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h i g h l i g h t s

� The Mo-doped Co(OH)2 HNTs
organized by cross-linked porous
nanosheets are prepared.

� Electronic structures with highly
oxidative Co3+ species can be
modified by Mo doping.

� The low overpotentials of 218 mV and
125 mV for OER and HER are
obtained.

� Mo-Co(OH)2 HNTs exhibit high
electrocatalytic activity for overall
water splitting.
g r a p h i c a l a b s t r a c t

A MOF-based sacrificial template strategy is demonstrated to construct novel Mo-doped Co(OH)2 hierar-
chical nanotubes organized by cross-linked porous nanosheets with the optimized electronic structure of
more highly oxidative Co3+ species, which exhibits active and stable electrocatalytic activity for overall
water splitting.
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a b s t r a c t

Designing hierarchical nanostructures of earth-abundant electrocatalysts for enhanced overall water
splitting performance is of great significance. Herein, Mo-doped Co(OH)2 hierarchical nanotubes
(Mo-Co(OH)2 HNTs) assembled by cross-linked porous nanosheets are designed and synthesized through
a sacrificial template strategy. Benefiting from the hierarchical structures based on porous nanosheets
with void interior as well as modified electronic structure of higher intensity of Co3+ species by Mo6+ dop-
ing, the Mo-Co(OH)2 HNTs demonstrate superior electrocatalytic performance, achieving an current den-
sity of 10 mA cm�2 at the low overpotentials of 218 mV and 125 mV for oxygen and hydrogen evolution
reactions, respectively. Furthermore, an overall water splitting cell was assembled with the Mo-Co(OH)2
electrocatalyst as both the anode and cathode materials, which exhibits a driving voltage of as low as
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Cross-linked porous nanosheets
Overall water splitting
1.62 V. The facile strategy presented in this work can be extended to the construction of various hollow/-
porous nanostructures with effective heteroatom doping to achieve low-cost, bifunctional and high-
performance electrocatalysts for overall water splitting.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

To alleviate the increasing energy crisis and severe environmen-
tal pollution, electrochemical water splitting, as a clean and renew-
able technology, has been deemed a promising substitute for fossil
fuels [1–4]. Although noble-metal-based catalysts such as IrO2/
RuO2 for oxygen evolution reaction (OER) and Pt for hydrogen evo-
lution reaction (HER) are generally used for water splitting [5–9],
their rarity and high cost restrict their practical applications.
Therefore, the most urgent challenge in water electrolysis is to
develop efficient and earth-abundant non-noble-metal electrocat-
alysts [10]. Currently, transition-metal-based materials have been
extensively investigated owing to such advantages as rich reserves,
low price and superior activity [11–14]. Particularly, transition
metal hydroxides have been regarded as the promising electrocat-
alysts with high catalytic activity and stability for water splitting
[15–19]. In particular, layered metal hydroxides are found to favor
fast diffusion of ions [17,20], and therefore display increased cat-
alytic efficiency. To further improve the electrocatalytic activity,
single-metal hydroxide can be doped with another transition
metal, which has been proved to be a favorable approach to
promote the catalytic performance toward both HER and OER
[21–26]. For example, Cu-Co(OH)2 and Fe-Co(OH)2 catalysts have
demonstrated better catalytic activity than pure Co(OH)2 owing
to the doped Cu2+ and Fe3+ [27,28]. Moreover, the electronic struc-
tures of transition metals could be effectively tuned by incorporat-
ing high-valence metals, such as Mo6+ [22,29]. It is reported that
Mo6+ can draw electrons from 3d metals such as Co to produce
more higher oxidation of Co3+ species which act as active sites
for OER. On the other hand, in the process of HER, Mo6+ could also
serve as the catalytic sites to obtain improved HER performance
[30]. It is therefore highly expected to dope Mo6+ into Co-based
hydroxides to achieve an effective bifunctional electrocatalyst for
overall water splitting.

