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ARTICLE INFO ABSTRACT

Keywords: Efficient and low-cost bifunctional catalysts toward both hydrogen evolution reaction (HER) and oxygen evo-
Bifunctional lution reaction (OER) for overall water splitting are of great significance to energy and environmental sus-
Overall water splitting tainability. Here, we report on a novel hierarchical Cu@CoFe layered double hydroxide (LDH) core-shell na-
Igiiiasrlcl:;lcal nostructure catalyst for efficient overall water splitting in the alkaline medium. Benefiting from the smart

structure, the optimized composite affords small overpotentials of 171 mV for the HER and 240 mV for the OER
at a current density of 10 mA cm ™2, along with Tafel slopes of 36.4 and 44.4 mV dec ™' for the HER and OER,
respectively. Strikingly, the overall water splitting performance is very good since it just requires a voltage of
1.681 V to gain a current density of 10 mA cm ~ 2, which is only 60 mV larger than the benchmark of IrO, (+)/Pt
(—) electrodes. Moreover, the optimized composite electrodes exhibit outstanding durability within 48 h testing,
which is much better than that of the benchmark. Our rational design of the hierarchical core-shell nanoarch-

Cu@CoFe LDH

itectures presents a simple approach to fabricate advanced catalysts for water splitting.

1. Introduction

The depletion of fossil fuels and severe environmental problems are
impelling us to explore clean and sustainable energy sources [1].
Electrochemical water splitting to produce clean fuel hydrogen (H,)
from earth-abundant water (H,O) powered by renewable electricity is a
promising route to alleviate energy and environment crisis [2-7]. The
water electrolysis consists of two half reactions: oxygen evolution re-
action (OER) and hydrogen evolution reaction (HER) [8,9]. At present,
state-of-the-art HER electrocatalysts are Pt-based materials, and the
best OER electrocatalysts are Ir- and Ru-based materials. However, the
high cost and scarcity severely hamper their practical applications
[10-12]. Until now, noble-metal-free catalysts exhibiting comparable
HER performance to Pt in the acid media [13,14] and superior OER
performance to RuO, and IrO, in the base media [2,11,15,16] have
been reported. Regrettably, these HER catalysts are comparatively
sluggish under alkaline conditions, and the activity of OER catalysts
also takes a discount in the acid electrolytes [15,17]. Nevertheless, in
consideration of convenience and cost for practical applications, the
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electrocatalysts for HER and OER toward overall water splitting are
expected to be conducted in the same electrolyte, especially in alkaline
solution [15,18,19]. To overcome this drawback, it is highly desirable
and imperative to design bifunctional catalysts out of non-noble metals
that show satisfying activities toward both HER and OER in the alkaline
or acid media.

As a family of two-dimensional (2-D) layered materials, layered
double hydroxide (LDH)-based catalysts have been regarded as a pro-
mising candidate for water splitting and other energy storage due to
their favorable activity, low cost, abundance, and ease of scale-up
[20,21]. The general formula of LDHs is [M{*,M;*(OH),]%*(A™),,
+YH20, in which M?* and M®* are metal cations, and A™ are charge-
balancing anions [22-24]. LDHs possess a unique layered structure with
the anions and water located in the interlayer of metal cations [21],
which are favorable for diffusion of water molecules, ensuring intimate
contact with the catalyst. Also, the interlayer spacing is beneficial to the
release of gaseous products [25]. In 2014, Gritzel et al. reported that
NiFe LDH/Ni foam exhibited high activity toward both OER and HER in
alkaline electrolyte, and the combination of the two yielded a current
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density of 10 mA cm ™2 under a voltage of ~ 1.7 V [5]. Subsequently,
diverse kinds of LDHs with various morphologies including CoFe LDH
nanosheets [24] and exfoliated NiFe LDH single-layer nanosheets [26]
with superior OER performances as well as LDHs-based composites like
CoSe/NiFe LDH/graphene [15] and NiFe LDH/NiCo,0,4 [27] with de-
cent activity for overall water splitting have been further studied.

