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performance electrochemical energy storage†
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and Volker Presser*ab

Atomic layer deposition has proven to be a particularly attractive approach for decorating mesoporous

carbon substrates with redox active metal oxides for electrochemical energy storage. This study, for the

first time, capitalizes on the cyclic character of atomic layer deposition to obtain highly conformal and

atomically controlled decoration of carbon onions with alternating stacks of vanadia and titania. The

addition of 25 mass% TiO2 leads to expansion of the VO2 unit cell, thus greatly enhancing lithium

intercalation capacity and kinetics. Electrochemical characterization revealed an ultrahigh discharge

capacity of up to 382 mA h g�1 of the composite electrode (554 mA h g�1 per metal oxide) with an

impressive capacity retention of 82 mA h g�1 (120 mA h g�1 per metal oxide) at a high discharge rate of

20 A g�1 or 52C. Stability benchmarking showed stability over 3000 cycles when discharging to

a reduced potential of �1.8 V vs. carbon. These capacity values are among the highest reported for any

metal oxide system, while in addition, supercapacitor-like power performance and longevity are

achieved. At a device level, high specific energy and power of up to 110 W h kg�1 and 6 kW kg�1,

respectively, were achieved when employing the hybrid material as anode versus activated carbon cathode.
1. Introduction

Electrochemical energy storage devices are typically divided into
two categories: (1) supercapacitors, including electrical double-
layer capacitors (EDLCs), which store energy by fast and
reversible electrosorption of ions at the charged interface of
high surface area electrodes and the electrolyte1,2 and (2)
batteries that utilize redox reactions in the bulk of the elec-
trodes for energy storage. The non-faradaic charge storage
mechanism of EDLCs is characterized by a rapid response and
high achievable power ratings, yet they suffer from a relatively
low energy density, compared to state-of-the-art lithium ion
batteries.3 Typical electrode materials for EDLCs are carbons
with a high specic surface area (SSA), such as activated
carbon,4,5 carbide-derived carbon,6,7 carbon onions (onion-like
carbon, OLC),8,9 carbon nanotubes (CNTs),10,11 or carbon nano-
bers.12,13 The double-layer capacitance of these materials is
limited to about 0.1 Fm�2,14,15which is why the implementation
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of faradaic charge transfer into the supercapacitor system is
explored as a way to further increase their energy capacity.16 For
the latter, a common strategy is the creation of hybrid elec-
trodes by nanoscopically decorating carbon with redox-active
materials, such as metal oxides,17 or surface functional
groups.18,19 Various processing methods have been employed to
coat carbon surfaces with metal oxides, such as chemical vapor
deposition,20 atomic layer deposition (ALD),21,22 or wet-chemical
approaches.23 Especially ALD has been found to be a very
promising technique to fabricate nanoscopic lms on various
carbon surfaces because of the highly controllable lm thick-
ness at a sub-nanometer level, the conformity of the layers, and
the possibility of coating small nanopores that exhibit sizes
above 1–2 nm.22,24 By utilizing nanoscopic layers of redox-active
materials, faradaic reactions are localized near the electrode
surface, avoiding long diffusion paths of ions to reach reactive
sites, which results in a high power handling.25,26

In a hybrid electrode, the carbon substrate is required to
provide a sufficiently high SSA, good electrical conductivity, and
accessible pore volume.22 In a previous study, we have investi-
gated the inuence of the carbon porosity on the resulting elec-
trochemical performance of carbon/vanadia hybrid electrodes,
concluding that carbon materials which exhibit exclusively
external surface area, such as OLCs, yield benecial properties
compared to nanoporous carbons.22 OLCs are spherical carbon
nanoparticles that consist of several concentric shells of sp2
This journal is © The Royal Society of Chemistry 2017
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carbon and that are typically smaller than 10 nm, depending on
the synthesis method and precursor. They possess a SSA of up to
600m2 g�1,8 a high electrical conductivity of up to 4 S cm�1,27 and
form mainly interparticle and intercluster pores.28 Our study
clearly demonstrated that the interparticle pore space of OLCs
provides favorable conditions for a conformal and nanocrystal-
line vanadia lm growth via ALD.22