Constructing nanostructured materials with abundant active
sites has been considered an effective strategy to promote electro-
chemical activity [31–34]. Hierarchical tubular nanostructures
with huge surface areas can facilitate mass and charge transfer
and boost electrochemical water splitting [35–39]. Among various
strategies to construct hierarchical structures, metal-organic
frameworks (MOFs) have been widely used to fabricate hollow or
porous nanomaterials [40–42]. MOF-derived materials demon-
strate the advantageous nature of tunable pore size with large
exposed surface area and uniform heteroatom doping, which are
merits to improve catalysts performance toward water splitting
[43,44]. Besides MOFs, other sacrificial templates are also utilized
to fabricate hollow structures. For example, SnS nanotubes were
obtained by etching MoO3 nanorods of MoO3@SnS core-shell struc-
ture [45]. It is therefore highly desirable to design a template-
strategy to construct porous and hollow Co-based hydroxide
hierarchical electrocatalysts for overall water splitting.

Herein, we present a MOF-based sacrificial template strategy to
synthesize Mo-doped Co(OH)2 hierarchical nanotubes (Mo-Co
(OH)2 HNTs) assembled from cross-linked porous nanosheets with
obtained efficient electronic modulation toward overall water
splitting (Fig. 1). First, Co-MOF layer is grown on the uniform
MoO3 nanorods (NRs) at room temperature to form a MoO3@Co-
MOF core-shell NRs. Then, reacting with NaMoO4 at 80 �C, the
MoO3@Co-MOF NRs are transformed into Mo-Co(OH)2 HNTs. Fea-
tured with high specific surface area and abundant active sites
due to Mo doping, the as-prepared Mo-Co(OH)2 HNTs exhibit
enhanced electrocatalytic performance and long-term durability
toward both HER and OER. Remarkably, the small overpotentials
of 218 mV for OER and 125 mV for HER at 10 mA cm�2 have been
achieved with the Mo-Co(OH)2 HNTs and a low cell potential of
1.62 V is obtained when the as-obtained electrocatalyst was used
to construct the cell cathode and the anode, respectively. Com-
pared with traditional methods to synthesize electrocatalysts, the
demonstrated sacrificial-template strategy opens up a novel route
to fabricate metal-doped hierarchical nanostructures with well-
controlled components and superior catalytic performance.

2. Experimental section

All chemicals used in this work were of analytical grade, pur-
chased from Shanghai Chemical Reagent. All reagents were used
as received without further purification.

2.1. Synthesis of MoO3 NRs

MoO3 NRs were synthesized via a facile solvothermal method.
Typically, 0.5793 g ammonium molybdate tetrahydrate was first
dissolved in 30 ml deionized water, followed by the addition of
2.5 ml HNO3. After stirring for 10 min, the solution was transferred
into a 50 ml Teflon-lined stainless autoclave and maintained at
180 �C for 12 h. When the Teflon-lined stainless autoclave was
cooled to room temperature, the precipitate was collected by cen-
trifugation, washed with deionized water for three times, and
finally dried at 60 �C.

2.2. Synthesis of MoO3@Co-MOF core-shell NRs

In a typical synthesis, 50 mg of MoO3 NRs was first dispersed in
20 ml methanol and then mixed with 0.582 g CoNO3�6H2O to have
solution A. 1.3132 g of 2-Methylimidazole (2-MIM) was dispersed
in 20mlmethanol to obtain solution B. Solution A and Bweremixed
under stirring for 5 min at room temperature and aged for 1 h. The
resulting precipitate was washed with ethanol and dried at 60 �C.

2.3. Synthesis of Mo-Co(OH)2 HNTs

30 mg of MoO3@Co-MOF was dispersed in 10 ml ethanol to get
solution C. 100 mg of NaMoO4�2H2O was dispersed in 20 ml deion-
ized water and 20 ml ethanol to have solution D. Solution C was
mixed with D under stirring at 80 �C for 10 min. The precipitate
was washed with ethanol for several times and dried at 60 �C.

