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We report a convergent, modular materials design strategy, which gives access to multifunctional metal
oxide/carbon composites for high-performance electrocatalysis and electrochemical energy storage.
The materials design uses the thermal conversion of a metal organic framework (ZIF-67) functionalized
with molecular vanadium oxide clusters ([V;1002g]®7) to give a nanostructured composite where redox-
active crystalline Co—V-oxide nanoparticles (~5 nm) are firmly embedded in a high surface-area N-
doped graphitic carbon matrix. The composite shows high activity, efficiency and stability for the
electrocatalytic oxygen evolution reaction in alkaline conditions. In addition, proof of concept studies
show fast and reversible Li storage behavior. Based on this new materials design principle, the divergent
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1. Introduction

Redox-active metal oxide/carbon composites play an essential
role in future energy conversion and storage technologies such
as batteries and water electrolysis."* On one hand, the devel-
opment of cost-efficient oxygen evolution reaction (OER) elec-
trocatalysts based on earth-abundant transition metal oxides is
still a major challenge in materials chemistry. This is due to the
significant obstacles associated with effective OER catalysts
including the need for low overpotentials, long operational
times and chemical stability under highly oxidative and corro-
sive conditions.**®

On the other hand, both stationary and mobile batteries
urgently need economically viable electrode materials, which
combine high energy density and cycling stability with fast (dis-)
charging capability. To-date, many commercial lithium-ion
battery (LIBs) electrode materials suffer from relatively slow
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converging materials design approach.

Li" ion diffusion. The number of charges stored per formula
unit also need to be increased to reach the maximum theoret-
ical energy densities.””®

These different technologies share several common mate-
rials requirements such as redox-active sites, efficient interfa-
cial charge-transport and high stability under chemically
demanding conditions. Despite these common requirements,
current energy materials design uses a divergent approach
where materials are either developed for battery electrodes or
for electrocatalysis."® Here, we propose a converging approach
could potentially open new avenues for efficient and innovative
materials design. By understanding the fundamental require-
ments of batteries and electrocatalysts, a joint materials design
approach can be possibly leading to technologically relevant
platform composites, which can subsequently be optimized for
use in battery technologies as well as electrocatalysis.

One of the most promising approaches to this end is
a modular bottom-up materials design where redox-active
molecular metal oxide precursors (so-called polyoxometalates,
POMs)" are incorporated into porous metal-organic frame-
works (MOFs)."” The beauty of this concept is the combination
of POMs offering vast structural, chemical and redox-
tunability,"*** with modular MOFs where ordered pores suitable
for POM-uptake are combined with the presence of carbon-rich
organic ligands as precursors for electrically conductive carbon
nanostructures. In the context of high gravimetric energy
density, reversible multi-electron storage and high redox-
activity,"” polyoxovanadates, i.e., highly redox-active vanadium
oxide clusters, are ideal prototypes.'® Polyoxovanadates offer
wide structural variability and chemical tunability,">"” so that
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an additional redox-active transition metals can be incorpo-
rated in the cluster shell to modulate the electrochemical and
electrocatalytic performance.'*? However, to the best of our
knowledge, no POM-based systems have been reported which
showed general activity in electrocatalysis as well as electro-
chemical energy storage. Over recent years, several strategies
have been developed to directly incorporate POMs into MOF
matrices, leading to hybrid host-guest composites.>*” In their
native state, the performance of these composites is often
hampered by low electrical conductivity, limited stability and
poor catalytic performance. Pioneering studies to address these
challenges have used the thermal conversion of the POM@MOF
precursor into nanostructured solid-state compounds. In one
striking example, Lou et al. have synthesized transition metal
carbides (MoC,) by pyrolysis of [PM01,040]°” @NENU-5 POM-
MOF composites. The materials exhibit remarkable electro-
catalytic hydrogen evolution performance combined with high
stability in acidic and basic aqueous solutions.?® In the field of
LIB battery materials, Qiu et al. have simultaneously inserted
[PM01,040>" and [PW,040]° into NENU-5. Pyrolysis of the
material gave mixed Mo-W-Cu oxide/porous carbon compos-
ites which showed superb stability as LIBs anodes.*