Depending on the observed charge–voltage-prole, redox
systems are categorized either as pseudocapacitors (“capacitor-
like”, exhibition of constant charge-vs.-voltage proles, e.g.,
MnO2,29–31 RuO2,32 MXene33), or as battery-like devices (showing
well-dened redox peaks; e.g., V2O5,34,35 polyaniline36).37 In partic-
ular, vanadia has gained considerable attention as both a cathode
material in lithium batteries38 and a redox-active component in
hybrid electrodes.21 It features the ability to intercalate Li+ ions,
whichmanifests in a battery-like response for crystalline V2O5 and
VO2,39 and exhibits pseudocapacitive behavior in amorphous and
nanocrystalline states.25 When discharging to 3.2 V vs. Li, crys-
talline V2O5 can reversibly facilitate 0.5 Li for each V by forming
d-LiV2O5, which yields a theoretical capacity of 147 mA h g�1.39

Higher degrees of lithiation are achieved by discharging up to 2.3
V vs. Li, yielding an irreversible phase transformation to g-LixV2O5

with theoretical capacities as high as 300 mA h g�1.39 Monoclinic
VO2(M) (rutile type) exhibits a performance of around 120 mA
h g�1,40 while higher capacities have been reported for metastable
VO2(B) phases due to the presence of V4O10-type double layers,
which share corners to form tunnel-like structures, enabling rapid
Li transport.39,41 Cycling of VO2(B) between 4 V and 1 V vs. Li leads
to the formation of LiVO2, corresponding to a theoretical capacity
of 320 mA h g�1.42 For nanostructured VO2(B) aerogels, initial
discharge capacities as high as 500 mA h g�1 have been reported,
yet a stable performance of 175 mA h g�1 over 20 cycles was only
achieved when operating within a smaller voltage window
between 4 V and 2.4 V vs. Li.43

Instead of using a single metal oxide, the addition of
a second phase may further enhance the electrochemical
properties of redox systems. In a study by Takahashi et al., the
addition of anatase TiO2 to the V2O5 structure led to a signi-
cant rise in capacity from 120 mA h g�1 to 180 mA h g�1,
compared to pure V2O5 nanorods.44 The authors ascribed the
effect to possible modications in the V2O5 lattice structure,
yielding a more open space for Li intercalation, yet analytical
evidence was not provided by the authors.44 Jampani et al. re-
ported a similar capacity increase resulting from Ti-doping of
the vanadia structure, which was correlated with an increase in
electrical conductivity, caused by incorporation of titanium at
vanadium lattice sites.20 Park et al. investigated the effect of
lattice strain on the electrochemical performance of rutile-type
VO2:Sb:SnO2 which was chosen as a substrate for VO2 deposi-
tion because of its appropriate lattice mismatch towards rutile
VO2. As a result, an in-plane expansion of the rutile type struc-
ture was achieved at the interface of the two materials, yielding
an enhanced capacity of 350 mA h g�1 per mass of VO2.45

In this study, we introduce a novel approach for creating
hybrid electrodes combining both high specic energy and high
power. Owing to the cyclic process characteristics of ALD that
allow for ultra-precise deposition of sub-nanometer layers,
This journal is © The Royal Society of Chemistry 2017
highly conformal and atomically controlled decoration of
carbon onions with alternating stacks of vanadia and titania
was obtained. Due to excellent control over multilayer growth
and composition, rst conclusive analytical evidence of the
origin of improved energy storage performance for the mixed
vanadia/titania system was obtained. The addition of about 25
mass% TiO2 leads to an expansion of the VO2 unit cell, greatly
enhancing lithium intercalation capacity and kinetics, as we
demonstrate in both half-cell and asymmetrical full-cell setups.
2. Materials and methods
2.1 Materials

To obtain OLCs, a detonation nanodiamond precursor (diam-
eter 4–6 nm, NaBond Technologies) was thermally annealed in
a water-cooled high temperature furnace (Thermal Technology
Inc.). The synthesis was carried out in an argon atmosphere at
1700 �C for 1 h, with a heating/cooling rate of 20 K min�1. From
the resulting OLC powder, 50 mm thick electrodes were prepared
by admixing 10 mass% of polytetrauoroethylene (aqueous
solution of 60 mass% of PTFE, Sigma Aldrich), a detailed
description is given elsewhere.46

