify the phase of samples such as CF, CNFs-CF, and
NiFe-CNFs-CF, the X-ray diffraction (XRD) was carried out. As
shown in Figure 3a, compared with the amorphous CF, the
XRD pattern of the CNFs-CF sample showed the presence of
peaks at the 26 of 26.4° and 44.0° which can be assigned as
graphite and thus further confirm the formation of ordered
carbon structures, i.e.,, CNTs.¥] At the same time, the pres-
ence of cobalt which was used as a catalyst in the CCVD pro-
cess was also revealed through a small peak located at 51.5°.18
Compared with CNFs-CF, the XRD pattern of NiFe-CNFs-CF
samples exhibited several new diffraction peaks found at 11.5°,
34.5°,60.7°, and also a peak at =23.2° (overlapped by the nearby
graphite peak) which can be characterized as NiFe LDH.[124]
The weak signals of these peaks also suggest that the majority
of NiFe catalyst can be in the amorphous form.*>*" The specu-
lation is confirmed by the HRTEM image of the NiFe-CNFs-CF
(Figure S5d, Supporting Information) where no ordered struc-
ture was found on the catalyst. The composition, as well as
the oxidation stage of the NiFe-CNFs-CF catalyst, was further
investigated by X-ray photoelectron spectroscopy (XPS). The
wide spectra of samples taken at the inner and outer layer of
NiFe-CNFs-CF are similar and show the presence of carbon,
oxygen, nickel, and iron on the surface of the sample (Figure S11,
Supporting Information). Furthermore, impurity elements
such as S and Cl which do not come from the CNFs-CF sur-
facel® but probably from trapped metal precursors were also
found on the surface of the electrode. The high homogeneity
of the deposited catalyst on the outer layer and the inner layer
of the electrode was also confirmed where a similar Ni/Fe
atomic ratio between the outer and inner layer (2.8/1 and 2.6/1,
respectively) was found. In conclusion, the average atomic ratio
of Ni/Fe is estimated to be 2.7/1 which is lower than the molar
ratio of Ni/Fe used in the plating bath (5/1). Moreover, the
atomic ratio of Ni/Fe derived from EDS spectra (Figure S12,
Supporting Information) of NiFe-CNFs-CF (around 3.1/1) is in
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Figure 3. a) XRD pattern of CF, CNFs-CF, and NiFe-CNFs-CF. High-resolution XPS spectra of b) Ni 2p, c) Fe 2p, and d) O 1s of NiFe-CNFs-CF.

agreement with the XPS results. The results suggest that the
deposition rate of iron was faster than that of nickel which is
similar to the conclusion of Torabinejad and his co-worker that
the co-electrodeposition of nickel and iron from an electrolyte
is an anomalous deposition.l’l The oxidation stage of Ni and
Fe on the surface of CNFs-CF was also revealed by XPS. As
shown in the Ni 2p spectrum (Figure 3b), two main peaks at
856 eV (Ni 2ps),) and 874 eV (Ni 2p,;;) and two shakeup sat-
ellite peaks indicate the presence of Ni%" in the sample.['>>?
On the other hand, the absence of the Ni 2p;, peak at around
852 eV also implies that there is no evidence of the existence
of Ni metal in the sample.”® The oxidation stage of iron in
the NiFe-CNFs-CF sample was identified through the Fe 2p
high-resolution spectrum (Figure 3c). The peaks at 725 eV
(Fe 2py)5), 712 eV (Fe 2ps);), and the shakeup satellite peak at
around 719.5 eV entailed that a major amount of iron in the
sample surface is in the trivalent stage.3%>¥ Additionally, the
O 1s high-resolution spectrum (Figure 3d) showed a domi-
nant peak at 531.6 eV which can be characterized as the metal-
bound hydroxide group (M—OH), and a small peak at 529.5 eV
which represents metal-bound oxygen (M=0). These findings
confirm that a major part of Ni and Fe exits in their respective
hydroxide form rather than their oxide form. It is worth noting
that there is no difference in the oxidation stage of Ni and Fe
between the inner and the outer layer of the NiFe-CNFs-CF
electrode where the high-resolution spectra of Ni 2p and Fe 2p
of these samples showed a very similar pattern (Figure S9b,c,
Supporting Information).
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2.2. Electrochemical Performance
2.2.1. The OER Performance

