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ABSTRACT: We report a strategy for the surface engineering of electrode materials for water splitting by constructing a
nickel iron (NiggsFeggs) layered double hydroxide (LDH) nanosheets on silver nanowires (Ag NWs). The bimetallic
electrocatalysts show excellent activity both in cathodic and anodic processes. As a result, we achieved a current density of 10
mA/cm? at a cell potential as small as 1.56 V. Moreover, the electrodes feature great stability and even after 12 h of continuous
operation maintain stable cell voltage. Excellent performance of the LDH-based electrocatalysts stems from the combination of
unsurpassed conductivity and stability of Ag backbone and LDH lattice expansion upon introduction of Fe atoms.
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1. INTRODUCTION

The consumption of fossil fuels exacerbates climate change
which leads to ever growing interest in clean energy
technologies. In this regard, electrochemical water splitting
energy is a very promising method for generating high-quality
hydrogen fuel. This H, generation process is carried out through
a combination of the cathodic hydrogen evolution reaction
(HER) and the anodic oxygen evolution reaction (OER).
However, water splitting is kinetically unfavorable due to the
high overpotential required to drive both electrode reactions.
Therefore, it is essential to develop suitable electrocatalysts to
achieve high current densities at relatively low overpotentials
().* ®Moreover, to make water splitting economically feasible,
such electrocatalysts must be as inexpensive as possible. Among
various electrocatalysts, Pt is considered as a benchmark
material for HER, while IrO, and RuO, are excellent electrode
materials for OER. Nevertheless, the high cost of noble metals
holds back the water splitting industry. Hence, materials based
on rst row transition metals, such as Ni,* ® Fe® ** Co,** **
and Mn*® *® have been investigated to replace the conventional
precious-metal catalysts. Ni is more active then Fe and Co (Ni >
Co > Fe) in an alkaline environment,'® although Fe plays a
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signi cant role in the creation of additional active sites in
catalysts containing rst-row transition metal oxides.?® **
Recently, the activity of two-dimensional layered oxides and
hydroxides with edge-sharing octahedral structure (MQOg) have
been investigated for the water splitting reaction. Layered
double hydroxides (LDHs) show large surface area and good
stability in an alkaline environment which makes them excellent
electrode materials.® 2° The mixed Ni and Fe hydroxides show
overwhelming performance over their pure Ni and Fe
compounds due to the short Fe O bond distances as active
sites.”” Moreover, their electrocatalytic performance can be
tuned in two strategies: (i) increasing the intrinsic activity of
each active site (using the morphology tuning)®® or (ii)
increasing the number of active sites (via the introduction of
the intercalating ions).*** To achieve the most exceptional
performance, these two methods can be conducted simulta-
neously. At the same time, poor conductivity limits the
electrocatalytic performance of LDHs, which has motivated
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Figure 1. Schematic illustration of the synthetic process for the Ag@NiFe LDH.

some researchers to combine them with conductive materials. In
particular, hybrid LDH-based electrocatalysts supported on
conductive carbon-based materials have been prepared that
present enhanced conductivity.>*** Nonetheless, carbon
corrosion under long-term operation at high overpotentials is
of vital concern.®>3¢

In this study, we designed a hierarchical core shell
architecture catalyst based on silver nanowires (Ag NWSs). By
using nanosized Ag as conductive support, we improved the
following aspects: (i) enhanced electron transport compared to
pure carbon due to exceptionally high conductivity of Ag, (ii)
improved support-catalyst contact area, (iii) high stability, (ivg
excellent mass transfer for the escape of oxygen bubbles.*” *
Further, we assessed the in uence of Fe intercalation on the
structure and activity of LDHSs in both cathodic and anodic
reactions of water splitting in an alkaline electrolyte. Finally, the
long-term stability of the most active catalyst was investigated.