Carbon onion electrodes were coated with an open-load
atomic layer deposition system (Oxford Instruments) that was
placed inside an argon lled glovebox (M. Braun Intertgas-Sys-
teme) in order to ensure dry loading of the samples. Vanadium(V)-
oxytriisopropoxide (VOTIP, SAFC Hitech) and tetrakis(dimethy-
lamido)titanium(IV) (TDMAT, SAFC Hitech) were employed as
metalorganic precursors for the deposition of vanadium oxide
and titanium oxide, respectively, and deionized water vapor
(Milli-Q, Merck) was chosen as reactant gas. The precursors were
delivered by an argon carrier gas, with dosage over a period of 20 s
during each reaction cycle, followed by purging of the reactor
with pure argon over a period of 10 s aer each precursor dosage
step. Aer each ALD cycle, the reactor was evacuated for 8 s.
During the ALD process, the reactor temperature was kept at
180 �C. In general, for each coating, 100 ALD cycles were applied.
For synthesis of multilayer coatings, alternating sequences of
vanadia and titania were deposited as indicated by the sample
nomenclature; for example, OLC/VTiO6:2 was fabricated by
repetitively alternating sequences of 6 and 2 ALD cycles of vana-
dia and titania, respectively, until 100 cycles were reached.

Thermal annealing of the coated samples was carried out in
a quartz tube furnace under an argon atmosphere at a ow rate of
100 sccm. During the annealing procedure, all samples were
heated at 5 �Cmin�1 to 500 �C, held for 0.5 h at that temperature,
and cooled down to room temperature at 40 �C min�1. Thereby,
the PTFE fully decomposes to volatile species, leaving a con-
nected, binder-free network of OLC/metal oxide hybrid electrodes.
2.2 Materials characterization

Transmission electron microscopy (TEM) was carried out using
a JEOL 2100F system operating at 200 kV. Sample preparation
was performed by dispersion and sonication of the powder
samples in isopropanol and deposition on a copper grid with
a lacey carbon lm (Gatan Inc.).
J. Mater. Chem. A, 2017, 5, 2792–2801 | 2793
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X-ray diffraction (XRD) experiments were conducted
employing a D8 Advance diffractometer (Bruker AXS) with
a copper X-ray source (CuKa, 40 kV, 40 mA), a nickel lter and
a LYNXEYE detector. All samples were placed on a sapphire
single crystal and measured in a range from 10 to 80� 2q with
a step width of 0.01� 2q and a step duration of 10 s. Calculation
of the lattice parameters was carried out using the EVA Diffrac
Suite soware.

Raman spectroscopy was performed with a Renishaw inVia
Raman Microscope using an Nd:YAG laser with an excitation
wavelength of 532 nm and a power of about 0.25 mW. A
50� objective and a grating with 2400 lines per mmwere used to
reach a spectral resolution of about 1.2 cm�1. The acquisition
time for each spectrum was 30 s with 10 accumulations.

The vanadium and titanium binding energies in different
coating compositions were determined by X-ray photo-electron
spectroscopy (XPS). The measurements were carried out on an
AXIS Ultra DLD electron spectrometer (Kratos Analytical). For
the excitation of the photoelectron spectra, monochromatic Al
Ka was used. The spectra were acquired by setting the instru-
ment to medium magnication (eld of view 2) lens mode and
by selecting the slot mode. Charge neutralization was imple-
mented by low energy electrons injected into the magnetic eld
of the lens from a lament located directly above the sample.
Three sets of measurements were performed. Survey scans and
individual photo-electron lines were acquired using the X-ray
source operating at 150 W power and 80 eV analyzer pass
energy. Additionally, high resolution measurements of the C 1s,
Ti 2p, and V 2p lines with the pass energy of 10 eV at the power
of 225 W were performed. Three spots at different positions on
each sample were analyzed and averaged. Data acquisition and
processing were carried out using CasaXPS (Casa Soware Ltd.).
Aer subtraction of Shirley background, the peaks were tted
using the Gaussian Lorentzian GL(30) peak shape. The binding
energy (BE) scale was corrected for charging using an electron
BE of 285.0 eV for the C–Caliph component in the C 1s spectra.