The OER activity of different catalysts, e.g., NiFe-CNFs-CF,
Ni-CNFs-CF, NiFe-CF, Ni-CF, and the blank CNFs-CF was
explored by polarization scan at a scan rate of 5 mV s7! in
1.0 M KOH electrolyte. As shown in Figure 4a, due to its high
hydrophobicity, the blank electrode (CNFs-CF) exhibits a neg-
ligible activity compared with other metal catalyst-decorated
electrodes. As a result, the contribution of the electrode sub-
strate (CNFs-CF) to the OER activity is negligible. On the other
hand, the NiFe-CNFs-CF outperformed other electrodes since
it requires a very low over-potential (1) of 245 and 328 mV to
reach the current density (j) of 10 and 100 mA cm™, respec-
tively. It is worth noting that to eliminate the influence of the
oxidation peak of nickel (=1.4 V vs reversible hydrogen elec-
trode (RHE)), although the estimated over-potential values were
identified based on the backward cyclic voltammetry (CV) scan,
these values are still comparable with the reported “state-of-
the-art” catalysts using transition metal oxides/hydroxides as
well as metal-doped nonmetal elements (Table S1, Supporting
Information). Through OER polarization scans, the superi-
ority of the NiFe LDH co-catalyst over Ni catalyst can be seen
clearly from their onset potential where the onset potential of
NiFe-decorated electrodes (NiFe-CNF-CF and NiFe-CF) (=1.45 V
vs RHE) is lower than that of Ni-CNFs-CF and Ni-CF elec-
trodes (=1.57 V vs RHE) (Figure S13, Supporting Information).
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Figure 4. a) Polarization curves at the scan rate of 5 mV s and b) corresponding Tafel plots of Ni-CF, NiFe-CF, CNFs-CF, Ni-CNFs-CF, and NiFe-
CNFs-CF electrodes. c) The OER specific current of NiFe-CNFs-CF electrode at the bulk density of 34 mg cm™ and the reference bulk density value of
400 mg cm~3. d) Chronopotentiometry curves of NiFe-CF and NiFe-CNFs-CF electrodes at the current density of 10 mA cm™2. All of the experiments

were performed in T M KOH electrolyte.

Additionally, as can be seen from Tafel plots (Figure 4b), CNFs-
CF-based electrodes always show a smaller Tafel slope than that
of CF-based electrodes. For example, the NiFe-CNFs-CF elec-
trode exhibits the smallest Tafel slope (85 mV dec™!) followed by
Ni-CNFs-CF (107 mV dec™), Ni-CF (134 mV dec™!), and NiFe-CF
(158 mV dec’!). The result indicates that due to their highly
arranged graphene layer structures, CNFs (and CNTs) facilitate
the electron transport and thus enhance the catalytic activity
of the hybrid CNF-CF electrodes. Thus, we can conclude that
the excellent OER activity of the NiFe-CNFs-CF electrode was
brought by the excellent catalytic activity of the NiFe LDH cata-
lyst as well as the high electrical conductivity and high surface
area of CNFs grown directly on the CF surface.

Furthermore, the clues for the high OER activity of the
NiFe-CNFs-CF electrode can be seen through the double-layer
capacitance (Cy, Figure S14, Supporting Information) which is
proportional to the electrochemically active surface area
(ECSA). Compared with other electrodes, the CNFs-CF blank
electrode showed a very small Cy of only 0.5 mF cm™2, owing to
its high hydrophobicity. On the other hand, due to the presence
of the unique nanostructures of the NiFe LDH catalyst, the Cy
of the NiFe-CNFs-CF electrode was calculated to be around
21.1 mF cm™ which by far higher than that of Ni-CF
(13 mF cm™2), Ni-CNFs-CF (12.6 mF cm™2), and NiFe-CF elec-
trode (10.2 mF cm~2). The high ECSA value of the NiFe-CNFs-CF
electrode reveals that the material contains a lot of active sites
for the catalytic reaction which in turn well explains its excel-
lent performance toward OER and the high HER activity (see
the HER section).
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The stability of the NiFe-CNTs-CF and the NiFe-CF electrodes
was investigated by chronopotentiometry, at a constant current
of 10 mA cm™2 in 1 M KOH solution. As shown in Figure 4d,
the NiFe-CNTs-CF electrode exhibits excellent durability with
almost no obvious increase of the over-potential after a long
testing time (50 h). On the other hand, the NiFe-CF electrode
was a bit less stable during the stability test where the measured
over-potential showed a slight increase during the first 30 h, fol-
lowed by a decrease after 40 h which might indicate not a better
OER catalytic activity but oxidation/corrosion of the carbon
electrode. To identify the problem, a UV-Vis scan (200-800 nm)
was used to analyze the electrolyte after the stability test of
NiFe-CF and NiFe-CNFs-CF electrodes. As shown in Figure
S15 in the Supporting Information, for the NiFe-CF electrode,
there is an intense peak at the UV region (with a shoulder peak
at around 300 nm) on the absorbance spectra of the electrolyte
after the stability test. The peak could be characterized as the
signal of soluble organic compounds caused by the corrosion
of carbon during the OER.>! It is worth noting that in the case
of the NiFe-CNFs-CF electrode, after the chronopotentiometry
test, a much smaller peak at the same wavelength was observed
suggesting that the corrosion rate of carbon is negligible. The
result indicates that the presence of CNFs on the electrode sur-
face brought not only a higher OER performance but also better
stability for the electrode.