One-dimensional (1-D) hierarchical core-shell nanostructures are
extremely attractive owing to their large surface area with plenty of
active sites and efficient electron transport within the smallest dimen-
sions [28,29]. As the core, it is preferable to own an excellent con-
ductivity for efficient electron transport. Lately, Qu and coworkers
designed MoSe,/Mo core-shell hierarchical nanostructures as efficient
HER catalysts for water splitting [30]. Provoked by the aforesaid con-
tents, herein, we combine 1-D Cu nanowires (NWs) and 2-D CoFe LDH
nanosheets (NSs) to fabricate a novel hierarchical core-shell na-
noarchitecture on Cu foams for efficient water splitting. Benefiting from
the smart structure, the hierarchical core-shell nanoarchitectures ex-
hibit highly improved activity and outstanding stability toward both
HER and OER in alkaline medium, thus functioning as a versatile
electrode for efficient overall water splitting.

2. Experimental section
2.1. Chemicals

Hydrochloric acid (HCI, AR, MACRON), ethanol (C,HsOH, Decon
Labs, Lnc.), sodium hydroxide (NaOH, AR, MACRON), ammonium
persulfate [(NH4)2S20s, 98%, Sigma-Aldrich], potassium bicarbonate
(KHCO3, 99.7%, Sigma-Aldrich), cobalt(Il) nitrate hexahydrate (Co
(NO3)>6H,0, 98%, Sigma-Aldrich), iron(II) sulfate heptahydrate
(FeSO47H,0, = 99.95%, Sigma-Aldrich), nafion 117 solution (5%,
Sigma-Aldrich), iridium oxide powder (IrO,, 99%, Alfa Aesar), po-
tassium hydroxide (KOH, 50% w/v, Alfa Aesar), and Cu foam (thick-
ness: 1.5 mm) were used as received. Deionized water (18.3 MQ cm
resistivity) was used for the preparation of all aqueous solutions.

2.2. Fabrication of Cu@CoFe LDH on Cu foam

Firstly, Cu(OH), nanorods (NRs) were synthesized through a che-
mical oxidation method, and a typical process was as follows. A piece of
Cu foam with a size of 2 X 5cm? was cleaned in hydrochloric acid
(37%) and then cleaned ultrasonically in ethanol and deionized water
for 15 min sequentially. The cleaned Cu foam was then immersed into
80 mL of an aqueous solution containing 2.5M NaOH and 0.125 M
(NH4)2S205g for 20 min. Finally, the Cu foam with a light blue color was
taken out from the solution, rinsed with deionized water, and dried in
air. Afterward, the prepared Cu(OH), NRs were calcined at 180 °C in
the air for 1 h to obtain CuO nanowires (NWs). The electrochemical
reduction of CuO to Cu was conducted in Ar purged KHCO3 solution at
—0.4V (vs. reversible hydrogen electrode, RHE). When the cathodic
current reached to steady and near-zero, the reduction was complete.
The electrodepostion of CoFe LDH was carried out in a three-electrode
configuration, by using as-prepared Cu NWs/Cu foam, Pt net and sa-
turated calomel electrode (SCE) as the working, counter and reference
electrode, respectively. The electrolyte was obtained by dissolving Co
(NO3)2'6H,0 (0.15 M) and FeSO47H,0 (0.15 M) in 100 mL water with
a continuous Ar flow to prevent the oxidation of Fe?*. The applied
potential was — 1.0 V vs. SCE, and different electrodeposition time with
30, 60, 90, and 120 s were used to control the thickness and mor-
phology of the composites. The samples were successively labeled with
CCF LDH-30, CCF LDH-60, CCF LDH-90, and CCF LDH-120, respec-
tively. For comparison, pure CoFe LDH was synthesized on Cu foam by
the same method for 60 s, which was labeled with CF LDH.
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2.3. Preparation of IrO, electrode on Cu foam

To prepare the IrO, electrode, 40 mg IrO, and 60 uL Nafion, 540 uL
ethanol and 400 pL deionized water were ultrasonicated for 30 min to
obtain a homogeneous dispersion. Then, the dispersion was coated onto
a cleaned Cu foam, which was then dried in air overnight at room
temperature. The loading of IrO, catalyst on Cu foam is ~ 1.8 mg cm ™2,

just the same with that of CCF LDH-60.
2.4. Materials characterization

The morphology and crystal structure of the samples were detected
with scanning electron microscopy (SEM, LEO 1525) and transmission
electron microscope (TEM, JEOL 2010F) coupled with energy dis-
persive X-ray (EDX) spectroscopy. The phase composition of the sam-
ples was characterized by X-ray diffraction (PANalytical X’pert PRO
diffractometer with a Cu Ka radiation source). X-ray photoelectron
spectroscopy (XPS) (PHI Quantera XPS) was performed using a PHI
Quantera SXM Scanning X-ray Microprobe.