Thermogravimetric analysis (TGA) was carried out using
a TG 209 F1 Libra system (Netzsch). The samples were heated
from room temperature to 650 �C (TiO2 to 750 �C) at a heating
rate of 5 �C min�1 under a synthetic air atmosphere (80% N2,
20% O2). The change in mass during heating was used to
determine the metal oxide content of the sample. For samples
containing vanadia, the V4+/V5+ oxidation process and the
associated increase in mass occurring during the transition
from VO2 to V2O5 were considered.
2.3 Electrochemical benchmarking

The electrochemical performance was evaluated in a three-
electrode setup (half-cell), which has been described in detail
elsewhere,47 and in a two-electrode setup (full-cell). In half-cells,
ALD-coated carbon onion electrodes with masses varying
between 1.0 and 1.5 mg were employed as a working electrode,
whereas an about ve times oversized PTFE-bound activated
carbon (type YP80-F, Kuraray) was used as a counter electrode.
The potential was measured against an activated carbon
reference electrode (type YP50-F, Kuraray). In full-cell
2794 | J. Mater. Chem. A, 2017, 5, 2792–2801
measurements, OLC/VTiO6:2 electrodes with masses between
1.0 and 1.5 mg were used as the anode and PTFE-bound acti-
vated carbon (type YP80-F, 5 mass% PTFE) as the cathode with
amass ratio of 1 : 3.5 to achieve charge-balance. In addition, the
potential evolution at the cathode and anode was monitored
with a separate, PTFE-bound activated carbon reference elec-
trode (type YP50-F). Carbon-coated, 12 mm diameter aluminum
foils (Zo 2653, Exopack Technologies) and glass ber mats
(GF/D, Whatman) were employed as current collectors and
separators, respectively. Prior to electrolyte lling in an argon
lled glovebox (MBraun Labmaster 130, O2 and H2O < 1 ppm),
the cells were dried in a vacuum oven at 120 �C overnight. 1 M
LiClO4 (battery grade, Sigma Aldrich) in a 50 : 50 mixture of
ethylene carbonate and dimethyl carbonate (EC/DMC; battery
grade, BASF) was used as the electrolyte.

Electrochemical testing procedures were carried out using
a potentiostat/galvanostat (VSP300, Bio-Logic). For half-cells,
cyclic voltammetry (CV) was performed in a potential window
from +1.0 V to �2.0 V vs. carbon, at a scanning rate of 1 mV s�1.
Galvanostatic charge/discharge with potential limitation
(GCPL) was carried out by cycling between +1.0 V and �2.0 V vs.
carbon with specic currents ranging from 0.05 to 20 A g�1,
normalized to the total composite electrode mass. The specic
capacity Csp was calculated by integration of the discharge
current I over the discharge time t accounting for the lithiation
step from +1.0 V to �2.0 V vs. carbon, normalized to the full
composite electrode mass, m:

Csp ¼

ðt
t0

Idt

m
(1)

For investigation of the cycling stability, galvanostatic
discharge was carried out at 1 A g�1 in the potential window
from +1.0 V to �2.0 V and �1.8 V vs. carbon. In full-cells, CV
experiments ranged from 0 V up to 3.5 V cell voltage at a scan-
ning rate of 1 mV s�1. GCPL procedures were performed by
cycling to 3.2 V cell voltage at different rates between 0.05 A g�1

and 2.5 A g�1, normalized to the total mass of both electrodes.
The specic energy Esp was calculated by integration of the
voltage prole:

Esp ¼
I

ðt
t0

UðtÞdt
m

(2)

where I is the applied current, U(t) is the time-dependent cell
voltage and m is the total mass of the anode and cathode. The
specic power Psp was calculated by dividing Esp by the charge/
discharge time. The energy efficiency was derived from the ratio
of specic discharge and charge energy.
3. Results and discussion
3.1 Structure and composition

The morphology of the annealed hybrid materials was studied
by TEM. The synthesized OLCs are spherical, non-porous
nanoparticles with diameters of 5–7 nm, present as
This journal is © The Royal Society of Chemistry 2017
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agglomerates in the size-range of several 100 nm. Their pore
volume consists of interparticle voids in the agglomerate
network,28 which is where the metal oxide coating is mostly
located, as shown in Fig. 1A–E, and schematically illustrated in
Fig. 1F. Aer deposition of 100 ALD cycles onto the OLCs, most
of the pore volume throughout the agglomerates is homoge-
neously occupied by the metal oxide, with little remaining pore
space still visible in TEM images. These observations are
conrmed by gas sorption analysis, showing a decline in the
specic surface area from 352 m2 g�1 to 50 m2 g�1 (SSABET) and
in the total pore volume from 0.93 cm3 g�1 to 0.12 cm3 g�1 for
the OLC/VO2 hybrids (ESI, Fig. S1†). The deposited single and
bimetal oxides are mostly present in nanocrystalline form, with
visible crystal sizes ranging between 5 and 20 nm.