The leaching of nickel and iron catalyst during the stability
test of the NiFe-CNFs-CF electrode was identified by using
ICP-OES to measure the electrolyte sample taken after the
test (50 h). The ICP-OES result showed that while only a tiny
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concentration of iron (0.06 ppm) was found in the electrolyte,
the concentration of nickel ion was under the detection limit
of the instrument. It is worth noting that the total amount of
iron was calculated to be just around 0.4 ug in total. The result
from the leaching test indicated corrosion of iron but at a very
low level during the stability test. The morphology of the NiFe
catalyst after the stability test was also investigated using the
SEM technique. As shown in the SEM image (Figure S16, Sup-
porting Information), no corrosion mark was observed and the
unique nanostructure of the NiFe LDH catalyst has remained.
Thus, the obtained results further confirm the excellent sta-
bility of the NiFe-CNFs-CF electrode in OER.

2.2.2. The HER Performance

To investigate the possibility of our 3D NiFe-CNFs-CF cata-
lyst for overall water splitting, we examined the HER activity
of the foam electrodes in 1 M KOH. Among the prepared elec-
trodes, the NiFe-CNFs-CF exhibits the best electro-catalytic per-
formance showing an extremely low over-potential of 70 and
230 mV, at the current density of =10 and ~100 mA cm™?, respec-
tively (Figure 5a) and also the lowest Tafel slope (139 mV dec™)
(Figure S17a, Supporting Information). The obtained results
show that our catalyst has equally good catalytic performance
with recently reported catalysts which are presented in Table S2
in the Supporting Information. It is worth noting that the high
HER catalytic activity of the NiFe-CNFs-CF is brought by the
NiFe LDH catalyst where the blank, CNFs-CF, electrode showed
no HER activity at the same testing condition (Figure 5a).
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Remarkably, the difference between investigated electrodes is
small as other electrodes also showed a decent to good HER per-
formance. For example, the Ni-CNFs-CF electrode exhibited a
good catalytic activity which needs only 100 and 280 mV of over-
potential to reach the current density of =10 and —100 mA cm™2,
respectively, which is on par with other “state-of-the-art” cata-
lysts. Despite having the lowest catalytic activity among our
prepared electrodes, the Ni-CF electrode still showed a decent
HER performance which is far better than the Ni foam itself.[*
These results are very promising and open up for further
research focusing on the potential to use the CF-decorated
nickel catalyst electrode as the cathode in the alkaline water-
splitting process.

