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ng single-crystal nanowire-based
bifunctional electrodes for efficient oxygen and
hydrogen evolution in a mild alkaline electrolyte†

Ge Li, a Xiaolei Wang, *ab Min Ho Seo, c Sahar Hemmati,a Aiping Yua

and Zhongwei Chen *a

Rational design of bifunctional electrodes that efficiently pair oxygen evolution reaction (OER) and hydrogen

evolution reaction (HER) in a single system is critical for electrocatalytic pure oxygen and hydrogen generation

and overall water splitting. Herein, we report a novel biomimetic architectural design and development of 3D

flexible electrodeswith high electrocatalytic activity and durability in amild alkaline system. Benefiting from the

ultralong single-crystal Co-doped ZnO nanowires densely and in situ grown on highly conductive carbon

fabric, the novel material and unique composite electrode architecture favor the direct electrochemical

water splitting process over the conventionally fabricated electrodes by providing abundant active sites,

efficient electron transfer pathways, and sufficient gas exchange channels. A low overpotential of 360 and

275 mV is required to reach a current density of 10 mA cm�2 for OER and HER, respectively. When these

thick electrodes are used as electrocatalysts for both anode and cathode in an overall water electrolyzer,

a low cell voltage of 1.90 V and 2.06 V is required to reach a current density of 4.0 and 10.0 mA cm�2,

respectively, with an extremely long durability. Such a single-cell prototype exhibiting superior performance

to noble metal-based precious catalyst counterparts holds great promise in future practical applications for

pure hydrogen generation.
Introduction

Direct electrochemical water splitting for sustainable produc-
tion of high-purity hydrogen and oxygen has been regarded to
be crucial to enable efficient energy storage and carbon dioxide-
free energy utilization technologies including fuel cells and
rechargeable metal–air batteries.1–4 Theoretically, a voltage of
1.23 V is required for electrochemical water splitting, while
a much higher value (>1.9 V) is oen applied for the practical
electrolysis process in highly concentrated electrolytes, since
both hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) are thermodynamically uphill and kinetically
sluggish.5,6 Electrocatalysts are oen applied to overcome large
overpotentials and realize less energy-intensive processes. So
far, platinum (Pt) and iridium oxide (IrO2) have been widely
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accepted as the most active electrocatalysts for HER in acidic
electrolytes and OER in basic electrolytes, respectively. The
corresponding electrolyzer exhibits a low voltage of �1.5 V to
achieve the typical high current of 10 mA cm�1 during the water
splitting.7,8 Unfortunately, the widespread use of these precious
metal-based catalysts is still hindered by their scarcity and
electrochemical instability.9–12

As alternatives, high-performance HER and OER catalysts
using earth-abundant elements hold great promise to efficiently
catalyze water electrolysis and effectively reduce the cost. For
example, cobalt phosphate,13 perovskite oxides,14,15 transition
metal oxides16 and hydroxides17 have been widely reported for
OER, while nickel-molybdenum alloy,18,19 Co–C–N complex,20,21

transition metal dichalcogenides22,23 and phosphides24 have been
extensively studied for HER. Although these catalysts exhibit
comparable or even superior catalytic activity to precious metal-
based catalysts, their catalytic activities have to be realized in
the same highly concentrated electrolyte. More importantly, it is
extremely difficult and complex to directly integrate two half-
reactions in a single system due to the mismatch of electrolytes
with different pH values, where these catalysts could remain
stable and most active.7,25,26 In this context, the development of
novel multi-functional electrocatalysts with high activity and
excellent stability that efficiently pair HER/OER processes, espe-
cially in a mild environment, where the electrolyte carbonation
caused by the reaction of CO2 with highly concentrated alkaline
J. Mater. Chem. A, 2017, 5, 10895–10901 | 10895
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electrolytes and severe corrosion of the practical devices due to
the high pH value can be effectively alleviated is still challenging
but is in high demand.