The chemical composition of the hybrid material, especially
regarding the metal oxide content, was analyzed by means of
thermogravimetric analysis (TGA) and energy dispersive X-ray
spectroscopy (EDX); the quantitative results are given in Table 1
and Fig. 2. Application of 100 ALD cycles resulted in a metal
oxide content between 66 and 72 mass%, as measured by TGA,
being in line with semi-quantitative EDX analysis, where
61–66% were observed.

To characterize the crystalline structure of the depositedmetal
oxides in the hybridmaterials, X-ray diffraction (XRD) was carried
out (Fig. 3A). In the sample OLC/VO2, vanadia is present in the
monoclinic VO2(M) structure in space group C2/m (JCPDS
65-7960), most concisely represented by the (001) and (200)
reections occurring at 14.4� 2q and 15.3� 2q, respectively. In
OLC/TiO2, tetragonal anatase TiO2 (JCPDS 78-2486) is formed,
as clearly indicated by the presence of the (101) reection
Fig. 1 (A–E) Transmission electron micrographs of all fabricated hybrid
distribution in the mesopore volume of OLC agglomerates.

This journal is © The Royal Society of Chemistry 2017
at 25.2� 2q. The threemultilayer systems, OLC/VTiO6:2, OLC/VTiO4:2,
and OLC/VTiO2:2, all exhibit diffraction patterns that strongly
resemble the monoclinic C2/m crystal lattice, similar to that of
VO2(M) vanadia, while no additional peaks are found that might
indicate the presence of an anatase-type crystalline phase, as
observed for OLC/TiO2. This leads to the conclusion that in
multilayer samples, the titania species is present in another
conguration. The diffraction peaks detected for multilayer
samples are found to be shied towards lower diffraction
angles, 2q, with respect to peaks arising from the pure VO2(M)
phase, as exemplied for the (110) reection in Fig. 3B. Hence,
the crystal structures of the newly formed multilayer phases are
isomorphs of the monoclinic vanadia system. This could be
explained by (1) the formation of a solid solution of vanadia and
titania, V1�xTixO2, or (2) by the occurrence of crystal lattice
strain in VO2(M), induced by epitaxially grown TiO2(B)-inter-
layers that also are isomorph to VO2(M) (JCPDS 74-1940, orange
line in Fig. 3B).48 The observation of one sharp peak suggests
the formation of a homogenous solid solution, since for two
separate, epitaxially grown phases, two peaks in close proximity
or a broad diffraction signal would be expected. The calculated
lattice parameters of the multilayer phases are shown in Table
2. The atomically controlled insertion of two titania layers
between arrays of six, four, or two vanadia layers via ALD led to
an enlargement of the VO2(M) unit cell in all three crystallo-
graphic directions, leading to an expansion of the cell volume
from 273 Å3 to 279 Å3, 280 Å3, and 281 Å3 for the samples
OLC/VTiO6:2, OLC/VTiO4:2, and OLC/VTiO2:2, respectively. The
expansion can be explained by the larger ionic radius of
electrodes; (F) schematic illustration of the homogenous metal oxide

J. Mater. Chem. A, 2017, 5, 2792–2801 | 2795
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Table 1 Chemical composition of the samples by EDX and metal oxide content based on EDX and TGA

Elemental composition (EDX) Metal oxide content

C, mass% V, mass% Ti, mass% O, mass% EDX (mass%) TGA (mass%)

OLC/VTiO6:2 35 � 4 25 � 3 18 � 3 22 � 5 65 � 11 69
OLC/VTiO4:2 34 � 5 23 � 2 19 � 2 24 � 3 66 � 7 67
OLC/VTiO2:2 38 � 5 17 � 2 20 � 2 25 � 4 62 � 8 72
OLC/VO2 39 � 3 43 � 7 — 18 � 5 61 � 12 67
OLC/TiO2 34 � 4 — 37 � 4 29 � 2 66 � 6 66