2. Results and discussion

Here, for the first time, we report how one principal materials
design approach gives access to a highly redox-active metal
oxide/carbon composite, which shows activity for the electro-
chemical OER as well as electrochemical energy storage in LIB.
The promising performance in both fields is demonstrated. In
addition, we identify current limitations and propose future
approaches for optimized materials design and OER/LIB
performance. A simple two-step process starting from molec-
ular vanadium oxide clusters embedded in a zeolitic imidazo-
late framework-67 (ZIF-67)* is used to access hierarchically
structured composites where crystalline Co-V-oxide nano-
particles (~5 nm diameter) are embedded in a layered nitrogen-
doped porous carbon matrix. When used as OER electrocatalyst,
the composite shows excellent performance featuring low
overpotential and small Tafel slopes. As test LIB anode, the
composite combines high rate performance with long cycling
stability. This new class of materials therefore paves the way for
developing multifunctional composites based on one family of
molecular precursors.

2.1. Synthesis and characterization

As shown in Scheme 1, the multifunctional composite is easily
accessed by a scalable two-step fabrication process. Here, we
used decavanadate anions [HzV;9055]>~ (={Vi0}) as molecular
vanadium oxide precursor.** As MOF model, we employed ZIF-
67 which is based on Co®" ions linked by 2-methylimidazole
ligands into a 3d porous framework. The {V;}@ZIF-67
composite was obtained by reaction of {V;,}, Co(NO;), x 6H,O
and 2-methylimidazole in methanol at room temperature
(treaction = 12 h). The solid samples were recovered by centri-
fugation, washed, dried and pyrolyzed in a tube furnace (480 °C;
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heating rate: 10 °C min'; N, atmosphere; ¢ = 4 h), giving the
final composite, hereafter referred to as CovO/C. FT-IR, CHN
elemental analysis and thermogravimetric analysis (TGA) were
used to determine composition and purity of the products (see
ESI, Fig. S1, S2 and Table S17).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to characterize the
nanostructure of {V;o}@ZIF-67 and CoVO/C. SEM analysis
shows that {V,0}@ZIF-67 is obtained as distorted polyhedron
(Fig. 1b) with similar morphology as the non-modified ZIF-67
rhombic dodecahedra (Fig. 1a). The distortion could be asso-
ciated with the embedding of the {V,o} (diameter ~ 0.9 nm)
within the ZIF-67 pore (~1.1 nm pore diameter)."> In addition,
the composite features smaller particle size (diameter ~ 100
nm) compared to the pure parent compound (diameter ~ 200
nm).

Thermogravimetric analyses (TGA) indicated 480 °C as
a suitable pyrolysis temperature, since a thermally stable phase
was obtained (Fig. S2 and S37). After pyrolysis of {V,,}@ZIF-67
at 480 °C, electron microscopy shows that a hierarchically
porous composite is obtained (Fig. 1c—f and S3d, ef). The
surface of the individual CoVO/C composite particles is rough
and porous, possibly due to the formation of gaseous products
during pyrolysis of the organic ZIF-67 components (Fig. 1c and
d). In the CoVO/C composite, we observe homogeneously
distributed metal oxide particles embedded in the carbon
matrix (Fig. 1g and h). Further, powder X-ray diffraction (pXRD)
shows the presence of the two crystalline Co-V-oxide phases
Co3V,05 (JCPDS card no. 16-0675) and CoV;0g (JCPDS card no.
22-0598, Fig. S41).

Aberration-corrected high resolution TEM (AC-HR-TEM)
indicates the presence of crystalline Co-V-oxide particles
(diameter ~ 5 nm) embedded in a layered carbon matrix with
layer spacing of ca. 0.34 nm. The corresponding lattice fringes
are assigned to the (002) plane of graphitic carbon, see Fig. 1g
and h.** The embedded cobalt vanadates (Fig. 1g, h and S3et),
possess well-defined crystallinity, several interlayer distances
could be assigned to the corresponding Miller-planes observed
by pXRD which are further identified by (AC-HR) TEM and
PXRD, see Fig. 1g, h and S4.1*