Despite the active and durable electrocatalysts, the perfor-
mance of a HER/OER bifunctional system is also strongly
determined by the efficient assembly of electrodes.27 During the
conventional electrode fabrication, it is unavoidable to use
signicant fractions of inactive additives such as polymeric
binders and conductive supports. These inactive additives not
only increase the complexity and cost but also signicantly
sacrice the electrode performance.28,29 Although excellent
electrocatalytic performance is oen achieved using some novel
materials for thin-layer electrodes, especially during single-
electrode testing, a dramatic decay is usually unavoidable
within thick electrodes for practical applications. Such
a phenomenon mainly results from the increase of interfacial
resistance, insufficient mass transfer, and loss of catalytic
activity due to the weakly bound active materials and supports.30

By comparison, a robust and porous three-dimensional (3D)
structured electrode with a densely loaded catalyst ensures fast
access to active sites, excellent catalyst-electrode contact and
sufficient gas exchange channels, enabling high performance
electrodes with high electrocatalytic activity and durability.31,32

Natural green plants have evolved with unique patterns of
growth for enhanced transport phenomenon and photosynthesis
reaction (Scheme 1A).33 Inspired by their morphologies and
structures, we demonstrate a novel architecture design for the
development of bifunctional electrodes with a biomimetic
structure at the microscopic level and with freestanding and
exible functionalities at the macroscopic level. Such 3D elec-
trodes are densely loaded with ultralong single-crystal Co-doped
ZnO nanowires in situ grown on highly conductive and exible
carbon fabric substrates (Co–ZnO@CF). Transition metal oxides
have been widely reported with relatively strong electrocatalytic
activity for the OER process, but limited activity for the HER
Scheme 1 (A) Hierarchical 3D structure and growth pattern of green
bristlegrass in nature. (B) A schematic illustration of the biomimetic
design and hydrothermal synthesis of a self-supported, flexible
composite electrode with a 3D hierarchically porous architecture.

10896 | J. Mater. Chem. A, 2017, 5, 10895–10901
process. The signicance of this work lies in that we discover the
possibility of utilizing transition metal oxides as bifunctional
electrochemical catalysts, and that we purposely combine the
novel transition metal oxide-based electrode materials and the
efficient electrode architecture design. As illustrated in Scheme
1B, our unique electrode architecture design possesses several
features34–36 favoring the direct electrochemical water-splitting
process over conventionally fabricated electrodes: (i) the ultra-
long one-dimensional (1D) Co-doped ZnO (Co–ZnO) nanowires
with a single-crystal nature provide more active sites preferably
exposed and facilitate the charge transport leading to exceptional
electrocatalytic activity for bothHER andOER processes in amild
alkaline system; (ii) the intimate contact between highly active
nanowires and the highly conductive carbon fabric substrate
ensures efficient electron transfer, while the porous structure
that stemmed from the ultralong nanowires with low dimension
and the 3D woven architecture of the carbon fabric provides
abundant active sites for electrochemical reactions and sufficient
gas exchange channels; (iii) the chemically stable substrate and
robust electrode architecture signicantly enhance the electrode
durability. In addition, in contrast to traditional electrode
structures, the 3D porous architecture enables highmass loading
of active materials without performance decay. These thick
electrodes are used as electrocatalysts for both anode and
cathode in an overall water electrolyzer; a current density of 1.2
mA cm�2 at 1.7 V and 10 mA cm�2 at 2.0 V, as well as long-term
durability (over 30 h) can be achieved, holding great promise for
practical applications.
Results and discussion
Synthesis and morphology of the Co–ZnO@CF composite
electrodes

The composite electrodes were prepared in a hydrothermal
system with carbon fabric as the substrate (Fig. 1A). The
nanowires were hydrothermally grown on the substrate, and no
post-annealing process was needed aer this facile one-pot
synthesis. Aer the hydrothermal in situ growth, the woven
Fig. 1 (A) A schematic illustration of the hydrothermal synthesis of the
self-supported, flexible composite electrode with the 3D hierarchically
porous architecture. (B and C) Low-magnification SEM image of the
3D electrode. (D) High-magnification SEM image of ultralong nano-
wires in situ grown on carbon fibers. (E) TEM image of the nanowires.
(F) Digital photos of the composite electrode in the relaxed, twisted
and bent states.