Fig. 2 Thermogravimetric analysis of all hybrid electrode samples. The
measurements were carried out in synthetic air with a flow rate of 20
ml min�1 up to a temperature of 650 �C at a heating rate of 5 �Cmin�1.
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titanium (r ¼ 0.60 Å) for Ti4+ in 6-fold coordination as opposed
to r ¼ 0.58 Å for V4+.49

Raman spectroscopy was performed to further analyze the
metal oxide structure (Fig. 3C). The ndings of the XRD exper-
iments for OLC/VO2 and OLC/TiO2 were conrmed: the
observed Raman signals are characteristic of monoclinic vana-
dia and tetragonal titania.50,51 The Raman spectra of the
multilayer samples are in stark contrast to the respective pure
phases. A distinct peak at 195 cm�1, which decreases in inten-
sity for increasing Ti-content, can be related to VO2(M).
Furthermore, the broad shoulder centered at 910 cm�1 that also
decreases with increasing Ti-content has been described for
mixtures of vanadia with both alumina and titania.52,53 The
signal is a result of polyvanadate chains bonded to the foreign
metal.53 The broad feature around 250 cm�1 that becomes
sharper for increasing Ti-content has also been described in the
literature. It was attributed to a disordered rutile structure54 and
second-order signals of octahedrally coordinated Ti in SrTiO3

compounds.51 Thus, the emergence of the fundamentally
changed Raman spectra for the multilayer systems is a further
strong indicator of the formation of a solid solution with
modied bond structures.

X-ray photoelectron spectroscopy (XPS) was performed on
OLC/VO2, OLC/TiO2, and OLC/VTiO6:2 samples to evaluate the
change in vanadium and titanium binding energy when
2796 | J. Mater. Chem. A, 2017, 5, 2792–2801
forming in a multilayer system. Survey spectra are given in
Fig. S2A;† high resolution measurements of V 2p and Ti 2p are
given in Fig. S2B† and 3D, respectively. The high resolution
spectra of V 2p and Ti 2p in the multilayer sample show
a reduced intensity, which is explained by the reduced content
of the respective materials. While the signals of V 2p are
located around roughly the same binding energy (517.7 �
0.2 eV) for OLC/VO2 and OLC/VTiO6:2, a signicant shi of the
Ti 2p peaks is observed when being present in the multilayer
system. The binding energy of titanium is reduced by
a magnitude of 1.2 eV (Ti 2p3/2 shis from 459.6 eV in anatase
OLC/TiO2 (ref. 55) to 458.4 eV in OLC/VTiO6:2), which matches
the value of previously reported titania doped vanadia pha-
ses.20 This is in agreement with the XRD and Raman results,
suggesting the formation of a solid solution of vanadia and
titania, with a change in the binding structure of titanium in
the hybrid samples.
3.2 Electrochemical performance

The electrochemical properties of the hybrid electrodes were
evaluated using cyclic voltammetry (CV) at a scanning rate of
1 mV s�1 (Fig. 4A and B). The OLCs used as substrates typically
exhibit capacitive charge storage via double-layer formation, as
has been well established in the literature.56–58 This behavior is
reected by a very small, rectangular shaped background in the
CVs, best visible for sample OLC/TiO2 in the range between 0 V
and +1.0 V vs. carbon. The main charge storage mechanism of
the hybrid electrodes, however, is lithium intercalation into the
redox-active metal oxide layers, which is synergistically
promoted by the conducting network provided by OLCs. In the
cathodic scan of sample OLC/VO2, a rst lithiation peak occurs
at �0.3 V vs. carbon, followed by a second, more pronounced
peak at �0.5 V vs. carbon (corresponding to 2.9 V and 2.7 V vs.
Li/Li+, respectively), indicating a two-step lithiation of the
material, in accordance with the literature,59 with a total inter-
calation of about 0.8–1.1 Li per VO2.40 The anodic scan also
exhibits two peaks, completing the delithiation around �0.1 V
vs. carbon. In contrast, OLC/TiO2 exhibits only one pair of
redox-peaks, with the lithiation process starting at �1.2 V and
ending at �1.6 V vs. carbon (i.e., +2.0 V to +1.6 V vs. Li/Li+),
which corresponds to the insertion of 0.4–0.5 Li per TiO2, as
reported in the literature.60,61 The delithiation during the anodic
scan is completed at �0.6 V vs. carbon. The larger voltage gap
between the reactions, compared to OLC/VO2, indicates slower
lithium intercalation kinetics in the OLC/TiO2 system.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) Survey of X-ray diffractograms of all fabricated hybrid electrodes, (B) detailed view of the (110) signal of OLC/VO2 and all multilayer
hybrid samples, including the (110) reflection position of TiO2(B), (C) Raman spectra of all hybrid samples, including ideal peak positions of VO2(M)
and anatase, and (D) high resolution X-ray photoelectron spectra of the Ti 2p signal for hybrid samples OLC/TiO2 and OLC/VTiO6:2.