X-ray photoelectron spectroscopy (XPS) of CoVO/C confirms
the presence of Co, V, O and C and gives a Co-V-oxide content
of ~57 wt% and C/N content of ~43% (Table S2t). As shown in
Fig. S5,T the deconvoluted C 1s spectrum indicates the presence
of O=C-0, C-O/C-N, and C=C/C-C/C-H species. The N 1s
deconvoluted spectrum shows signals for pyrrolic and pyridinic
nitrogen atoms, thereby indicating the nitrogen-doping of the
carbonaceous matrix. The deconvoluted O 1s spectrum gives
signals for metal oxide and C-O species. The vanadium spectral
region shows three peaks assigned to V¥ 2p;, (525.2 €V), V'V 2py,
2 (523.8 €V), V¥ 2p5), (517.7 eV) and V" 2p;), (516.2 €V).3*3° The
deconvoluted Co 2p spectrum features four peaks, which
correspond to Co™ 2py,, (797.5 eV), Co™ 2py, (796.0 €V), Co”
2pss2 (782.0 V), and Co™ 2p;, (780.5 €V),* which is in line
with the presence of Co;V,0g and CoV;0g observed by pXRD.

As the accessible specific surface area is highly relevant for
most electrochemical applications, nitrogen sorption (BET) was
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Scheme 1 Illustration of the two-step fabrication process of the CoVO/C composite.

used to examine the CoVO/C composite. The study shows that
the composite features a high specific surface area (Sggr = 931
m® g~"). In contrast, when non-modified ZIF-67 is pyrolyzed
under identical conditions, significantly lower porosity (Sger =
128 m”> g ') is observed, highlighting that the incorporated
{V1o} modifies the pore formation process*>*® (Fig. S61t).

2.2. Oxygen evolution catalysis

Based on the known oxidative reactivity of Co-oxides, we
examined the activity of CovO/C drop-casted on glassy carbon

electrodes for OER in a three-electrode setup using 1 M aqueous
KOH as electrolyte (Experimental details see ESI}).** Linear
sweep voltammetry (LSV, see Fig. 2a) indicates that CovO/C
shows high OER activity with an overpotential of 350 mV (at 10
mA cm™?) and a Tafel slope of 75 mV dec ™" (Fig. 2b). In contrast,
the pyrolyzed pure ZIF-67 reference shows significantly higher
overpotentials (520 mV at 10 mA cm ™~ ?) and Tafel slope (131 mV
dec™). When compared with recent related OER electro-
catalysts, we note that CoVO/C shows highly competitive
performance (Table S47).*>*

/;arbon layers

5 nm
]

Fig.1 SEM images of (a) non-modified ZIF-67 and (b) {V10}@ZIF-67; SEM (c, d) and TEM (g, f) images of CoVO/C pyrolyzed at 480 °C; (g, h) (AC-
HR) TEM images of as-prepared CoVO/C. The interlayer distances of 0.20 nm and 0.25 nm are assigned to the (400), (311) lattice planes of
Co3V,0g. The interlayer distances of 0.26 nm and 0.23 nm are assigned to the (303) and (114) lattice planes of CoV3Og (see Fig. S47).
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Fig. 2 (a) LSV polarization curves and (b) Tafel plots of CoVO/C, and
the pyrolyzed ZIF-67 reference in 1.0 M aqueous KOH for the OER. (c)
Polarization curves of CoVO/C before and after 1000 CV cycles. Inset:
chronoamperometric data (E = 1.58 V) for CoVO/C over 10 h; (d)
observed vs. calculated oxygen evolution showing the high faradaic
OER efficiency (~100%) of CoVO/C.

The long-term stability of the CoVO/C electrode was exam-
ined by performing 1000 CV cycles between 0 and 1 V and no
fading of the electrochemical response was observed. LSV
analyses before and after the cycling (Fig. 2¢) showed virtually
identical traces so that no deterioration of the OER performance
was observed. The long-term stability of the catalyst was tested
by chronoamperometry at a potential of 1.58 V for 10 h. The
study showed no drop of current density over this period and
suggests high long-term stability under harsh chemical condi-
tions (Fig. 2c, inset). The faradaic efficiency of the CovO/C OER

2400
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catalyst was quantified by determining the molar amount of
oxygen evolved (using an oxygen sensitive fluorescence probe)
while performing a bulk electrolysis at E = 1.58 V in deoxy-
genated 1 M aqueous KOH under a positive argon pressure
(Fig. 2d). When comparing the observed O, amount with the
theoretically calculated amount, we observe a faradaic efficiency
of ~100%, highlighting the efficient OER performance of the
composite.**** Future development of this materials class needs
to explore the performance under industrial conditions at high
current densities (>0.5 A cm™?) to understand performance
limitations under these harsh conditions.