This journal is © The Royal Society of Chemistry 2017
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structure of the carbon fabric (Fig. S1†) is fully maintained,
while the texture architecture is well established, which is
revealed by the representative scanning electron microscopy
(SEM) image (Fig. 1B). It can be found that one-dimensional
(1D) nanowires are formed, which evenly and tightly cover the
carbon bers from the carbon fabric. Obviously, such a pattern
of growth endows the electrode with a preferred 3D hierarchi-
cally porous composite structure (Fig. 1C) favoring electrolyte
diffusion and gas exchange. Some nanowire clusters can also be
observed, which are mainly attributed to the high nanowire
loading density.37

The high-magnication SEM image in Fig. 1D reveals that
these nanowires possess relatively uniform diameters with
a length of at least tens of microns, exhibiting their ultralong
nature. In addition, some of the curly parts of these nanowires
indicate their lithe nature. The representative transmission elec-
tron microscopy (TEM) image further depicts that these NWs
possess uniform diameters of approximately 50 nm (Fig. 1E), with
a large aspect ratio and smooth surface along the entire nano-
wires, implying a highly single crystal nature. Obviously, such an
architecture of composite electrodes is expected to well accom-
modate any spatial and structural changes and to enable a robust
electrode, while the high active-surface area and binder-free
interface between the 1D ultralong NWs and highly conductive
carbon bers further benet fast ion and electron transfer.38 The
photographic images of a piece of the composite electrode (Fig. 1F)
show that the composite electrode can be either bent or twisted, or
even readily rolled up periodically, exhibiting excellent exibility
and making it possible for further exible device applications.

Structure and composition of the ultralong single-crystal Co–
ZnO nanowires

In order to analyze the constitution of the active material,
energy-dispersive X-ray spectroscopy (EDS) was performed on
Fig. 2 (A) HAADF-STEM image of a randomly selected area from a single
andO. (B) TEM image of two nanowires next to each other. (C andD) HRT
spectrum of elements (E) Zn, (F) Co and (G) O in the composite electrod

This journal is © The Royal Society of Chemistry 2017
the 1D ultralong nanowires. Fig. 2A shows the representative
EDS elemental mapping on a fraction of a single nanowire. It
can be found that only the elements Zn, Co, and O are present
and homogeneously distributed along the 1D structure,
implying the formation of Co–Zn–O based nanowires. The
signal intensity of the element Co is signicantly weaker than
that of the element Zn, indicating its low content ratio in the
Co–Zn–O nanowires. It is worthmentioning that it is impossible
to realize in situ growth of pure ZnO on carbon fabric under the
identical reaction conditions without using the cobalt
precursor, while pure Co3O4 is able to grow on carbon fabric,
however, only with a shorter length, forming a rod-like
morphology (Fig. S2†). The X-ray diffraction (XRD) pattern
(Fig. S3†) shows a clear hexagonal crystal structure, which can
be indexed to zincite ZnO (JCPDS no. 01-1136). No obvious
peaks can be observed for ZnCo2O4 and other Co and Zn based
oxide impurities, suggesting the formation of ZnO nanowires
with Co doping. Compared to the ZnCo2O4 nanowires with
a polycrystalline structure, such a homogeneous elemental
distribution as well as the XRD pattern implies the formation of
single crystals. Fig. 2B shows two nanowires leaning on each
other and exhibiting a sleek surface along the entire 1D direc-
tion, which is completely different from the reported ZnCo2O4

nanowires with a polycrystalline structure.39–41 The single-
crystal nature can be further conrmed by high-resolution
TEM (HRTEM) images. As shown in Fig. 2C and D, both the
bulk and edge areas (boxed in Fig. 2B) of a single nanowire
possess clear and continuous fringes with a lattice spacing of
�0.52 nm, which can be indexed to the (001) plane in the typical
hexagonal structure of ZnO and is consistent with XRD analysis.
The slight lattice spacing difference can be attributed to the
slight doping concentration of the element Co. The highly
single crystalline nature can be further revealed by the FFT
diffraction pattern (Fig. S4†), with an unusual (001) plane
nanowire and the corresponding elemental mapping spectra on Zn, Co,
EM images of the nanowire within the boxed areas. Core-level scan XPS
e. (H) Elemental ID and quantification from XPS analysis.

J. Mater. Chem. A, 2017, 5, 10895–10901 | 10897
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preferentially exposed, which is consistent with the HRTEM
observation and may lead to a signicantly enhanced catalytic
activity.