2.4. Synthesis of Co(OH)2 nanotubes (NTs) and hollow Mo-Co(OH)2
(h-Mo-Co(OH)2) polyhedrons

The Co(OH)2 NTs were prepared via the similar method for syn-
thesizing Mo-Co(OH)2 HNTs except the usage of NaMoO4�2H2O.
The Co-MOF polyhedrons were obtained without the presence of
MoO3 template, which can be converted into h-Mo-Co(OH)2 poly-
hedrons by directly reacting with NaMoO4�2H2O.



Fig. 1. Schematic illustration of Mo-Co(OH)2 hierarchical nanotubes organized by cross-linked porous nanosheets formation process.
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2.5. Material characterizations

The phase compositions of the as-prepared samples were mea-
sured by powder X-ray diffraction (XRD) using Cu-Ka radiation
(Philips PW3040/60 X-ray diffractometer). The morphologies of
the samples were examined on a Hitachi S-4800 scanning electron
microscopy (SEM) and a JEM-2100F field emission transmission
electron microscopy (TEM). The X-ray photoelectron spectroscopy
(XPS) spectra were acquired on an ESCALab MKII X-ray photoelec-
tron spectrometer using Al Ka X-ray as the excitation source. N2

adsorption isotherms were measured at 77 K on a Micrometrics
ASAP 2020 surface area and BET surface areas were calculated in
the relative pressure range of 0.06–0.20.

2.6. Electrochemical measurements

Electrochemical measurements were performed on a CHI760
three-electrode electrochemical measurement system in 1.0 M
KOH, employing a carbon rod as the counter electrode, a saturated
calomel electrode (SCE) as the reference electrode and a catalyst
electrode as the working electrode. The working electrode was
preparedbypressingamixtureof80wt%activematerial, 10wt%car-
bonblack and10wt%polyvinylidenefluoride (PVDF) inN-methyl-2-
pyrrolidinone (NMP) solvent (Aldrich, 99%) onto the cleanedNi foam
substrate with a loading mass density of about 1.8 mg cm�2, which
was dried in a vacuum oven at 55 �C. All the potentials were refer-
enced to the reversible hydrogen electrode (RHE) according to the
Nernst equation: E(RHE) = E(SCE) + 0.059 pH + 0.242. Linear-sweep
voltammetrys were conducted at a scan rate of 2 mV s�1.

3. Results and discussion

The schematic illustration for the preparation of Mo-Co(OH)2
HNTs organized by cross-linked porous nanosheets is presented
in Fig. 1. First, MoO3 NRs are prepared via a solvothermal method
through the decomposition process of ammonium molybdate
tetrahydrate ((NH4)6Mo7O24�4H2O ? 7MoO3 + 6NH3 + 7H2O)
[46], which are later employed as the sacrificial template to con-
struct nanotubes. SEM images display that the as-prepared MoO3

samples are uniform nanorods with smooth surface (Fig. 2a).
XRD results further confirm the phase purity of the MoO3 samples
(Fig. S1, see Supplementary Information). Then, the Co-MOF is
grown on the surface of the MoO3 template. As displayed in
Fig. 2b, the smooth surface of MoO3 NRs becomes rough, indicating
the successful coating of a Co-MOF layer. The MoO3 core and Co-
MOF shell layer can be obviously observed in Fig. 2c. In this case,
it has been found that the amount of 2-MIM plays an important
role in the formation of MoO3@Co-MOF core-shell structure. SEM
images of the as-prepared MoO3@Co-MOF core-shell structure
obtained with different amount of 2-MIM are displayed in
Fig. S2. Some MoO3 NRs are not fully coated with ZIF-67 particles
layer when only 0.3283 g of 2-MIMwas added. With the increasing
of the amount of 2-MIM, most MoO3 NRs are coated with ZIF-67
particles uniformly. However, too many ZIF-67 particles are depos-
ited on the surface of MoO3 NRs when the amount of 2-MIM was
doubled. Such core-shell structure can be further confirmed by
the XRD pattern as shown in Fig. S3, indicating diffraction peaks
of both MoO3 and Co-MOF.