2.3. Lithium ion battery electrode

Next, we examined the performance of CovVO/C composite as
lithium-ion battery anode in coin-type half cells (using Li metal
as counter electrode). The working electrodes were composed of
80 wt% CoVO/C powder as active material, 10 wt% SuperC65 as
conductive carbon and 10 wt% polyvinylidene fluoride as
binder. Fig. S7t shows cyclic voltammetry (CV) profiles of the
first six cycles, and multiple cathodic and anodic peaks can be
observed in the first cycles, indicating multi-step electro-
chemical processes of the CoVO/C-based electrode. Impor-
tantly, apart from the initial scan, the subsequent cycles remain
virtually identical, suggesting the stability of the electrode active
material.*

Fig. 3a shows the long-term cycling performance of the
CoVO/C electrode at a current density of 200 mA g~ * over 100
cycles. A low initial coulombic efficiency (~46%) is observed,
which we associate with structural changes within the highly
porous materials and possible contributions by irreversible
lithiation processes.” However, upon longer cycling, the
coulombic efficiency is >98% after cycle 50. Similarly, the 2™ to
7™ cycle show slight fading of the specific capacity; however,

a) R e C) © 2000 = e e S S L L. 100
5 20004 &~ (O ﬁ i ° ° e .
£ 1600 %8 £ 16004 ( i 80 2
£ % 3 212001 60 3
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Fig. 3 Electrochemical performance of CoVO/C LIB anodes: (a) cycling performance at a current density of 200 mA g~%; (b) corresponding
discharge—charge profiles for selected cycles (cycle 10, 20,...100) at 200 mA g~%; (c) rate performance at current densities from 0.5to 20 Ag™;
(d) long-term cycling performance at high current densities (10 and 20 A g™%).
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gradual increase of the specific capacity is then observed until
the 40™ cycle where it reaches a plateau. After ~100 cycles, the
electrode delivers a stable reversible specific capacity of
~920 mA h g ', accompanied by coulombic efficiencies
>99%.*** The high cycling stability of the electrode is
confirmed by the corresponding voltage profiles (Fig. 3b) which
remain virtually identical after cycle 60. Post-cycling ex situ SEM
and TEM analyses of CoVO/C collected after 100 cycles (see
Fig. S8t), show that the original porous structure has been
covered by a uniform SEI layer (see Fig. S8at). Also, the voids
initially observed in the pristine material (see Fig. 1f) have
disappeared (see Fig. S8b7), most likely due to the volumetric
changes occurring during repeated (de)lithiation. This would be
in line with the changes in specific capacity and coulombic
efficiency described above.*

Further, we explored the rate capability of the CovVO/C elec-
trode at current densities from 0.5 to 20 A g~ * (Fig. 3c and S97).
The electrodes showed excellent stability at all C-rates tested
and gave specific capacities between 574 mAh g ' (at 0.5A¢g™ ")
and 215 mA h g~" (at 20 A g~ '). We note that upon cycling, the
specific capacity of the electrode increases, see Fig. 3c. This
indicates that structural changes within the electrode under
operation could offer a facile approach to optimize electro-
chemical performance.

We further examined the electrode stability at high current
densities of 10 and 20 A g~ for 1000 cycles. Here, we observed
remarkable cycling performance with final specific capacities of
510mAhg ' (at10 Ag ") and 285 mAh g ' (at 20 A g ') after
cycle 1000 (see Fig. 3d). Note that similar cobalt vanadium
oxides have recently been studied as active materials in LIBs.
For example, Lou et al. have synthesized Co0;0,@C03V,04
hollow nanocomposites, which exhibit a high reversible
capacity of ca. 600 mA h g~ ' after 500 cycles at 1 A g~ *.5° For
further comparison see Fig. S11 and Table S3.}