The composition and oxidation states are further analyzed
by X-ray photoelectron spectroscopy (XPS), which also conrms
the existence of the elements Zn, Co and O, and a signicant
amount of the element C from the carbon fabric substrate
(Fig. S5†). As shown in Fig. 2E, the core-level XPS spectra of the
element Zn can be interpreted from three major peaks at
1024.65, 1023.08 and 1021.31 eV, which can be attributed to Zn
atoms with different congurations and non-stoichiometry.42,43

Fig. 2F displays the high-resolved spectrum of Co 2p exhibiting
two strong peaks for Co 2p1/2 and 2p3/2, with an energy gap of
�15.7 eV, conrming the presence of the element Co. Both Co
2p1/2 and 2p3/2 spectra can be deconvoluted into three Gaussian
peaks. The major peak located at 782.55 eV can be ascribed to
Co(II) oxidation states, indicating that the doped Co exists in
ZnO nanowires mainly in the Co2+ state.44,45 In addition, two
minor peaks at a higher energy region suggest the presence of
a small amount of Co in a higher oxidation state, which is not
avoidable during the synthesis.46 Fig. 2G shows the O 1s spec-
trum with a single peak, which can be tted into four Gaussian
peaks. The major peak located at 532.90 eV is attributed to the
O2� ion in the Zn–O bonding of ZnO. The two shoulder peaks at
the higher energy region correspond to the chemisorbed oxygen
related to the Co doping.47 Interestingly, the shoulder peak
located at the lower energy region indicates the lower oxidation
state of the element O, implying the existence of a small amount
of Co3+, which also agrees with the Co spectrum analysis. The
composition of Co–ZnO nanowires is also analyzed by XPS
results. As shown in Fig. 2H, the element Co possesses
a remarkably high atomic percentage of �0.72% in the whole
composite electrode, corresponding to an atomic percentage of
�13% in the single crystal nanowires.48,49
Electrocatalytic performance of the Co–ZnO@CF composite
electrodes

The self-supported Co–ZnO@CF composite electrode possesses
novel material morphology and a unique 3D architecture for
improved catalytic performance. The electrocatalytic perfor-
mance was rst evaluated by the steady-state linear sweep vol-
tammetry (LSV) technique in a three-electrode system, where
Fig. 3 (A) OER polarization curves of the Co–ZnO/CF, Co3O4/CF
composite electrodes compared with the Ir/C benchmark, at a scan
rate of 10 mV s�1 in 0.1 M KOH electrolyte. (B) OER Tafel plots of the
Co–ZnO/CF, Co3O4/CF composite electrodes compared with the Ir/C
benchmark.

10898 | J. Mater. Chem. A, 2017, 5, 10895–10901
the self-supported composite electrode served directly as the
working electrode, a Pt wire as the counter electrode and
a saturated calomel electrode (SCE) as the reference electrode. It
is worth emphasizing that a N2-saturated mild alkaline solution
(0.1 M KOH aqueous solution) was used as the electrolyte rather
than a strong basic solution (1.0 M KOH) which oen gives
much better performance but is not practically compatible.7

Fig. 3A compares the polarization curves of the Co–ZnO@CF,
Co3O4/CF composite electrodes and carbon fabric with that of
the Ir/C benchmark for the OER process at a scan rate of 10 mV
s�1. Obviously, the pure carbon fabric doesn't show any current
toward OER, as expected, while the commercial Ir/C catalyst
exhibits a low onset potential and requires an overpotential of
386 mV to reach a current density of 20 mA cm�2, indicating its
excellent catalytic activity. By comparison, the Co3O4/CF
composite electrode exhibits a lower onset potential and an
overpotential of 423 mV to reach a current density of 10 mA
cm�2, and 475 mV to reach 20 mA cm�2. Remarkably, the Co–
ZnO/CF composite electrode shows a comparable onset poten-
tial to that of the Co3O4/CF composite electrode and Ir/C cata-
lyst but only requires a small overpotential of 360 mV to reach
a current density of 10 mA cm�2 and 380 mV to reach 20 mA
cm�2. Moreover, it exhibits a steep current increase and only
needs an extremely low overpotential of 414 mV to achieve
a high current of 50 mA cm�2, which signicantly outperforms
the commercial Ir/C catalyst. Such outstanding OER electro-
catalytic performance is also revealed by the Tafel analysis,
where the slope of the Co–ZnO/CF composite electrode is
comparable to that of the commercial Ir/C catalyst (68 mV dec�1

vs. 67 mV dec�1) (Fig. 3B). To the best of our knowledge, the
OER performance of Co–ZnO/CF is among the best of all re-
ported literature studies. It is not only superior to that of some
non-precious metal OER catalysts in mild alkaline media, but
also surprisingly better than some materials tested in a strong
(1.0 M KOH) electrolyte, which is summarized in Table S1.†