2.5. Electrochemical tests

Electrochemical measurements were carried out on an electro-
chemical station (SP-150) in a standard three-electrode system with the
prepared samples as the working electrode, a Pt net as the counter
electrode, and a standard Hg/HgO electrode as the reference. The OER
activity was evaluated using linear sweep voltammetry (LSV) with a
sweep rate of 2mV s~ ! and chronopotentiometry at a constant current
density of 10 mA cm ™2 in Oy-saturated 1 M KOH solution. The HER
tests were performed in Ar-saturated 1 M KOH solution. Cyclic vol-
tammetry (CV) curves were collected at different scan rates in the po-
tentials from 1.025V to 1.125V vs RHE to evaluate the double-layer
capacitance values. Electrochemical impedance spectroscopy (EIS) was
measured at an overpotential of 250 mV from 0.1 Hz to 100 kHz with
an amplitude of 10 mV. The overall water splitting performance was
evaluated in 1 M KOH using a two-electrode configuration, and the
polarization curve was recorded at a scan rate of 2mV s~ ', All the
measured potentials vs. the Hg/HgO were converted to RHE by the
Nernst equation (Erug = Epng/mgo + 0.0591pH + 0.098). All the curves
were reported with iR compensation.

3. Results and discussion

Scheme 1 shows the preparation process of Cu@CoFe LDH core-
shell nanoarchitectures. Briefly, Cu(OH), nanorods (NRs) were syn-
thesized through chemical oxidation of a Cu foam, which was followed
by calcination to form CuO NWs. Cu NWs was obtained by electro-
reduction of CuO. The CoFe LDH nanosheets were then electro-
deposited on the Cu NWs to finally form the Cu@CoFe LDH core-shell
nanoarchitectures. Fig. S1 presents the optical pictures of as-prepared
samples, showing

the apparent color change and egualmente growth of active mate-
rials. Fig. S2 displays the SEM images of the starting Cu foam, ex-
hibiting a three-dimensional (3-D) porous structure, which is a good
candidate for 3-D skeletons. The SEM images of Cu(OH), NRs, CuO
NWs, and Cu NWs with different magnifications are presented in Fig.
S3, all of which showed dense 1-D structure and were closely attached
to the 3-D support. Pure CoFe LDH (labeled with CF LDH) was also
synthesized on the Cu foam for comparison, and the SEM images are
displayed in Fig. S4, which showed many nanosheets compactly grew
on the surface of the Cu foam.

Fig. 1a are the SEM and TEM images (inset) of Cu NWs, which
preserved the 1-D structure of CuO NWs with slightly curved due to the
electroreduction force. The diameter and length of Cu NWs were ~
200 nm and ~ 2.5 um, respectively. After 1 min electrodepostion of
CoFe LDH (the composite is named by CCF LDH-60), the Cu NWs
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surface became thicker, and many nanosheet branches uniformly de-
corated the nanowire surface, as shown in Fig. 1b. The TEM image
(inset of Fig. 1b) clearly shows that the nanosheets were interconnected
with each other, forming a highly porous surface morphology. The
transparent character of the nanosheet shell indicated their extremely
thin thickness. Fig. 1c displays a typical TEM image of an individual
hybrid nanostructure, which distinctly exhibited the core-shell
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Scheme 1. Fabrication process of Cu@CoFe LDH core-shell na-
nostructure electrocatalysts.

reduction

structure of the composite. The diameter of the core-shell hybrid was ~
1 um with ~ 200 nm core of Cu NWs and ~ 400 nm shell of CoFe LDH
NSs. SEM images of the composites with different electrodeposition
time (30, 60, 90, and 120 s) of CoFe LDH are presented in Fig. S5 to
study the morphology variation. The samples are successively labeled
with CCF LDH-30, CCF LDH-60, CCF LDH-90, and CCF LDH-120. It can
be observed that the thickness of the hybrid quickly increased when the