2. EXPERIMENTAL PROCEDURE

Materials. Silver nitrate (AgNO3;, M,,: 169.87), polyvinylpyrroli-
done (PVP, M,: 55000), sodium chloride (NaCl), 1,2-propanediol,
Ni(NO,),-6H,0, ferric nitrate nonahydrate (Fe(NO5);-9H,0, urea,
KOH, and ethanol were supplied from Sigma-Aldrich and used as
received. Carbon paper was purchased from Fuel Cell Store.

Synthesis of Silver Nanowires. Ag NWs were synthesized using a
modi ed procedure developed in our previous study.* First, 1 mg of
NaCl was suspended in 10 mL of 1,2-propanediol under ultra-
sonication. Then 450 mg of PVP was dissolved into 30 mL of 1,2-
propanediol and heated to 120 °C for 30 min under magnetic stirring.
After the PVP mixture was cooled to room temperature, 3 mL of NaCl
solution was added dropwise under vigorous magnetic stirring over a
period of 5 min. Afterward, 12 mL of 1,2-propanediol solution
containing 306 mg of AgNO; was added into the NaCl/PVP solution at
150 °C over the course of 60 min under stirring. Finally, the as-
synthesized Ag NWs were separated by centrifugation, washed with
ethanol (1 time) and deionized water (5 times), and redispersed in
ethanol for further use.

Synthesis of Ag NWs@Nickel Iron Layered Double Hydrox-
ide (Ag NWs@NiFe LDH). The layered double hydroxides were
synthesized using a hydrothermal method. Ni(NO;),-6H,O and
Fe(NO3);-9H,0 (molar ratio Ni/Fe was 95:5 and 91:9) and 2.4 g of
urea were dissolved in 15 mL of water under sonication and transferred
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into a 50 mL Te on-lined stainless-steel autoclave. Next, 15 mL of Ag
NW suspension was added into the autoclave and heated to 95 °C
under continuous magnetic stirring for 10 h. Afterward, Ag NWs@NiFe
LDHs were dispersed in ethanol to the concentration of 1.8 mg/mL.
The as-synthesized catalysts with the Ni/Fe molar ratio of 95:5 and
91:9 were denoted as Ag NWs@NiggsFeqos LDHs and Ag NWs@
Nigg1Feg09 LDHS, respectively. The synthetic procedure for Ag NWs@
Ni(OH), was similar except that only Ni(NO3),-6H,0 was used.

Materials and Device Characterization. Structural analysis of
the as-synthesized Ag NWs@NiFe LDHs was performed using an X-ray
di ractometer (XRD) with Cu K radiation ( = 0.1541 nm). The
microstructure was studied by scanning electron microscopy (SEM,
FEL NovaSEM 450) and transmission electron microscopy (TEM, FEI
Tecnai CM200). The diameter and thickness of the AgNWs@NiFe
LDHs were analyzed by atomic force microscope (AFM, Bruker
Dimension ICON SPM). The chemical bonding states of metals were
determined by X-ray photoelectron spectroscopy (XPS, ESCALAB250-
Xi spectrometer). Inductively coupled plasma mass spectrometry was
carried out on a PerkinElmer Optimal instrument.

Electrochemical Tests. All electrochemical measurements were
carried out in a three-electrode cell. First, 20 L of AgNWs@NiFe
LDHs suspension was drop cast on carbon paper (CP) to the mass
loading of 0.224 mg cm 2; the samples were dried at room temperature
and employed as the working electrodes. Ag/AgCl (saturated KCI) was
used as the reference electrode. Platinum foil and graphite rod were
used as the counter electrodes for the oxygen evolution reaction (OER)
and the hydrogen evolution reactions (HER), respectively (Figure 1).