As depicted in Figure 5b, the stability of the NiFe-CNFs-CF
was evaluated by chronopotentiometry tests performed at high
current density, i.e., =50 and =150 mA cm~2, in 1 M KOH elec-
trolyte. The electrode showed no degradation after 100 h, at
a current density of =50 mA c¢cm™? and only a small increase
in the over-potential (=25 mV) was observed at a high current
density of =150 mA c¢cm2 after 100 h. To explain the excellent
stability of the NiFe-CNFs-CF electrode, ICP-OES was used to
measure the leaching amount as well as the leaching rate of Ni
and Fe during the stability test (100 h at =150 mA cm™2). After
the first hour, around 0.41 ppm of iron and 0.02 ppm of nickel
equal to the amount of 2.5 and 0.1 pg of iron and nickel, respec-
tively, were found in the electrolyte (Figure S17b, Supporting
Information). Surprisingly, the ICP-OES result of the sample
taken after 100 h showed a small amount of iron (=0.14 ppm or
1 ug) and no detectable amount of nickel. The results revealed
a faster rate of corrosion at the beginning which slowed down
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Figure5. a) Polarization curves of Ni-CF, NiFe-CF, CNFs-CF, Ni-CNFs-CF, and NiFe-CNFs-CF electrodes. b) Chronopotentiometry curves of NiFe-CNFs-CF
electrode at the high HER current density of =50 and =150 mA cm™2. c) The CVs of the NiFe-CNFs-CF before (fresh) and after (spent) the stability
test using a two electrodes setup (inset: the chronopotentiometry curve of NiFe-CNFs-CF cell in the stability test at the constant current density of
10 mA cm™2). d) The specific current of NiFe-CNFs-CF//NiFe-CNFs-CF. All of the experiments were performed in 1 m KOH electrolyte.
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during the remaining period of the stability test. It seems that
the small corrosion, which was calculated to be 3.5 pg of iron
and 0.1 pg of nickel in total, has a negligible effect on the cata-
lyst morphology where the SEM image of the sample after the
stability test (Figure S18, Supporting Information) showed no
sign of corrosion nor change in the catalyst morphology after
the lengthy stability test.

2.2.3. Turn Over Frequency

The efficiency of the NiFe catalyst was examined through the
turnover frequency (TOF) which was calculated based on the
total amount of catalyst loading and the corresponding polari-
zation curves of OER and HER. For OER, the TOF at the over-
potential (n) of 350 mV is 0.034 s~! which is comparable with
other “state-of-the-art” NiFe catalysts such as Janus Ni-Fe nano-
particles (0.052 s, at the same 1)/} and NiFe/NF (0.075 s7%, at
7 = 400 mV).B% In the case of HER, the TOFs at the over-
potential of 200 and 250 mV are 0.030 and 0.051 s7!, respec-
tively, values which are a bit lower than other nonprecious
benchmark catalysts such as Ni-Fe NPs (0.056 s7)?) and Mo,N
(0.07 s7%, at m = 250 mV).P® It is worth noting that because
only the top atomic layer of the =20 nm thickness NiFe LDH
film (Figure 1lef) is active during the HER, the use of the
total amount of catalyst for TOF calculation results leads to an
extreme underestimation of the TOF value of our catalyst.

2.2.4. The Overall Water Splitting

The overall performance of the NiFe-CNFs-CF electrode for the
splitting of water was evaluated by using the same electrode as
both anode and cathode in a two-electrode setup in 1 M KOH
(Figure S19a, Supporting Information). From the recorded CVs
(Figure 5c), the overall water-splitting using NiFe-CNFs-CF
required only a low cell potential of 1.65 V to reach the current
density of 10 mA cm™ which is a bit higher than some other
metal-based electrode systems but similar to other “state-of-the-
art” carbon-based electrodes (Table S3, Supporting Informa-
tion). The stability test, performed at a constant current density
of 10 mA cm?, exhibits good stability after 50 h (Figure 5c,
inset). As shown in Figure 5c, the catalytic performance of the
NiFe-CNFs-CF cell remained unchanged after the stability test
which further confirms the good stability of the electrodes. The
NiFe-CNFs-CF showed a very high and stable Faradaic efficiency
for HER, which is close to 100%, after a long testing time (50 h).
The faradaic efficiency of OER at the anode is also high (>90%)
and stable after 50 h at the constant current density of 10 mA cm™
(Figure S19b, Supporting Information). Again, ICP-OES and
XPS techniques were employed as complementary techniques
to evaluate the stability of the electrode. The ICP-OES measure-
ments made on the electrolyte sample taken after the stability
test showed a negligible amount (0.04 ppm, 0.3 pg in total) of
iron and no sign of nickel, which is similar to the results from
the leaching test in OER. This confirms the excellent stability
of the NiFe-CNFs-CF, used as electrode material for both the
anode and the cathode, in the two-electrode setup. Moreover,
after the stability test, the elemental composition, as well as
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the oxidation stage of the NiFe-CNFs-CF electrodes (anode
and cathode), were carefully investigated using the XPS tech-
nique. As shown in Figure S20 in the Supporting Information,
the wide spectra of anode and cathode samples are identical,
showing the presence of Ni, Fe, C, and O elements. The pres-
ence of a small amount of potassium as an impurity, which can
be due to the adsorption of K ions from the electrolyte onto the
surface of the electrodes, was also found on both the anode
and the cathode. The high-resolution spectra of Ni 2p, Fe 2p,
O 1s, and C 1s (Figure S20b—d, Supporting Information) of the
spent anode and cathode showed the same shape as the fresh
electrode suggesting that the oxidation stage of Ni and Fe cata-
lysts did not change after the stability test. These results reveal
the good stability of the NiFe-CNFs-CF electrode using as both
anode and cathode in the overall water-splitting experiment.