Fig. 1. SEM images of (a) Cu NWs and (b) CCF LDH-60. (The insets are the corresponding TEM images.) (¢) TEM image of CCF LDH-60 at medium magnification. HRTEM image of CCF
LDH-60 to show (d) the layered structure of CoFe LDH and (e) its lattice fringes. (The inset in d is a structure model of CoFe LDH. (el) and (e2) in e are the corresponding enlarged parts of
the square.) (f) DF-STEM image of CCF LDH-60 and the corresponding elemental mapping.
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Fig. 2. (a) XRD patterns of as-prepared samples. (b) XPS spectrum of CCF LDH-60. High-resolution XPS spectra of (¢) Co 2p and (d) Fe 2p for CCF LDH-60. located at 713.3 and 726.2 eV

corresponded to Fe 2p3,, and Fe 2p; », respectively [36]. And two satellite peaks were located at 718.9 and 733.8 eV, indicating the Fe®*

electrodeposition time was prolonged, and CCF LDH-120 was mostly
agglomerated. The high-resolution TEM (HRTEM) image of CCF LDH-
60 in Fig. 1d clearly shows the layered structure of out-shell of CoFe
LDH, and the inset of Fig. 1d presents the structural model of CoFe LDH.
The layered structure allows the fast electron transport and avails the
diffusion of H>O molecules, ensuring intimate contact between the
catalyst and electrolyte during electrolysis [25]. The HRTEM image in
Fig. le reveals the interplanar spacing of ~ 0.25nm for CoFe LDH
(inset as el) and ~ 0.21 nm for Cu (inset as e2), corresponding to the
(012) plane of LDH and (111) plane of Cu, respectively, which are
consistent with literature results [24,31]. Dark-field scanning trans-
mission electron microscopy (DF-STEM) and the corresponding ele-
mental mapping of a single hybrid nanowire, shown in Fig. 1f, un-
ambiguously confirm the Cu NWs@CoFe LDH NSs core-shell structure
and uniform distribution of Cu, Co, and Fe elements in the composites.
EDX spectra in Fig. S6 further determined the atomic ratio of Cu, Co,
and Fe for the three composites, and the atomic ratio of Co to Fe in the
CCF LDH-60 is around 1.57:1.

Fig. 2a shows the XRD patterns of Cu foam substrate, Cu(OH), NRs,
CuO NWs, Cu NWs and CCF LDH-60, which are identified as pure phase
with high crystallinity. After electroreduction, the peaks of CuO dis-
appeared with three peaks from Cu retaining, indicating totally trans-
formation from CuO to Cu. After decorated with the CoFe LDH, four
new peaks emerged on the XRD pattern of CCF LDH-60, which were
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oxidation state.

assigned to CoFe LDH [32]. The elemental composition and chemical
state in the composites were further studied by the X-ray photoelectron
spectroscopy (XPS). As depicted in Fig. 2b, the full XPS spectrum of CCF
LDH-60 revealed the signals of Cu, Co, Fe, O and C (for calibration)
elements, which was consistent with the EDX results in Fig. S6. Fig. 2¢
and d are the high-resolution XPS spectra of Co 2p and Fe 2p, respec-
tively. As shown in Fig. 2c, the two peaks located at binding energy of
779.8 and 795.8 eV were assigned to Co 2p3,» and Co 2p; 5, respec-
tively, along with two satellite peaks at 787.2 and 801.7 eV [33,34].
The spin-orbit splitting value of 2p;,, and 2ps3,, reaches ~ 16 eV,
suggesting that the Co oxidation state was mainly Co®* [35]. The peak
at binding energy of 783.7 eV was also attributed to Co®* [19]. For the
XPS spectra of Fe 2p (Fig. 2d), two prominent peaks

The OER and HER activities of the as-prepared electrodes were
evaluated in 1 M KOH aqueous electrolyte using a standard three-
electrode system. All potentials were iR-corrected and converted to a
reversible hydrogen electrode (RHE) scale. Fig. 3a shows

the polarization curves of as-prepared electrodes at a scan rate of
2mV s~ . As expected, the Cu@CoFe LDH core-shell nanoarchitectures
displayed much lower overpotentials at the same current density
compared with pure CoFe LDH, Cu NWs, and bare Cu foam. Glaringly,
CCF LDH-60 even outperformed the IrO,/Cu foam electrode, revealing
the highest OER activity among the three composites. To give a detailed
comparison, the overpotentials at the current densities of 10 and
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Fig. 3. (a) Polarization curves, (b) overpotentials (at 10 and 100 mA cm~2) and (c) Tafel plots of as-prepared samples. (d) Chronopotentiometry curves of CCF LDH-60 at a constant

current density of 10 mA cm ™2 All the tests were conducted in 1 M KOH electrolyte.