The experiments were performed in 1 M KOH aqueous electrolyte
without iR compensation. Linear sweep voltammograms (LSV) and
cyclic voltammograms (CV) were measured on CHI604E, CH
Instruments Ins. potentiostat. Electrochemical impedance spectrosco-
py (EIS) and chronopotentiometry measurements were recorded on an
Autolab PGSTAT302N. For LSVs, the OER and HER currents were
measured from0to0.8Vand 0.9Vto 1.6V atascanrateof5mV/s,
respectively. Potentials are reported against RHE which in turn was
calculated using the equation Egye = Epgager + 0.197 + 0.059 x pH.
Chronopotentiometric measurements were carried out at a current
density of 10 mA cm 2 with a duration of 12 h. Relative
electrochemically active surface areas (ECSAs) were determined
from the capacitances of double layer (Cy) which were determined
from CV curves (potential range from 0.15 to 0.3 V) with the sweep
rates ranging from 5 to 100 mV/s. The EIS was measured with a
frequency range from 100 kHz to 0.1 Hz at 0.5 V. The Tafel slope was
calculated according to Tafel equationas =a+ b log(j), where isthe
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Figure 2. (a,b) SEM images of Ag NWs; (c,d) Ag NWs core shell with pure Ni(OH),; (e,f) Ag NWs@Nig g5Feg 05 LDHS; (g,h) Ag NWs@Ni g1Feq o9
LDHs; (i) TEM image of Ag NWs@NiggsFeq 05 LDHS; (j) HRTEM image of Ag NWs@Ni gsF€g g5 LDHS.
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Figure 3. (a) XRD pattern; (b d) XPS spectra of Ni, Ag, and Fe in NiFe LDH nanosheets.
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Figure 4. (a) Linear sweep voltammograms (LSV) of carbon paper, Ag NWs, Ag NWs@ Ni(OH),, Ag NWs@Nigg;Fegqo LDHS, and Ag NWs@
NigesFeq05 LDHSs for OER; (b) corresponding Tafel plots; (¢) Nyquist plots of Ag NWs Ni(OH),, Ag NWs@Nigq;Feqqe LDHs and Ag NWs@
NiggsFeqos LDHsat 0.5 V; (d) chronopotentiometry curve of the Ag NWs@NigesFeqs LDHs under 10 mA cm 2 without iR correction for 12 h.

overpotential, j stands for the current density, and b denotes the Tafel
slope. A schematic illustration of electrode preparation is shown in the
Supporting Information, Figure S1.

3. RESULTS AND DISCUSSION

3.1. Materials Characterization. First, the morphology of
the resulting materials was studied using SEM and TEM (Figure
2). Similar to that in previous work, Figure 2 panels a and b show
consistent wirelike morphology. The length and diameter of the
Ag NWs are approximately 20 m and 100 nm,*° respectively.
The surface is smooth, and the wires are uniform, which results
from the addition of PVP as the nonionic surfactant of Cl for
preventing nucleation in a speci ¢ direction. The surface
morphology of Ag NWs@Ni(OH), is shown in Figure 2c,d,
where a thin layer of Ni(OH), coats uniformly the surface of the
Ag NWs.

In turn, Figure 2 panels e h show SEM images of Ag NWs@
NiggsFego5 LDHs and Ag NWs@Nigq1Feq g9 LDHs prepared
using the same procedure with 5 and 9% of Fe intercalated into
the Ni(OH), structure, respectively. Clearly, LDH nanosheets
expanded with the addition of Fe (Figure 2d,f,h). The obtained
material was further studied by TEM. As shown in Figure 2i, the
NiggsFeq 05 LDH core  shell structure covers the entire Ag NWs,
and the wire shape is clearly imaged, which indicates that the
outer layer does nota ect the structure of the Ag NWs. Besides,
the high-resolution TEM images (HRTEM, Figure 2j) show
that the corresponding lattice spacing is about 0.25 nm
indicative of the (0 1 2) plane. Furthermore, the elemental
distribution, as determined by energy dispersive X-ray (Figure
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S1), reveals that the Ni and Fe ions are uniformly distributed
along the Ag NW backbone.