2.2.5. The Performance-to-Weight Ratio

To evaluate the importance of the weight of the electrode, the
specific current (A g™) was calculated by dividing current den-
sity (A cm™2) by the whole weight of the electrode (g cm™2). For
comparison purposes, a reference specific current was fab-
ricated assuming the CF has the same density as the copper
foam (400 mg cm™).1 Due to the extremely low bulk density
of the CNFs-CF substrate (<18 mg cm™) and a low catalyst
loading (15 wt%), the electrode possesses an impressive specific
current where only low over-potentials of 240 and 130 mV are
required to deliver a current of 10 A g during OER and HER,
respectively (Figure 4c and Figure S17c, Supporting Informa-
tion). As can be seen from these figures, if the NiFe-CNFs-CF
electrode has the same bulk density as the copper foam, a much
lower value of specific current (0.85 A g which is nearly 12
times smaller than that of the low bulk density NiFe-CNFs-CF
electrode =34 mg cm™) was achieved at the same potential.
When the NiFe-CNFs-CF were used as both anode and cathode
in a two-electrode configuration, it required only a cell voltage
of =1.75 V to reach the specific current of 10 A g! (Figure 5d).
Thus, the low density of our CF electrode could be considered
as one of the most important advantages of our NiFe-CNFs-CF
electrode as well as the CNFs-CF material comparing with
other well-documented 3D materials, especially metal foams
which have a much higher bulk density.3%*]

3. Conclusions

In this work, we have developed a unique NiFe-CNFs-CF elec-
trode which is based on CNFs shelled with NiFe LDH nanosheet
structure which plays a key role in the water-splitting reactions
on 3D porous CF. The important features which the electrode
combines include very light-weight, high surface area, excellent
durability, and high catalytic activity. The electrode showed not
only an excellent performance toward OER but also high HER
performance in an alkaline electrolyte which allows the elec-
trode to be used as efficient material in the overall water split-
ting. Moreover, the electrode showed an excellent performance
to weight ratio which can be considered as a major advantage
of the CF electrode over other traditional materials. In general,

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85U8017 SUOWILLOD BA[1881D) B|qedl [dde 8Ly Aq peusenob a1 o YO ‘88N Jo S8|ni o Akeid8ulUO 8|1 UO (SUORIPUOD-PUR-SLUIB)/LLIO" A3 IM"ARe.q U1 UO//SdNL) SUONIPUOD PUe SWIS | 8U188S *[2202/TT/80] U0 Akidiaulluo A8|im ‘munL jo AiseAuN Ag 0TE002Z0Z NSPe/Z00T OT/10p/oo" A3 1M ARe.q Ul uo//Sdny Wouy pepeojumod ‘0 ‘98729952



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

the ternary hybrid electrode, which was synthesized through
simple (pyrolysis and CCVD) and very fast (electrodeposition)
procedures, has the potential to be implemented in large-scale
alkaline water-splitting systems. The NiFe-CNFs-CF is probably
one of the most promising electrodes to be employed in overall
water electrolysis due to its low cost, effective structural proper-
ties for high catalytic activity.

4. Experimental Section

Materials: Melamine foam (Basotect G) was purchased from
BASF. Cobalt (1) acetate tetrahydrate (Co(C,H;0,;),-4H,0), nickel (II)
sulfate hexahydrate (Ni(SOy),-6H,0), nickel (Il) chloride hexahydrate
(NiCl,6H,0), iron (lll) nitrate nonahydrate (Fe(NO;),-9H,0),
and thiophene (C4H,S, 99%) were purchased from Sigma Aldrich.
Dimethylformamide (DMF) was purchased from VWR. Silver paint and
carbon glue were purchased from PELCO. Nafion N117 membrane was
bought from lon Power. All chemicals were used as received.