3. Conclusion

In conclusion, we report a convergent materials design
approach to multi-functional electroactive metal oxide/carbon
composites based on 3d transition metal-based molecular
precursors. The integration of redox-active vanadium oxide
clusters in a porous metal-organic framework and subsequent
thermal conversion gives a hierarchically nanostructured Co-V-
oxide/porous carbon composite with remarkable performance
as oxygen evolution reaction electrocatalyst and potential
lithium ion battery anode. The electrocatalytic oxygen evolution
reaction performance under technologically relevant conditions
in alkaline water electrolysis shows remarkable long-term
stability and outstanding faradaic efficiency without loss of
catalytic reactivity. The battery performance shows promising
cycling stability, high specific capacity and high rate capability
at charge/discharge rates up to 20 A g~ '. In future, this new
design approach can in principle be transferred to a multitude
of (mixed) metal oxide/carbon composites, so that a new class of
multifunctional materials for electrochemical energy applica-
tions could become accessible. Work towards this end is
currently underway.
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4. Experimental section
4.1. Synthesis of TBA;[H3V,(0,s] cluster (=TBA;{V,,})

TBA;3[H3V400,5] was synthesized based on ref. 51 aqueous HCl
(25.0 mL, 3 mol L") was added drop by drop to an aqueous
solution of NazVO, (5.00 g, 35.0 mL) under stirring. The orange
solution was slowly added in an aqueous solution of (n-
C,H,),NBr (= TBABT, 20 g, 30 mL), resulting in the precipitation
of a large amount of yellow-orange solid. The yellow precipitate
was collected by suction filtration, washed successively with
20 mL of H,0, 20 mL of ethanol, and 50 mL of ether, and finally
dried for 3 h under vacuum to give 3.5 g of yellow-orange solid.
The crude material was purified by recrystallization from
CH;CN using diethyl ether diffusion. The yellow-orange crystals
were collected by suction filtration, washed with ether, and
dried overnight under vacuum to give 1.0 g (22% based on V) of
yellow-orange solid.

4.2. Synthesis of ZIF-67

The synthesis of ZIF-67 was based on ref. 52 a methanolic
solution (80 mL) of CoCl, x 2H,0 (519 mg, 3.1 mmol) and 2-
methylimidazole (C4H¢N,) (2.63 g, 32.0 mmol) were mixed
under stirring. The mixture was stirred at room temperature for
12 h. The bright purple powder formed (ZIF-67) was collected by
centrifugation, washed several times with methanol, and dried
at 80 °C.

4.3. Synthesis of {V;,}@ZIF-67 composites

40 mL methanolic solution of CoCl, x 2H,O (519 mg, 3.1
mmol) and TBA3[H3V;¢0,] (25 mg, 0.015 mmol) was prepared
under stirring and added to 40 mL of methanolic solution of 2-
methylimidazole (C,H¢N,) (2.63 g, 32.0 mmol), followed by
stirring. After 10 h of stirring, a dark purple powder of {V;o}
@ZIF-67 was collected by centrifugation, washed several times
with methanol, and dried at 80 °C.

4.4. Synthesis of CovO/C nanocomposites

{V1o}@ZIF-67 powder was transferred into a tube furnace in
a porcelain boat and pyrolyzed at 480 °C under N, atmosphere
for 4 h (heating ramp: 10 °C min ).

4.5. Control experiment

Pristine ZIF-67 powder and {V;o}@ZIF-67 powder were trans-
ferred into a tube furnace in two separate porcelain boats and
pyrolyzed at 280 °C under N, atmosphere for 4 h (heating ramp:
10 °C min~"). (TEM images of both products can be seen in
Fig. S3a and bt) a portion of {V;o}@ZIF-67 powder was trans-
ferred into a tube furnace in a porcelain boat and pyrolyzed at
400 °C under N, atmosphere for 4 h (heating ramp:
10 °C min"). (TEM image of the product can be seen in
Fig. S3ct).