The XRD di raction patterns (Figure 3a) reveal the phase and
composition of as-synthesized Ag NWs and NiFe LDHs
nanosheets. The di raction peaks marked with diamonds
correspond to (1 1 1), (2 00), (2 20), and (3 1 1) which
matches Ag standard peaks (JCPDS No. 040783). The
di raction peaks of Ni (OH), nanosheets indicate the presence
of the -Ni(OH), phase in good agreement with the standard
peaks (JCPDS No. 22-0444).

The XPS was used to study the chemical composition and
oxidation states of metal atoms located on the surface (Figure
3b d). As such, binding energy peaks of Ag 3ds,, and 3ds,,
located at 368.2 and 374.2 eV con rm the presence of atomic
Ag.** The binding energy peak of Ni 2ps/, and Fe 2p,,, are
found at 855.7 and 713.7 eV, respectively, both of which
correspond to the +2 and +3 oxidation states of Ni and Fe.> The
synthesized Ni/Fe ratio is indicated by inductively coupled
plasma (ICP), and the results are shown in Table S1. Moreover,
the wide-scan spectra are shown in Figure S2.

3.2. Catalytic Activity Study. It is well-known that
electrochemical performance can be improved via exposing
more active sites per electrode surface area.**** Also, it has been
reported that the morphology of the LDHs can boost the
electrochemical performance due to the increase in interlayer
distance within the LDHSs.** As we found that the inclusion of Fe
in the lattice of Ni(OH), expands the crystal structure, we
endeavored to test NiFe LDHSs both in electrocatalytic OER and
HER in O,-saturated 1 M KOH aqueous solution (4OH O,
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Figure 5. (a) Polarization curves of carbon paper, Ag NWs, Ag NWs@Ni(OH),, Ag NW Nig g;Feg g9, and Ag NWs@Niy gsFeg s LDHs toward HER;
(b) corresponding Tafel plots; (c) Nyquist plots of Ag NWs@Ni(OH),, Ag NWs@Nig g;Feq e LDH and Ag NWs@Nig gsFeq o5 LDH at - 0.5 v; (d)
chronopotentiometry curve of the Ag NWs@Nig gsFeq0s LDH under 10 mA cm 2 without iR correction for 12 h.

+ 2H,0 + 4e ) using a three-electrode system. Bare carbon
paper and Ag NW were also tested as reference samples. LDH
Ag NW composites were immobilized on carbon paper with a
xed coating area (0.5 cm x 0.5 cm) as a working electrode.
The linear sweep voltammograms (Figure 4a) indicate a
signi cant improvement of onset after coating with NiFe LDHs
(from 162 V to 15 V). For an individual sample, the Ag
NWs electrode exhibits a peak at 1.32 V which does not appear
in the other samples. This point corresponds to the redox
reaction of Ag/Ag". In turn, the NiygsFe; o5 LDH catalyst shows
the smallest onset potential of 1.5 V and overpotential of 330 mV
at the current density of 10 mA cm *.*® The rise of the current
approximately by a factor of 4 at 1.8V is compared to core shell
Ag NWs@Ni(OH), and pure Ag NWSs. Furthermore, RuO, is
compared with Ag NW@Ni, gsFe; o5 as a benchmark material in
Figure S3, in which RuO, exhibits onset potential at 1.45 V. The
corresponding Tafel plots are shown in Figure 4b; the Ag
NWs@Nig osFeq s LDH shows a Tafel slope of 89 mV dec 1,
which by far outperforms the Ag NWs@Nig¢;Feq o LDH (136
mV dec 1), Ag NWs@NWs Ni(OH), (171 mV dec 1), and Ag
NWs (240 mV dec *). Among the Fe doped LDHS, NiggsFegos
exhibits superior performance, con rming that Nij gsFeg s LDH
is more active toward OER. To further study electron transport,
the EIS was performed to verify the conductivity enhancement
in NiFe LDH nanosheets. Figure 4c shows that the charge
transfer resistance in the NiggsFeg g5 LDH is much smaller than
those in the Nijg;Feg 09 LDH and Ni(OH),, which is indicative
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of a faster electron transfer process.”” Although Ag has excellent
conductivity, it is worth noting that the combination of bone
material (Ag NWSs) and LDHs still contributes considerable
resistance.”® Moreover, the latter material behaves more like a
capacitor rather than a conductor, thus further underlining the
importance of Fe intercalation. We believe that these properties
arise from the wide spacing between NiFe LDH layers, which in
turn favors ion di usion to the active sites. The stability test for
the NiggsFeqos LDH was carried out at a constant current
density of 10 mA cm * (Figure 4d), and the results indicate that
the catalyst retains voltage at 1.1 V for 12 h. This OER
performance is signi cantly better than that of most of the
electrolyzers reported in the literature, as summarized in Table
S3 in the Supporting Information.