Synthesis of CF: The electrically conductive CF sample (denoted as
CF) was synthesized following the procedure described in our previous
work.'®l Briefly, melamine-based polymer foam (BASF, Basotect G, used
as received) was pyrolyzed at 900 °C (6 h, the ramping rate of 5 °C min™)
in a quartz reactor under N, flow (50 mL min™). After completion, the
system was allowed to cool to RT under an inert (nitrogen) atmosphere.
Finally, the synthesized CF was washed several times by water and then
dried at 80 °C in air, overnight. A picture showing both the melamine
foam and CF is presented in Figure STa in the Supporting Information.

Synthesis of CNFs-CF: In a typical procedure, 20 mg of cobalt (II)
acetate tetrahydrate was dissolved in 2 mL of DMF and sonicated for 3
min. Thereafter, 65 uL of thiophene was added to the mixture and stirred
vigorously for 5 min. In the next step, 30 min after the addition of the CF
sample (=20 mg), the solvent was evaporated at 125 °C under nitrogen
flow, leaving the cobalt catalyst on the surface of CF. CNFs were grown on
the CF substrate utilizing CCVD. The sample was placed on a quartz boat
which then was inserted into a horizontal quartz tube. The system was
purged with the Varigon gas (5% hydrogen in argon gas, 180 mL min™)
for 20 min and then heated to 670 °C with 20 min heating time. After
reaching the anticipated temperature (670 °C), acetylene was introduced
into the system at a flow rate of =3.8 mL min~' for 30 min while keeping
the Varigon gas flow at the same flow rate. Finally, the system was
allowed to cool down to RT under argon gas flow (180 mL min™).

Synthesis of Catalyst Materials: To prepare electrodes, the CF samples
(CF or CNFs-CF) were cut to an appropriate thickness (=1.6 mm) using a
surgical blade. A copper wire was attached to an electrode material using
the silver paste and allowed to dry overnight. For the anode, carbon glue
was used to cover the silver paste to avoid the oxidation of silver during
OER. Before the electrodeposition, CF electrodes were pre-wetted by
ethanol 96% and then impregnated in the plating solution to remove
ethanol. The electrodeposition was carried out in a standard three-
electrode system containing CNFs-CF or CF as the working electrode,
a platinum coil as the counter electrode, and an Ag/AgCl (1 m KCl) as
the reference electrode, at RT. To identify the effect of the Ni/Fe ratio on
the OER and HER catalytic activity of the NiFe-CNFs-CF electrode, the
Ni/Fe ratio in the electrodeposition bath was varied and the synthesized

Synthesis of carbon foam

A

Synthesis of CNFs-CF
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electrodes were tested. It was found that a 5/1 molar ratio of Ni?" and
Fe3* yielded the NiFe-CNFs-CF electrode with the highest OER and also
HER catalytic activity (Figure S2, Supporting Information). In detail,
for the electrodeposition of the NiFe co-catalyst, the electrolyte bath
contained 0.12 M of Ni(SO,),6H,0, 0.03 M of NiCl,:6H,0, 0.06 m
of H3BO;, and 0.03 M of Fe(NO3);:9H,0 in Milli-Q water. A similar
plating bath, but without any iron source, was used in the synthesis of
Ni-CNFs-CF and Ni-CF electrodes. The electrodeposition was performed
at =1V (vs Ag/AgCl) in 300 s, as suggested in the literature.’% After
the electrodeposition, the electrodes were thoroughly rinsed with Milli-Q
water and dried at 50 °C in air overnight. The shape of the prepared
electrode is presented in Figure S1b in the Supporting Information.

Briefly, a simple procedure was used to synthesize the NiFe-CNFs-CF
electrode involving three main steps: synthesis of CF, synthesis of
CNFs-CF, and synthesis of catalyst material (Scheme 1).

The Bulk Density Determination: The bulk density of the CF materials:
CF, CNFs-CF, and NiFe-CNFs-CF were calculated based on the respective
mass and the geometry of the sample. The reported bulk density was
determined by taking the average value of measured samples (n = 7).
The standard error of the mean was estimated by dividing the standard
deviation by the square root of the number of samples.