Interestingly, in addition to the OER electrocatalytic activity,
the composite electrodes also show relatively strong HER elec-
trocatalytic performance, which is not commonly observed for
most transition metal oxides. As shown in Fig. 4A, the pure
carbon fabric doesn't show appreciable current toward the HER
process, implying its ignorable electrocatalytic activity. The Pt/C
catalyst requires an overpotential of 16 mV to reach a current
Fig. 4 (A) HER polarization curves of the Co–ZnO/CF, Co3O4/CF
composite electrodes compared with the Pt/C benchmark, at a scan
rate of 10 mV s�1 in 0.1 M KOH electrolyte. (B) HER Tafel plots of the
Co–ZnO/CF, Co3O4/CF composite electrodes compared with the Pt/
C benchmark.

This journal is © The Royal Society of Chemistry 2017
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density of 10 mA cm�2. By comparison, the polarization curves
indicate that overpotentials of 275 and 302 mV are required to
reach 10mA cm�2, and 328 and 398 to reach a current density of
25 mA cm�2, for Co–ZnO/CF and Co3O4/CF composite elec-
trodes, respectively. Although the Pt/C commercial catalyst
shows a considerably lower onset potential, the Co–ZnO/CF
composite electrode exhibits a drastically increased current
density, indicating fast electrode kinetics stemming from both
fast redox reactions and efficient mass transport. Remarkably,
a high current density of 50 mA cm�2 for Co–ZnO/CF can be
achieved at a small overpotential of only 360mV. Similarly, such
a good HER electrocatalytic activity of the Co–ZnO/CF
composite electrode is comparable or superior to that of many
HER catalysts in either mild or strong alkaline media, which is
summarized in Table S2.† We believe that the reasonable HER
electrocatalytic activity is mainly due to the Co doping which
shows mixed valence states revealed by the XPS analysis in
Fig. 2F. Note that there are only few literature studies reporting
the HER catalytic activities of transition metal oxides, which
limit the use of transition metal oxides as bifunctional elec-
trocatalysts for overall water splitting.

Such outstanding bifunctional electrocatalytic performance
of the Co–ZnO/CF composite electrode is clearly observed when
compared with various electrodes. Noticeably, the self-
supported 3D Co–ZnO/CF composite electrode can afford
a current density of 20 mA cm�2 at a much lower overpotential
than that of the commercial Ir/C catalyst, and a current density
of 50 mA cm�2 at a reasonable overpotential to that of the
commercial Pt/C catalyst (Fig. 5A). We believe that the
outstanding activity is mainly attributed to the novel
morphology of the electrocatalytic materials and the unique 3D
porous electrode architecture, where the mass transfer and
electrical conductivity are both greatly enhanced. Note that the
Pt/C (28 wt%) and Ir/C (20 wt%) catalysts were loaded onto
Fig. 5 (A) Specific activities of different electrodes in 0.1 M KOH
electrolyte at 50 mA cm�2 for HER and 20 mA cm�2 for OER. (B) HER
and OER polarization curves of the Co–ZnO/CF composite electrode
before and after 3000 cycles. Corresponding (C) low- and (D) high-
magnification SEM images of the surface of the Co–ZnO/CF
composite electrode after 3000 cycles.

This journal is © The Royal Society of Chemistry 2017
a glassy carbon (GC) electrode and the carbon fabric (CF) with
the same loading mass of 1.0 mg cm�2 (Fig. S6†), respectively,
for comparison. Both Pt/C and Ir/C catalysts loading on GC
showed much better catalytic activities than on CF. In practical
applications, higher loading mass and larger pieces of elec-
trodes are oen required. In this context, our composite elec-
trode with the unique 3D porous architecture enabling high
mass loading without sacricing the catalytic performance is
highly favorable. In addition to the superior electrocatalytic
activity, the 3D porous Co–ZnO/CF composite electrode also
exhibits signicantly improved durability. As shown in Fig. 5B,
aer 3000 cycles of cyclic voltammetry (CV) at a high scan rate of
50 mV s�1, a small overpotential shi of 45 mV for HER and
19 mV for OER is obtained to reach a current density of 20 mA
cm�2 under LSV. Such durability is further revealed by the SEM
image of the composite electrode where both the ultralong 1D
nanowire morphology and the biomimetic composite architec-
ture are well maintained (Fig. 5C and D).