Table 2 Structural parameters of metal oxide crystalline phases
calculated from XRD data, using EVA Diffrac Suite software

a (Å) b (Å) c (Å) b (�) Volume (Å3) Type

VTiO6:2 12.12 3.72 6.45 106.6 279.2 Monoclinic
VTiO4:2 12.13 3.72 6.46 105.9 280.8 Monoclinic
VTiO2:2 12.14 3.73 6.48 106.6 281.1 Monoclinic
VO2 12.06 3.69 6.42 107.0 273.0 Monoclinic
TiO2 3.79 3.79 9.51 90.0 136.7 Tetragonal
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The CV curves of the multilayer hybrid electrodes (Fig. 4B)
exhibit a greater number of redox peaks, as compared to
the single phase systems. In the cathodic scan of sample
OLC/VTiO6:2, lithiation can already be detected starting at
�0.2 V vs. carbon, going through at least three steps up to
�1.2 V vs. carbon. At �1.3 V vs. carbon, a further, separated
peak emerges, indicating a fourth step of lithium intercalation.
The anodic scan shows little shi for all corresponding peaks,
indicating fast lithium diffusion kinetics in OLC/VTiO6:2. With
an increased titania content in the samples OLC/VTiO4:2 and
OLC/VTiO2:2, two signicant observations are made in
comparison to OLC/VTiO6:2: (1) the area of the rst set of peaks
decreases, while the single, separated peak at a more negative
potential increases in size and (2) the voltage shi between
related cathodic and anodic peaks increases. This leads to the
conclusions that (1) the cathodic peaks between �0.2 V and
�1.2 V vs. carbon can be associated with a multistep reaction of
Li with the vanadia species in the solid solution, while the peak
This journal is © The Royal Society of Chemistry 2017
at the more negative potential originates from the reaction
between Li and the titania species. Also, (2) the intercalation
kinetics drop with increasing titania content in the solid solu-
tion, in accordance with the observations made in pristine
OLC/TiO2.

The capacity and power handling of the hybrid electrodes
were evaluated using galvanostatic cycling with potential limi-
tation (GCPL), shown in Fig. 4C. In the battery community, it is
customary to normalize performance metrics to the mass of the
redox-active material in the electrode. However, since both
metal oxide and OLCs contribute to the electrochemical
performance of the presented hybrid electrodes, it is appro-
priate to normalize to the entire electrode mass.62 For better
comparability with literature values, the data for the best per-
forming sample (OLC/VTiO6:2) will also be reported with respect
to the metal oxide content.

The OLC/VO2 electrode exhibited a maximum specic
discharge capacity of 198 mA h g�1, with a high capacity
retention of 51 mA h g�1 at an ultrahigh discharge rate of
20 A g�1 or 101C, while the OLC/TiO2 electrode performed
considerably worse with a maximum of 166 mA h g�1 and
a retention of 20 mA h g�1 at 20 A g�1 or 120C. The multilayer
hybrid electrodes exhibited a strongly improved maximum
specic capacity of above 330 mA h g�1, with OLC/VTiO6:2