The HER catalysis in 1 M KOH solution was also investigated.
The LSVs shown in Figure 5a indicate superior performance of
the LDHSs, which are compared to that of pure Ag NWs. The
overpotentialsat 10 mA cm 2 for NiggsFeg 05 LDH, Nig.g;F€g09
LDH, and Ni(OH), are 200 mV, 320 mV, and 280 mV,
respectively. This result is in good agreement with the Tafel
slopes of 87 mV dec %, 125 mV dec ! and 183 mV dec *
represented in Figure 5b. These results imply that the HER
kinetics is signi cantly more favorable in the NiggsFeyqs LDH
catalyst than in Nigg;Fege LDH. This observation falls in line
with the results of EIS shown in Figure 5c, where the Nig gsF€g o5
LDH also exhibits lower charge transfer resistance. The
durability in HER is also good, as a voltage of 0.4 V is
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Figure 6. (a) LSV curve of overall water splitting; (b) chronopotentiometry curve toward an overall water splitting cell with Ag NWs@Ni gsFeq o5
LDHs as the electrocatalyst in a two-electrode system for 12 h; (c) schematic illustration of the OER and crystal structure of Ag NWs@ NiFe LDH.

sustained for 12 h under a constant current density of 10 mA
cm L. The NiFe LDH displays a low overpotential toward an
HER compared to the earlier reported materials summarized in
Table S4 in the Supporting Information. The excellent catalysis
performance may also be attributed to the growth of nanosheets
which extend the exposd area (see Figure S4a c) with the
retention of the original structure (the length of the NS
elongated to about 2 m). Notably, after the long operation
(1500 cycles), the CV curves remain almost unchanged. Also,
the leaf-like crystals of the LDHs do not exfoliate, which
prevents the performance drop (Figure S4d).

After the duration test, the Ag NWs @NiggsFep 05 LDH was
examined with XPS spectroscopy as shown in Figures S5 S6.
The binding energies for Ni 2ps,, and Ni 2p,,, are located at
854.3 and 873.4 eV and Fe 2p 3/2 at 714.1 eV, respectively,
con rming the oxidation states of Ni?* and Fe®" after long
operation of the obtained NiFe LDHs. In addition, the oxidation
of the Ag nanowire was also investigated (Figure S7). The Ag
3ds,, and 3ds/, peaks are located at  368.4 eV and 373.9¢eV,
respectively, indicating that the Ag is oxidized during long-term
operation. The element distribution of Ag, Ni, and Fe shows
imperceptible changes after the duration test (Table S2). The
oxidation shell that formed during OER prevents the further
oxidation of Ag NWs. Therefore, the charge transfer channel
(pure Ag NWs core) is preserved and hence promotes the
performance.