Subsequently, the as-prepared MoO3@Co-MOF NRs are con-
verted into Mo-Co(OH)2 HNTs through reacting with NaMoO4 at
80 �C. The H+ and OH– ions produced in the hydrolysis of the
Na2MoO4 solution lead to the formation of the Mo-Co(OH)2 HNT
structure: (1) First, the Co-MOF is etched by H+ ions to produce
Co2+ ions; (2) Second, the fast precipitation between OH– ions
and the released Co2+ and Mo6+ ions results in the formation of
sheet-like Mo-Co layered double hydroxide, thus the solid Co-
MOF layers are converted into cross-linked porous nanosheets
structure; (3) OH– ions simultaneously promote the etch of the
inner MoO3 [47]; (4) Finally, the core of MoO3 NR is fully etched
and the hierarchical tubular structures of cross-linked nanosheets
are formed (Fig. 2d–e). As displayed in Fig. 2f, numerous sheet-
interlaced holes can be seen clearly and the inner tube is also
observed (the image inserted in Fig. 2f). Such open hierarchical
architectures possess much more surface area and more exposed
active sites. The nanotubes structure can be verified by TEM
images. Fig. 3a and b reveal that the as-prepared Mo-Co(OH)2 HNTs
consist of cross-linked nanosheets which are grown on the interior
nanotube. In the magnified image (Fig. 3c) a large number of pores
can be observed in the nanosheets. For the aim of comparison, Co
(OH)2 NTs and h-Mo-Co(OH)2 polyhedrons were also synthesized.
As displayed in Fig. S4, the as-prepared Co(OH)2 NTs display simi-
lar nanosheet-crossed structure expect that the outer sheets are
much smaller compared with Mo-Co(OH)2 HNTs. The as-prepared
h-Mo-Co(OH)2 polyhedrons display obvious hollow structure with
less nanosheets on the surface (Fig. S5).

Additionally, the as-obtained Mo-Co(OH)2 HNTs demonstrate a
porous feature with a high Brunauer–Emmett–Teller (BET) surface
area of 174.31 m2 g�1, while the BET surface area of the Co(OH)2
NTs is determined to be 139.20 m2 g�1. As shown in Fig. S6, the
N2 isotherms are type II with H3 hysteresis loops and the
pore size distribution (PSD) curves from density functional theory
(DFT) method demonstrate the presence of macropores [48,49].
Hollow and porous hierarchical structural nature of the Mo-Co
(OH)2 HNTs holds huge potential in exposing abundant active sites



Fig. 2. SEM images of (a) MoO3 nanorods, (b and c) MoO3@Co-MOF core-shell structure, (d–f) Mo-Co(OH)2 HNTs.
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and accelerating mass and charge transfer, which are critical
factors to achieve efficient electrocatalytic performance. The
high-resolution TEM (HRTEM) image (Fig. 3d) reveals the lattice
spacings of 0.26 nm and 0.23 nm which can be ascribed to the
(1 0 0) and (1 0 5) planes of Co(OH)2, respectively. The correspond-
ing selected area electron diffraction (SAED) pattern also displays
the presence of the diffraction rings of Co(OH)2, which is consistent
with the XRD result (Fig. 4). Fig. 3e depicts the STEM image of a sin-
gle Mo-Co(OH)2 HNT structure and the corresponding element
mapping results (Fig. 3f–h) demonstrate the distributions of Co,
Mo and O elements over the entire nanotube, indicating uniform
doping of Mo into the Co(OH)2 HNTs structure. Energy-dispersive
X-ray spectroscopy (EDX) result further indicates that the atomic
ratio of Mo/Co is about 9.28: 16.23 (Fig. S7). The component of
the as-prepared Mo-Co(OH)2 HNTs is further confirmed by XRD
results. As shown in Fig. 4a, the peaks of Mo-Co(OH)2 samples
can be well matched with that of Co(OH)2 (JCPDS No.46-0605).
Compared with Co(OH)2 NTs, the (1 0 2) and (1 1 0) diffraction
peaks of Mo-Co(OH)2 HNTs demonstrate a remarkable shift toward
higher angles, which is caused by the substitution of the larger Co2+