100 mA cm 2 for the various electrodes are presented in Fig. 3b. To
achieve a current density of 10 mA cm™2, CCF LDH-60 required an
overpotential of 240 mV, which was 50, 105, 10, 30, and 10 mV less
than those of CF LDH, Cu NWs, CCF LDH-30, CCF LDH-90, and com-
mercial IrO,/Cu foam, respectively. Similarly, the overpotential of CCF
LDH-60 at a high current density of 100 mA cm ™2 was 300 mV, which
was also the lowest among all the catalysts. The detailed data for the
electrodes are summarized in Table S1. Moreover, as shown in Fig. S7a,
this performance was better than those of Cu@Co(OH), and Cu@
FeOOH, suggesting a synergistic effect between Co and Fe in the com-
posite for the improved OER activity. We further evaluated the mass
activity of our catalysts normalized by the mass of CoFe LDH (Fig. S8a),
and we can see that the OER mass activity of the core-shell Cu@CoFe
LDH catalysts was better than that of pure CoFe LDH (CF LDH). The
best sample of CCF LDH-60 can deliver current densities of 10 and
100 mAmg~! at overpotentials of 252 and 318 mV, respectively.
Fig. 3c shows the corresponding Tafel plots of the electrodes. The Tafel
slope of CCF LDH-60 was 44.4 mV dec ™!, which was smaller than all
the other electrodes including IrO,/Cu foam, indicating the favorable
catalytic kinetics. Long time stability test of CCF LDH-60 was also
conducted at a constant current density of 10 mA cm ~ 2, As displayed in
Fig. 3d, the overpotential to achieve a current density of 10 mA cm ™2
was stable at ~ 240 mV for 24 h, confirming the remarkable durability.
Table S2 gives a detailed comparison of the OER performance for CCF
LDH-60 catalyst with other reported catalysts in 1 M alkaline electro-
lytes, from which we can see that the Cu@CoFe LDH core-shell

nanoarchitectures outperform most of LDH-, Co-, and Fe-based cata-
lysts.

The catalytic ability of the core-shell catalysts for HER was also
assessed in 1 M KOH solution to inspect the possibility for overall water
splitting. As the polarization curves shown in Fig. 4a, the Cu@CoFe
LDH exhibited much higher HER activity than those of CoFe LDH, Cu
NWs, and bare Cu foam. Notably, the commercial Pt wire was still the
best with negligible overpotentials. Fig. 3b shows the overpotentials at
current densities of —10 and — 100 mA cm 2 for the electrodes to give
a detailed comparison. CCF LDH-60 required an overpotentials of 171
and 197 mV to obtain current densities of —10 and —100 mA cm ™2,
respectively, which were much smaller than those of CF LDH, Cu NWs,
CCF LDH-30 and CCF LDH-90. The differences with commercial Pt wire
were 88 and 89 mV for —10 and — 100 mA cm 2, respectively. Simi-
larly, the HER activity of CCF LDH-60 was also much better than those
of Cu@Co(OH), and Cu@FeOOH (Fig. S7b), suggesting a synergistic
effect between Co and Fe in the composite sample for the enhanced
HER activity. The mass activity normalized by the mass of CoFe LDH in
Fig. S8b showed that the CCF LDH-60 sample can deliver current
densities of 10 and 100 mA mg ™' at overpotentials of 177 and 204 mV,
respectively, which was much better than the CCF LDH-30, CCF LDH-
90, and CF LDH. Impressively, the Tafel slope (Fig. 4c) of CCF LDH-60
was 36.4 mV dec ™', which was very close to the commercial Pt wire
and smaller than the other electrodes. Additionally, the HER stability
test of CCF LDH-60 conducted at a constant overpotential of 178 mV is
displayed in Fig. 3d, from which we can observe that the current
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density was almost stable with little decay during 30 h testing. There-
fore, our Cu@CoFe LDH core-shell catalysts are also decent catalysts for
HER in the strong base electrolyte. The detailed comparison of the HER
performance for CCF LDH-60 with other reported catalysts in 1 M al-
kaline electrolytes is listed in Table S3. Although the HER performance
of CCF LDH-60 is inferior to that of commercial Pt, it is still competitive
with those of non-noble metal-based catalysts.