4.6. Electrocatalytic oxygen evolution

Electrochemical measurements were performed in a standard
three electrode system controlled by an electrochemical

This journal is © The Royal Society of Chemistry 2019
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workstation (CHI730, CH Instruments) with a glassy carbon
rotating disk electrode (RDE) as the working electrode, satu-
rated Ag/AgCl as the reference electrode, and a Pt mesh as
counter electrode. All electrodes were equilibrated in O,-satu-
rated aqueous KOH solution (1 M) for 30 min prior to use. The
working electrodes were prepared by dispersing the respective
composites (3 mg) in EtOH (1 mL) by sonication (30 min). Then
12.6 pL of the catalyst ink was loaded onto a GC rotating disk
electrode (RDE) of 4 mm diameter (the loading of catalyst was
0.3 mg cm ™ ?). After drying, the electrode was coated with a thin
Nafion film by dropping 1.0 pL 0.5 wt% Nafion solution
(solvent: isopropanol) onto its surface. The potential of the
reference electrode was converted to RHE according to the
Nernst equation (Eryg = Eag/agcl + Egg/Agcl +0.059 pH, pH (based
on activity) = 13.8). Prior to electrochemical analysis, the cata-
lyst was pre-conditioned by 100 cyclic voltammetry scans (0-1 V,
scan rate = 100 mV s ). Electrode polarization curves were
obtained by linear sweep voltammetry at a scan rate of 5 mv s~ .
All polarization curves were corrected for IR losses unless noted
otherwise. Chronoamperometry was performed at 1.58 V (vs.
RHE) in an O,-saturated aqueous KOH solution (1 M). Oxygen
evolution measurements were carried out using a CH Instru-
ments CHI730 potentiostat using CovVO/C on carbon fibre paper
(size: 1 x 4 cm®) as working electrode, a Pt mesh counter elec-
trode and an Ag/AgCl reference electrode. To prepare the
working electrode, 0.3 mg catalyst was dispersed in 2 mL EtOH
followed by sonication for 30 min. The catalyst ink (150 uL) was
drop-coated onto carbon fibre paper (1 x 1 cm” loaded area)
and allowed to air-dry. After drying, the electrode was coated
with a thin Nafion film by dropping 10 pL 0.5 wt% Nafion
solution onto its surface. Experiments were carried out in an
argon-filled glove bag in de-gassed aqueous 1.0 M KOH solu-
tion. Oxygen evolution was followed using a Pyro Science Fire-
Sting optical oxygen sensor. The charge flow and oxygen
evolution were recorded, and theoretical and experimental
molar amounts of oxygen evolution were calculated as follows:

no, (theoretical) = %

3 14% P VCE: - Veecro e
no,(experimental) = RT = (Ve RT(I )

n= no, (experimental) + C(?olu.Oz) V(c]cctmlylc) % 100%
no, (theoretical)

4.7. LIB characterization

The electrochemical performance of CovVO/C was measured
using stainless steel 2032 coin cells with lithium metal (Rock-
wood Lithium, battery grade) as counter electrode. The working
electrodes (WE) were composed of 80 wt% CoVO/C powder as
active material, 10 wt% SuperCé65 (TIMCAL) as conductive
carbon and 10 wt% polyvinylidene fluoride (PVdF) as binder.
For the WE preparation, PVdF powder was dissolved in

This journal is © The Royal Society of Chemistry 2019
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N-methylpyrrolidinone (NMP, Sigma-Aldrich) to get a 10 wt%
solution. Then, the CoVO/C powder and SuperCé65 were added
and the suspension was stirred overnight. The resulting
homogeneous black slurry was spread onto copper foil
(SCHLENK, 99.9%) using doctor blading with a wet film thick-
ness of 120 pm. As-obtained electrodes were dried at 60 °C
overnight, subsequently punched into 12 mm diameter and
vacuum-dried for 24 h at 120 °C. The mass loading of the active
materials was 0.9-1.2 mg cm 2. The WE and lithium metal
(counter electrode) were separated by a sheet of glass fiber (GF/
D, Whatman) as separator. The electrolyte (UBE) was 1 mol L™
LiPFs in ethylene carbonate/diethyl carbonate (EC/DEC,
1:1 v/v) solution with 1 vol% vinylene carbonate (VC). 2-Elec-
trode 2032-type coin cells were assembled in a glove box
(MBraun UNIlab; O, and H,O content < 0.1 ppm). All electro-
chemical measurements were performed at 20 + 2 °C. The
galvanostatic (dis-)charge experiments were performed using
a Maccor 3000 battery tester, with the voltage range of 0.01-
3.0 V. Cyclic voltammetry (CV) was conducted using a VMP3
potentiostat (Bio-Logic Science Instruments) in the same
potential range, i.e., 0.01-3.0 V.
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