(74 pm) by smaller Mo6+ (62 pm) [50,51].
The surface composition and elemental chemical state of the as-

prepared Mo-Co(OH)2 HNTs are investigated by the technique of
XPS. Fig. 5a displays the survey spectrum of the Mo-Co(OH)2 HNTs,
which verifies the presence of Co, Mo, O and C elements. The high-
resolution of Co 2p spectrum reveals the characteristic 2p3/2 and
2p1/2 peaks at 780.66 eV and 796.38 eV of Co3+, while the peaks
at 782.58 eV and 797.83 eV are assigned to Co2+ 2p3/2 and Co2+

2p3/2 [52–56]. However, due to transferred electrons from Co to
Mo ions, the binding energy of Co 2p in Mo-Co(OH)2 HNTs shifts
to a higher value compared with that of Co(OH)2 NTs (Fig. 5b)
[27,28], resulting in the decrease of the electron density around
Co atoms and higher intensity of Co3+ peaks in Mo-Co(OH)2
(Table S1). It has been reported that highly oxidative Co3+ species
are active sites for the OER [27,28,57,58]. The Mo 3d spectrum
demonstrates two distinct peaks at around 231.94 eV and
235.06 eV of Mo 3d5/2 and Mo 3d3/2 [55,59], confirming the pres-
ence of Mo+6 in the sample. The O 1s region can be fitted with three
main peaks. The peaks at 532.12 eV and 530.29 eV are ascribed to
H2O and metal-oxygen bonds forming at the surface and the peak
at 531.16 eV belongs to OH– species, indicating the formation of
metal hydroxides [60]. All the above results verify that the Mo-
doped Co(OH)2 HNT catalyst is successfully prepared with more
Co3+ species due to electronic structure modulation, which is
believed to be promising for the performance of electrocatalytic
water splitting.

The OER properties of the Mo-Co(OH)2 HNTs are first evaluated
using a three-electrode system in 1.0 M KOH with an optimal mass
loading of 2.0 mg cm�2 (Fig. S8). For comparison, Co(OH)2 NTs and
MoO3 NRs are also tested. As shown in Fig. 6a, the MoO3 NRs sam-
ples display poor OER performance, requiring a high overpotential
of 348 mV to reach the current density of 10 mA cm�2, while an as
low as overpotential of 218 mV is required for Mo-Co(OH)2 HNTs
and 247 mV for Co(OH)2 NTs, indicating the superior OER activity
of Mo-Co(OH)2 HNTs to Co(OH)2 NTs. The enhanced OER perfor-
mance of the Mo-Co(OH)2 HNTs can be further verified by a smaller
Tafel slope of 90 mV dec�1 (109 mV dec�1 for Co(OH)2), indicating
a favorable OER kinetics due to Mo doping. The catalytic properties
can be enhanced when the electronic structure of the catalyst is
modified by metal doping [27,28,57]. In the case of the Mo-Co
(OH)2 HNT catalyst, the electron transferring from Co to Mo makes
more positive charge on Co(OH)2 and therefore boosts the adsorp-
tion of OH� in the OER process [58], resulting in the improved cat-
alytic performance for electrocatalytic water splitting.
Electrochemically active surface area (ECSA) is also a critical factor
for OER catalysts and the electrochemical double-layer capacitance
(Cdl) can be measured by cyclic voltammetry in a non-faradaic
region (Fig. S9). Specifically, Mo-Co(OH)2 HNTs demonstrate a
great Cdl of 16.8 mF cm�2, which is higher than that of Co(OH)2
NTs (11.3 mF cm�2). The mass activity of the as-prepared catalysts



Fig. 3. (a–c) TEM images and (d) HRTEM image of Mo-Co(OH)2 HNTs, the inset in (d) shows corresponding SAED pattern. (e) STEM image of a single Mo-Co(OH)2 HNT with
elemental mapping images of (f) Co, (g) Mo and (h) O.