The above results verify that our rational design of the hierarchical
Cu@CoFe LDH core-shell nanoarchitectures are efficient bifunctional
catalysts toward both HER and OER in the alkaline media.
Subsequently, we evaluated the overall water splitting performance in a
home-made electrolyser with a two-electrode system by using the CCF
LDH-60 electrode as both anode and cathode. As shown in Fig. 5a, CCF
LDH-60 electrodes delivered a current density of 10 mA cm ™2 at an
operating voltage of 1.681 V, which is only 60 mV larger than the
benchmark of IrO, (+)/Pt (—) electrodes. Obvious H, and O, bubbles
(inset in Fig. 5a) were observed on the surface of both electrodes during
linear sweep voltammetry (LSV) tests. This performance is superior to
many Co- and Ni-based bifunctional catalysts and comparable to some
robust materials for overall water splitting (Table S4). The long-term
stability test was further conducted by full water splitting at a constant
current density of 10 mA cm ™2 in a two-electrode configuration. The
benchmark electrodes of IrO, (+)/Pt (-) exhibited a gradual increase of
overpotential in 24 h, indicating their instability. In contrast, the
overpotential of CCF LDH-60 electrodes was almost stable for over 48 h
continuous testing (Fig. 5b). Finally, the gaseous products from the
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overall water splitting by the CCF LDH-60 electrodes were determined
using

gas chromatography. As shown in Fig. 5c, only H, and O, with a
predicted ratio of 2:1 were detected, and the amount of measured H,
and O, matched well with those calculated results, indicating the nearly
100% Faradaic efficiency.

It is generally acknowledged that the electrochemical water split-
ting process mainly involves three steps. The first is the adsorption of
water molecules onto the electrode surface, second the water reduction
(HER) and oxidation (OER) on the active sites, and third the gas pro-
ducts releasing [25]. Our rational design of the hierarchical core-shell
nanoarchitectures is expected to offer a large surface area, and the
layered structure of CoFe LDH further increases the accessible surface
area and exposes more active sites, all of which are beneficial to the first
step of water molecules adsorption. The effective surface area can be
determined by measuring the electrochemical double-layer capacitance
(Cqp through cyclic voltammetry (CV) tests at different scan rates [37].
Fig. 5d shows the capacitive currents as a function of scan rate obtained
from corresponding CV curves (inset in Fig. 5d and Fig. S9) to calculate
Cq for the electrodes. We can see that the Cq values of the core-shell
nanoarchitectures were much larger than those of bare Cu NWs and
CoFe LDH on Cu foams, demonstrating the improved surface area and
active sites achieved by the rational design of the hierarchical core-shell
structure. The Cq value was determined to be 75.3 mF cm ™2 for CCF
LDH-60, which was larger than the 65.1 mF cm ~2 for CCF LDH-30 and
31.8 mF cm ™2 for CCF LDH-90. This is mainly because excessive CoFe
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Fig. 5. (a) Polarization curves for overall water splitting with the CCF LDH-60 electrode as both anode and cathode at a scan rate of 2mV s~ . (The inset is the optical photograph
showing the generation of H, and O, bubbles on the electrodes.) (b) Chronopotentiometry curves of CCF LDH-60 at a constant current density of 10 mA cm ™2 in a two-electrode
configuration. The benchmark electrodes of IrO, (+)/Pt (—) are tested side by side shown in a and b. (c) Experimental and theoretical amounts of H, and O, by the CCF LDH-60 electrode
at a fixed current density of 40 mA cm ™2 (d) Capacitive currents as a function of scan rate and (e) Nyquist plots (overpotential = 250 mV) for the as-prepared samples. The inset in d is
the CV curve of CCF LDH-60 at different scan rates and in e the enlarged EIS curves of the composites. All the tests were conducted in 1 M KOH electrolyte. (f) Schematic illustration of
structure characteristics for the hierarchical Cu@CoFe LDH core-shell nanostructure electrode.