As shown in Figure S8a c, the double-layer capacitance was
determined to calculate the relative electrochemically active
surface area (ECSA) of NiFe LDHs by cyclic voltammograms in
the non-Faradaic region (1.15 1.3 V). The double-layer
charging current (Cg) is proportional to the ESCA and equal
to the absolute values obtained during cathodic and anodic
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sweeps at 1.25 V.***° The double-layer capacitance (Cq) of the
NiFe LDHs is shown in Figure S8d, and the result for the
NigesFeoos LDH (842 F cm 2) is much higher than that for
Ni(OH), (267 F cm 2). Such a di erence is likely to come
from the expansion of the crystal lattice upon introduction of Fe,
which exposes a higher surface area to the liquid electrolyte.>*

To study the role of Fe** in Ni; ,Fe,OOH on the
improvement of the water splitting performance, LDHs with
various ratios of Ni and Fe were prepared by the same method as
described in Figure S9a,b. The OER was conducted in identical
conditions in 1 M KOH to obtain the linear sweep voltammo-
grams. The performance of the NiFe LDHSs is inversely
proportional to the content of Fe*. Apparently, even though
Fe provides additional active sites, excessive Fe** may lead to the
collapse of the structure. Figure S10 con rms this since adding
excessive amounts of Fe (9% to 25%) leads to a large quantity of
LDH nanosheets. Thus, the presence of Fe in Ni-based LDHs is
bene cial for catalysis but only to a certain extent as high
amounts of iron destroy the nanostructure and lead to the steady
decline of catalytic activity.

Finally, we assembled a water electrolyzer consisting of two
electrodes loaded with Nij gsFeg gsL DHS, Nig ¢;F€g o9 LDHS, and
Ni(OH),. The corresponding LSVs are presented in Figure 6a.
The curve of the Ag NWs@NiggsFeq0s LDHSs shows electro-
catalytic water splitting at the current density of 10 mA c¢cm 2
under a potential as little as 1.7 V, which amounts to an excellent
62% energy e ciency of the corresponding theoretical value at
1.23 V. The durability of the Ag NWs@NiggsFeq o5 LDHS was
also tested at a constant current density of 10 mA cm 2 (Figure
6b). The voltage remains stable after 12 h, which is at least
comparable to or above the performance of other bifunctional
electrocatalysts summarized in Table S5.
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3.3. Reaction Mechanism. The mechanism behind the Ag
NWs is still controversial, but it is possible that the superior
conductivity of Ag could increase the charge transport rate by
creating an e cient transfer channel (Figure 6¢) and hence
promoting the OER.>* As mentioned above, the Ag NWs were
oxidized in a range of potential (1.2 1.4 V) before the onset
potential. This phenomenon is also displayed in Figure S6, in
which AgO and Ag,O peaks occurred after the OER test. The
catalytic activity of NiFe LDHs appears to be augmented by
oxidized Ag NWs. This enhancement could be ascribed to the
oxidation from Ag to thermodynamically unstable AgO and
adsorption of OH .>*** Moreover, the Ni** and Fe®" sites play
the role of intermediate centers during the OER and HER by
absorbing OH from the aqueous and forming NiOOH and
FeOOH, subsequently producing O, and H,. Speci cally, water
decomposes into OH and absorb on the Ni?* site, forming
OH,q in the OER side, whereas OH,4 attached on the Fe®* site
appears in the HER side. The absorbed OH groups either are
oxidized to O, or release one H , which in turn forms H, with
the second H,O. This conclusion is also supported by the Tafel
plots (Figure 5b) in which the slope corresponds to the transfer
of two electrons in the rate-determining step. This synergistic
e ect of Ni and Fe ensures the high e ciency of LDH catalysts
and thus furnishes a very promising bifunctional metal oxide
water splitting electrode material.

4. CONCLUSIONS

In summary, a bifunctional catalytic material which consists of a
NiFe LDH outer shell and an Ag nanowire core was fabricated
by a one-step hydrothermal method. By introducing the Ag
NWs as a support material and electron transport channel, we
were able to signi cantly decrease the overpotential required to
drive the water splitting reaction. The enhancement of catalytic
performance could be attributed to the fast electron transfer to
the active centers and synergistic e ect induced by Ag and its
oxidized state. The excellent stability also results from the high
durability of Ag NWs in an alkaline environment. The synthesis
of bimetallic layered hydroxides represents a novel and cost-
e ective strategy for the development of active and reliable
catalyst water splitting.
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