Building on the promising electrochemical activity and dura-
bility of the Co–ZnO/CF composite electrode, we further explored
the feasibility of such a 3D self-supported composite electrode to
be used in a full device for future practical applications. As shown
in Fig. 6A, a single-cell of a direct water-splitting system was
assembled using the Co–ZnO/CF composite electrodes as both the
cathode and anode. This electrolyzer requires a slightly higher
initial cell voltage of 2.02 V to reach the current of 10 mA cm�2 for
water-splitting in a mild alkaline electrolyte (Fig. 6B). However, it
shows an interesting increase of the electrochemical catalytic
activity and exceptional stability. As shown in Fig. 6C, it can be
found that the catalysis process starts at 2.00 V to deliver a current
Fig. 6 (A) A schematic illustration of the two-electrode water splitting
system using 3D Co–ZnO/CF composite electrodes as both the anode
and cathode. (B) Co–ZnO/CF composites as HER and OER bifunc-
tional electrodes in 0.1 M KOH aqueous solution electrolyte for overall
water splitting. (C) Comparison of the long-term stability of two-
electrode full water splitting systems. An activation process occurs
when an electrolysis current density of 4 mA cm�2 is applied followed
by a stable overall voltage for long-term continuous operation. As
a sharp contrast, a full water splitting system composing Ir/C and Pt/C
based catalytic electrodes shows dramatic performance decay.

J. Mater. Chem. A, 2017, 5, 10895–10901 | 10899
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density of 4.0 mA cm�2, while the cell voltage quickly drops to
around 1.9 V and maintains for 25 hours. Even when the current
density increases to 10.0 mA cm�2, the cell voltage still remains
stable at a low voltage of 2.06 V. By comparison, although
a counterpart system consisting of the Pt/C catalyst anode and Ir/
C catalyst cathode shows a low starting cell voltage of 1.69 V
during a direct electrochemical water splitting, the electrocatalytic
performance dramatically decreases aer less than 1 h with the
overall voltage increasing to �2.3 V at a current density of 4.0 mA
cm�2. This phenomenon further implies outstanding electro-
catalytic activity and impressive durability of the Co–ZnO/CF
composite electrodes.

Conclusions

In summary, we have successfully designed and fabricated a 3D
porous and exible electrode based on ultralong Co-doped ZnO
single crystal nanowires in situ grown on a highly conductive
carbon fabric substrate for efficient direct water splitting. Such an
electrode shows excellent electrochemical catalytic activity and
durability owing to the novel materials and unique electrode
architecture, where both mass transport as well as electron
conductivity and redox reactions are signicantly enhanced. The
single-cell prototype using such electrodes exhibits superior
performance including low overall voltage and extremely long
durability to noblemetal-based catalyst counterparts, which holds
great promise in future practical applications.

Experimental
Fabrication of composite electrodes

Carbon fabric (CF) was cleaned using water, acetone and
ethanol with ultrasonication for 30 min each to remove impu-
rities before it was surface-functionalized using concentrated
HNO3 (65 wt%) at room temperature overnight and washed with
distilled & deionized (DDI) water and dried under vacuum at
80 �C for 8 hours. In a typical fabrication of the Co–ZnO/CF
composite electrode, Zn(NO3)2$6H2O (0.446 g), Co(NO3)2-
$6H2O (1.0914 g), urea (0.225 g), and NH4F (0.056 g) were
completely dissolved in DDI water (30 mL) under stirring until
the solution turned transparent. One piece of CF (5.0 cm � 5.0
cm) was placed into the solution under ultrasonication for
30 min. Then the solution and CF were transferred together into
a 50mL Teon-lined autoclave, and kept at 180 �C for 10 h. Aer
the hydrothermal process, the obtained CF was rinsed with DDI
water and ethanol repeatedly, and dried in vacuum at 80 �C
overnight. The Co3O4/CF composite electrode was fabricated
using the same procedure without adding Co(NO3)2$6H2O.
Detailed experiments, material characterization and electro-
chemical measurements can be found in the ESI.†
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