Fig. 4. (a) XRD pattern of Mo-Co(OH)2 HNTs and Co(OH)2 NTs samples, and (b), (c) the corresponding XRD patterns in the range from 30 to 40� and 55 to 65�.
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can be obtained by the current density divided by the catalyst
loading [59–61]. As shown in Table S2, the Mo-Co(OH)2 HNTs deli-
ver much higher mass activity than Co(OH)2 NTs. The turnover fre-
quency (TOF) is also calculated to demonstrate the catalytic
activity [62–66], and the TOF of Mo-Co(OH)2 HNTs is nearly 3
times that of Co(OH)2 NTs (Table S3). Moreover, the catalytic per-
formance of Mo-Co(OH)2 HNTs for OER is superior to those
reported catalysts (as shown in Table S4).
EIS measurements were also conducted to understand the
charge-transfer kinetics in the as-prepared catalysts. The Nyquist
impendence curves of Mo-Co(OH)2 HNTs and Co(OH)2 NTs for
OER well match an equivalent electronic circuit (insert of
Fig. S10a) in which Rct is charge-transfer resistance, Rs represents
uncompensated solution resistance and the constant phase ele-
ment (CPE) is defined as CPE-T and CPE-P. Mo-Co(OH)2 HNTs dis-
play smaller Rct (4.63 X cm2) than Co(OH)2 NTs (9.01 X cm2)



Fig. 5. XPS spectra of the as-prepared Mo-Co(OH)2 HNTs samples. Survey spectrum (a) and the high-resolution XPS spectra of (b) Co 2p, (c) Mo 3d and (d) O 1s.

Fig. 6. LSV curves of the Mo-Co(OH)2 HNTs, Co(OH)2 and MoO3 for OER (a) and for HER (d) test obtained in 1 M KOH solution with a scan rate of 2 mV s�1 at room
temperature. The corresponding Tafel plots for OER (b) and for HER (e). The chronoamperometry curves for OER (c) and HER (f), respectively.
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(Fig. S10b). The EIS results suggest that Mo-Co(OH)2 HNTs elec-
trode exhibits a higher rate of charge-transfer between the elec-
trolyte and the catalyst, which confirms the advantageous
function of the porous hierarchical tubular structure and the Mo
doping. The long-term durability is another critical criterion to
evaluate an electrocatalyst activity. The stability test of the Mo-
Co(OH)2 HNTs for OER was performed with a chronoamperometry
measurement (Fig. 6c) and the stable current density can be main-
tained over 20 h. Furthermore, the SEM images of the Mo-Co(OH)2
HNTs after the OER tests exhibit the same nanosheet-crossed
structure (Fig. S11a and b), displaying the excellent structural sta-
bility. These results indicate excellent activity and high stability of
the Mo-Co(OH)2 HNTs towards the OER.

The HER performance of the as-prepared Mo-Co(OH)2 HNTs has
also been investigated in a 1.0 M KOH electrolyte. The Mo-Co(OH)2
HNTs exhibit high electrocatalytic performance with an overpoten-