Characterization: SEM and EDS were carried out using a Zeiss Merlin
FEG-SEM instrument. TEM measurements were performed on a JEOL
JEM-1230 electron microscope operating at 80 kV. The HRTEM images
of sample were collected with Talos L120C 120 kV (Thermo Fisher
Scientific) equipped with LaBg electron source and 4k x 4k Ceta camera.
Samples for TEM were suspended in ethanol (99.99%), sonicated
(3 min), and deposited on a copper grid for analysis. TGA was
conducted on a Mettler Toledo equipment (TGA/DSC 1LF) operated at a
heating rate of 10 °C min™" up to 950 °C in air. The surface chemistry of
the samples was examined using XPS. The photoelectron spectra were
collected with a Kratos Axis Ultra DLD electron spectrometer using a
monochromated Al K, source operated at 120 W. An analyzer pass
energy of 160 eV for acquiring wide spectra and a pass energy of 20 eV
for individual photoelectron lines were used. The surface potential was
stabilized by the spectrometer charge neutralization system. The binding
energy scale was referenced to the C Ts line of aliphatic carbon, set at
285.0 eV, and the processing of the spectra was accomplished with the
Kratos software. The concentration of nickel and iron elements in the
electrolyte and the digested solution was determined using ICP-OES
Spectrometer Optima 2000 DV (Perkin Elmer Instruments). The surface
area measurements were carried out by N, sorption/desorption analysis
(Tristar 3000 apparatus, Micromeritics Instrument Corp.). The surface
area of samples was calculated by multipoint nitrogen gas sorptiometry
according to the BET principle. Before the analysis, the sample was
degassed at 110 °C for 3 h in N, atmosphere. The XRD patterns were
recorded in the 20 angle range of 10°~70° with a scan rate of 1° min™' on
a Panalytical X'Pert® powder diffractometer using Cu Kot radiation.

Electrochemical Measurements: All electrochemical measurements
were performed with a Modulab electrochemical system, ECS (Solartron
Analytical, UK). For the three-electrode setup measurements in this
study, the as-prepared CF electrodes, a platinum coil, and an Ag/AgCl
(1 m KCI) were used as the working, counter, and reference electrodes,
respectively. The T m KOH solution was used as the electrolyte in all
electrocatalytic activity tests including the stability tests in this study.
The OER experiments were performed in a single electrochemical cell.

Synthesis of catalyst material

A

Pyrolysis Impregnation

E——

Polymer foam CF

Scheme 1. Schematic illustration of synthesis procedure of NiFe-CNFs-CF.

Adv. Sustainable Syst. 2022, 2200310 2200310 (8 of 10)

Colbalt decorated CF

CNFs-CF NiFe-CNFs-CF

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85U8017 SUOWILLOD BA[1881D) B|qedl [dde 8Ly Aq peusenob a1 o YO ‘88N Jo S8|ni o Akeid8ulUO 8|1 UO (SUORIPUOD-PUR-SLUIB)/LLIO" A3 IM"ARe.q U1 UO//SdNL) SUONIPUOD PUe SWIS | 8U188S *[2202/TT/80] U0 Akidiaulluo A8|im ‘munL jo AiseAuN Ag 0TE002Z0Z NSPe/Z00T OT/10p/oo" A3 1M ARe.q Ul uo//Sdny Wouy pepeojumod ‘0 ‘98729952



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

To eliminate the dissolution and re-deposition of platinum from the
counter electrode as pointed out by Chen et al.,’”l a two-compartment
cell together with the Nafion N117 membrane was recruited for the HER
experiments. To minimize the pH change in a long-term experiment
in HER, the old electrolyte was partly replaced by new electrolyte every
24 h. Linear sweep voltammetry and CV were performed at a scan rate
of 5 mV s7\. Electrochemical impedance spectroscopy (EIS) experiments
were performed at a defined over-potential in the frequency range 103
to 0.1 Hz at 10 data points/decade with an applied alternating voltage
of 10 mV. All measured potentials were calibrated to RHE using the
Nernst equation: Egpg = Epgagcl + 0.235 + 0.059 pH unless noted
otherwise. The iR-corrected potential was obtained using the equation
Eir-comected = E—(95%iR), where i represents the current, and R represents
the ohmic resistance of the electrolyte, which was determined by the EIS
experiments. The Tafel plots were derived from the polarization curves.
The linear regions of the Tafel plots were fitted to the Tafel equation
1= blog j + a where 1 is the overpotential, j is the current density, and b
is the Tafel slope.