LDH nanosheets attached on the Cu NWs may block the interconnection
between the nanosheets, and some agglomerations even formed for the
CCF LDH-90 as shown in the Fig. S5c. For the second step of water
reduction and oxidation on the active sites, the hierarchical core-shell
nanoarchitectures offer more accessibility of active sites. Moreover, the
superior electrical conductivity enables fast electron transport in Cu
nanowires, which facilitates the reaction kinetics [19,38]. This view-
point is authenticated by the electrochemical impedance spectroscopy
(EIS). As the Nyquist plots shown in Fig. 5Se, the charge-transfer re-
sistance (R,) for the core-shell composites was much smaller than those
of pure CoFe LDH, Cu NWs, and Cu foam alone, revealing more desir-
able electron transport and catalytic kinetics. The fitted data of the
samples are listed in Table S1. Meanwhile, all the catalysts exhibited
very small series resistances (Rs, ~ 1), indicating the high-quality
electrical integration of the catalysts and Cu foam [1,6,39]. Of note, no
polymer binder or conductive additives were used to prepare elec-
trodes, which substantially reduces the electrode dead volume [25,40].
As for the last step of gas products releasing, the hierarchical core-shell
nanoarchitectures provide large open space for the release of gas bub-
bles, enhancing the contact between electrolyte and active sites
[19,41,42]. Meanwhile, the interlayer spacing of CoFe LDH is also
propitious to gaseous products releasing. Based on the discussion, a
schematic illustration of structure characteristics for the hierarchical
Cu@CoFe LDH core-shell nanoarchitectures is presented in Fig. 5f.
The catalyst loading of CoFe LDH for CCF LDH-90 (2.4 mg cm ™ ?)
was more than those of CCF LDH-30 (1.3 mg c¢m~2) and CCF LDH-60
(1.8 mg cm ), but the HER and OER performance of CCF LDH-90 was
inferior to the other two, indicating that the quintessential core-shell
nanostructure plays a vital role for the catalytic reactions. Therefore,
we took SEM and TEM images of CCF LDH-60 after overall water
splitting stability test for 48 h to probe the possible structure changes.
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As shown in Fig. 6a, on the anode side for OER, the SEM and TEM
images revealed that the core-shell architecture of CCF LDH-60 was
well preserved, and the diameter of the hybrid became a little smaller
with some loss of branching nanosheets. Meanwhile, the (012) plane of
CoFe

LDH with the interplanar spacing of 0.25 nm is still detectable from
the HRTEM image In Fig. 6¢, the EDS mapping images further confirm
the intact core-shell nanostructure and homogeneous distribution of the
elements. The same situation is also observed on the cathode side for
HER in Fig. S10. We further conducted XPS for CCF LDH-60 after
overall water splitting stability test to examine the composition change
of Co and Fe on the surface. As shown in Fig. S11, the full spectra along
with the high-resolution XPS spectra of Co 2p and Fe 2p of CCF LDH-60
for the anode (OER) and cathode (HER) after stability test are almost
the same with that of the fresh sample, meaning no composition change
of Co and Fe. A slight change is that the peak intensity decreased after
stability test, which was probably due to the small loss of CoFe LDH
nanosheets. However, this does not decay the activity for water split-
ting. As shown in Fig. S12, compared with the initial, the R.; of CCF
LDH-60 after stability test just increased 0.65 and 0.6 Q for OER and
HER, respectively. More importantly, the activity of OER and HER for
CCF LDH-60 was almost maintained (Fig. 6d). Therefore, our rational
design of this hierarchical Cu@CoFe LDH core-shell nanoarchitectures
are efficient and robust bifunctional catalysts toward overall water
splitting.

4. Conclusions
In summary, a smart hierarchical Cu@CoFe LDH core-shell nanos-

tructure composite was fabricated as an efficient and low-cost bifunc-
tional catalyst for overall water splitting. The rational design of this
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Fig. 6. (a) SEM and TEM (inset) images, (b) HRTEM image, and (c) EDS elemental mapping images of CCF LDH-60 after overall water splitting stability test (anode for OER). (d)
Polarization curves of CCF LDH-60 before and after overall water splitting stability test.

hierarchical core-shell nanostructure endows the composite with a
large surface area and accessibility of active sites, which are beneficial
for the adsorption of water molecules and catalytic reactions. Moreover,
the unique layered structure of CoFe-LDH NSs are favorable for diffu-
sion of water molecules and release of gas products, ensuring intimate
contact between the catalyst and electroactive species. In addition, the
Cu NWs cores provide highways for electron transport, decreasing the
electron transport distance and barrier, which facilitates the reaction
kinetics. Benefitting from these advantages, the Cu@CoFe LDH core-
shell catalysts exhibit excellent performance for overall water splitting
in the alkaline medium. Above all, our rational design of hierarchical
core-shell nanoarchitectures presents a facile approach to fabricate
advanced materials for energy and environmental fields.
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