Fig. 7. (a) LSV curves of the Mo-Co(OH)2 HNTs, Co(OH)2 for overall water splitting. (b) The chronoamperometry curve of the Mo-Co(OH)2 HNTs for overall water splitting at a
constant potential of 1.62 V. The inset in (b) shows a photo of the overall water splitting test.
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tial of 125 mV at the current density of 10 mA cm�2 (Fig. 6d), while
the overpotentials required for Co(OH)2 and MoO3 are 169 mV and
208 mV, respectively, which indicates the superior HER activity of
Mo-Co(OH)2 HNTs to Co(OH)2 NTs. In fact, the catalytic activity of
Mo-Co(OH)2 HNTs is comparable to most of the reported catalysts
(Table S5). The HER performance of Mo-Co(OH)2 HNTs is further
demonstrated by the smaller Tafel slope of 65 mV dec�1 (Fig. 4e),
in contrast to 226 mV dec�1 for Co(OH)2. Typically, there are two
mechanisms related to HER process in alkaline condition via a Vol-
mer–Tafel process or Volmer–Heyrovsky process. The different
processes of Volmer reaction, Heyrovsky reaction and Tafel reac-
tion can be determined by the Tafel slopes of 120, 40 and 30 mV
dec�1, respectively. This result suggests that the HER process in
Mo-Co(OH)2 HNTs proceeds via the Volmer–Heyrovsky mecha-
nism and the Heyrovsky reaction is rate determining [67,68]. Fur-
thermore, the Mo-Co(OH)2 HNTs show a much smaller Rct
(1.27 X cm2) than Co(OH)2 NTs (8.26 X cm2), indicating a fast
charge transfer rate, which might also contribute to the enhanced
HER performance of Mo-Co(OH)2 HNTs (Fig. S10c and d). In addi-
tion, long-term stability of the Mo-Co(OH)2 HNTs for HER is also
measured by the technique of chronoamperometry. As displayed
in Fig. 6f, the current density remains 93.5% of the initial current
over 20 h, indicating a stable HER activity. In addition, the SEM
images of the Mo-Co(OH)2 HNTs after the HER tests also reveal
the high structural stability of the samples (Fig. S11c and d). Addi-
tionally, the as-prepared h-Mo-Co(OH)2 polyhedrons display the
poor activity with the overpotentials of 346 mV and 211 mV for
OER and HER (Fig. S12a and b), which further indicates the struc-
tural advantages of Mo-Co(OH)2 HNTs toward electrochemical
water splitting.

Inspired by the remarkable electrocatalytic performance of the
Mo-Co(OH)2 HNTs toward both OER and HER, overall water split-
ting is expected by using the Mo-Co(OH)2 HNTs electrode as both
the anode and the cathode. The overall water splitting measure-
ment is carried out in 1.0 M KOH and the LSV curves of two-
electrode cell acquired with a scan rate of 2 mV s�1 are shown in
Fig. 7a. Obviously, the Mo-Co(OH)2 HNT electrode demonstrates
high overall water splitting performance, exhibiting a low voltage
of 1.62 V to achieve the current density of 10 mA cm�2, while
the Co(OH)2 NTs without Mo doping exhibits poor overall water
splitting activity with a cell voltage of 1.67 V. In addition, the evo-
lution of H2 and O2 can be clearly seen (inset in Fig. 7b), respec-
tively. The long-term durability for overall water splitting is
further examined with a chronoamperometry measurement. As
shown in Fig. 7b, the current density of the Mo-Co(OH)2 HNTs elec-
trode in the two-electrode cell maintains stable over 20 h. All the
results confirm that the outstanding performance of the Mo-Co
(OH)2 HNTs toward overall water splitting with a low cell voltage
and long-term durability.
4. Conclusions

In summary, we present a MOF-based sacrificial template strat-
egy to synthesize Mo-Co(OH)2 HNTs composed of cross-linked por-
ous nanosheets. The MoO3@Co-MOF core-shell structure is first
obtained via the growth of Co-MOF on the surface of MoO3 NRs
at room temperature, and subsequent reaction with a NaMoO4

solution leads to the formation of Mo-Co(OH)2 HNTs. The as-
prepared Mo-Co(OH)2 HNTs demonstrate excellent activities
toward both OER and HER, exhibiting overpotentials of 218 mV
and 125 mV to drive the current density of 10 mA cm�2, respec-
tively, and a cell voltage of only 1.62 V to achieve overall water
splitting. Compared with previous investigations to synthesize
hybrid electrocatalysts [27,28,45], this work provides a new insight
into constructing porous tubular structure and non-noble metal-
doped hydroxides through one-step method without extra ammo-
nia solution. Additionally, benefiting from the hollow and porous
hierarchical tubular structures as well as the more highly oxidative
Co3+ species with electronic structures modified by Mo doping, the
catalytic performance of the as-prepared Mo-Co(OH)2 HNTs for
OER and HER is superior to those reported hydroxide-based elec-
trocatalysts (see Tables S4 and S5). Therefore, the presented
MOF-based sacrificial template strategy is demonstrated to
develop high-performance nanostructured metal-doped hydrox-
ides as multi-functional electrocatalyst for energy-related
applications.
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