Determination of the Double-Layer Capacitance: To evaluate the
double layer capacitance values, Cy, CVs were collected at different scan
rates (v) (10, 20, 40, 60, 80, and 100 mV s7') by scanning from 0.1 to
—0.18 V versus Ag/AgCl (except the CNFs-CF blank electrode which was
performed that the potential of 0.05 to 0.15 V vs Ag/AgCl) which was
in a non-Faradaic current region. The Cy could be calculated using the
following equation: i, = vCy where i is the capacitive current which
could be identified based on the CVs run at —0.14 V versus Ag/AgCl
(0.1V vs Ag/AgCl for the CNFs-CF blank electrode).

Determination of Specific Current: The specific current (A g7') was
calculated by dividing the measured current density j (mA cm™2) by the
total weight of the electrode M (g cm™2)

i - J
Specific current = 7000 X M M

. |
J:2><(L><W) @

where | denotes the measured current (mA), L is the length (cm), and
W is the width (cm) of the electrode.

Leaching Test-Determination of Catalyst in the Electrolyte: In general,
the stability tests were performed in a single electrochemical cell which
contained 7 mL of 1 M KOH electrolyte. After the test, the concentration
of Ni and Fe in the electrolyte sample was measured by ICP-OES.
Certified stock solutions of nickel and iron (1000 ig mL™") were used for
the preparation of standard solutions and the construction of calibration
curves.

Determination of the Catalyst Loading on the Sample: In a typical
process, the sample was ground into a powder form and digested with
concentrated nitric (60%). The mixture was sonicated in around 20 min
and then digested at 125 °C overnight (reflux). The final clear solution
was then diluted with an appropriate amount of Milli-Q water for the
determination of nickel and iron using ICP-OES.

Determination of the Leaching Rate of Catalyst: To further study the
rate of catalyst leaching in HER, two electrolyte samples were taken after
1 and 100 h during the stability test (at =150 mA cm™) and measured
separately using ICP-OES for their content of Ni and Fe. It should
be noted that the electrolyte was renewed completely after the first
sampling.

Faradaic Efficiency: The overall water-splitting reaction was performed
in a gas-tight electrochemical cell with a small headspace volume. At
first, the whole system was purged with nitrogen gas in 1 h to remove
oxygen. During the reaction (at a constant j of 10 mA cm™), the gas
inflow (nitrogen) was maintained by a mass flow controller (Bronkhorst)
at a specific flow rate, which is 80 and 160 times faster than the
theoretical evolution rate of hydrogen and oxygen, respectively. The
output gas was connected to a gas chromatography instrument (Varian
490-GC) equipped with a molecular sieve 5A (M5A) column. For the
long-term detection of evolved hydrogen and oxygen gas, the GC was set
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to work in a continuous flow mode. Argon and helium gases were used
as the carrier gas for the detection of hydrogen and oxygen, respectively.
The faradaic efficiency was calculated from the theoretical volume (Vieo)
which was derived from Faraday's law of water electrolysis and the
evolved hydrogen/oxygen gas volume (V) which was calculated based
on the peak area of the evolved gas

V.
Faradaic efficiency = > % (3)
Vtheo
nRT
Viheo =5~ “)
-9
"“Fz ©)

where n denotes the moles of evolved hydrogen, Q is the charge
passed, F is the Faraday constant, and z is the number of electrons
transferred (z = 2 for hydrogen and 4 for oxygen). Ideal gas law was used
to calculate the theoretical volume of hydrogen (at 293 K, 1 atm).

The calibration curve was built from a series of gas standards prepared
from a stock gas mixture (5.007636% hydrogen in argon or 4.9930095%
oxygen in helium, Air Liquide) which was then diluted to different
concentrations using nitrogen gas. For the dilution, the gas volume was
carefully controlled by two separate mass flow controllers (Bronkhorst),
which were recalibrated for the use of nitrogen and the stock gas mixture.

Determination of TOF: The TOF of NiFe-CNTs/CF for HER/OER was
calculated using the following formula

jxA

TOF = 1600 (nx Fxm)

(6)

where j is the recorded current density (mA cm™2). For OER, jogg Was
taken at the nogg of 350 mV. For HER, jjgr was taken at the Myer of 200
and 250 mV. A is the geometric area of the electrode. n is the number of
electrons transferred in the reaction per unit of products (2 for H, and 4
for O,). F is the Faraday's constant (96485 s A mol™') and m is the total
number of moles of the Ni and Fe in the electrode. Assuming that all of
the Ni and Fe atom on the electrode surface are active during the water-
splitting reaction.
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