reaching the highest value of 382 mA h g�1 (554 mA h g�1 per
metal oxide), thereby outperforming state-of-the-art metal oxide
hybrid systems (ESI, Table S1†). This is a consequence of
enhanced lithium intercalation capacity that can be related to
the larger unit cell volume of VTiO, compared to VO2(M) and
J. Mater. Chem. A, 2017, 5, 2792–2801 | 2797
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Fig. 4 (A) Cyclic voltammograms of single phase and (B) multilayer hybrid electrodes recorded at a scan rate of 1 mV s�1. (C) Discharge capacity
of all hybrid electrodes, derived from galvanostatic discharge from +1.0 V to �2.0 V vs. carbon at rates between 0.05 A g�1 and 20 A g�1. (D)
Voltage–capacity profiles for sample OLC/VTiO6:2 at rates between 0.05 A g�1 and 20 A g�1 (corresponding to 0.13C to 52C) and (E) coulombic
efficiency of all multilayer hybrid samples, derived from galvanostatic cycling at different rates. (F) Cycling stability test from galvanostatic cycling
between +1.0 V and �2.0 V (�1.8 V) vs. carbon at 1 A g�1.
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tetragonal TiO2. In addition, the number of possible lithiation
reactions is increased due to the presence of both vanadia and
titania species. The lithiation follows this reaction path, with x
dening the composition of the multilayer system and y the
number of lithium ions intercalated:

VxTi1�xO2 + yLi+ + ye� 4 LiyVxTi1�xO2 (3)

When evaluating the power handling ability of the multilayer
hybrid electrodes, the trend of decreased kinetic properties with
higher titania contents seen in the CVs is conrmed. The
samples OLC/VTiO4:2 and OLC/VTiO2:2 dramatically decline in
performance at high rates above 2.5 A g�1 (about 10C), while
OLC/VTiO6:2 exhibits an extraordinary power handling, with
a capacity retention of 82 mA h g�1 at 20 A g�1 or 52C (equiv-
alent to 120 mA h g�1 normalized to the metal oxide mass), even
reaching power values of novel hybrid supercapacitor materials
(60 mA h g�1 at 17 A g�1 or 100C).63
2798 | J. Mater. Chem. A, 2017, 5, 2792–2801
The electrochemical performance of OLC/VTiO6:2 is further
outlined by voltage–capacity proles at various cycling rates
(Fig. 4D). Two plateaus can be observed in the cathodic scan,
corresponding to lithiation reactions with the vanadia and
titania species of the material. When increasing the rate, the
second plateau associated with lithiation of titania becomes
smaller, thereby conrming that titania is the kinetically
limiting part. The charge efficiency of all samples is determined
to be well above 80% at very low rates of 0.05 A g�1, and reaches
100% at medium–high rates above 0.25 A g�1 (Fig. 4E). The
charge efficiency below 100% at low rates is explained by the
charge contribution of irreversible side reactions, which
commonly occur with high surface area materials offering
a high reaction interface between the electrode and electrolyte.
The high degrees of lithiation reached at low specic currents
are also in part not fully reversible at the same discharging rate,
leading to irreversibly intercalated Li, further contributing to
a charge efficiency below 100%.
This journal is © The Royal Society of Chemistry 2017
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The longevity of the hybrid electrodes was evaluated using
GCPL at a rate of 1 A g�1 (Fig. 4F). For discharging to �2.0 V vs.
carbon, aer 200 cycles, a decline in discharge capacity was
detected to 65% and 50% of the initial value for OLC/VO2 and
OLC/VTiO6:2, respectively. This is characteristic of vanadia-
containing electrodes that struggle with vanadium dissolution
at low voltages.39,43 Decreasing the voltage window was found as
a facile way to resolve this critical issue: by only discharging
to a voltage of �1.8 V vs. carbon (i.e., 1.4 V vs. Li/Li+), the
OLC/VTiO6:2 hybrid system showed a remarkably stable
performance over 3000 cycles. Aer an initial drop to 83% aer
200 cycles, stable cycling with minor capacity fading was
observed. Although the maximum specic capacity was slightly
Fig. 5 Electrochemical benchmarking of hybrid supercapacitor full
cells composed of OLC/VTiO6:2 (anode) and activated carbon
(cathode). (A) Cyclic voltammograms to different maximum cell volt-
ages between 3.0 V and 3.5 V. (B) Voltage profile of a galvanostatic
cycle to 3.2 V at a rate of 0.05 A g�1. The blue curves show the
potential evolution at the cathode and anode, monitored against
a carbon reference. (C) Ragone-plot displaying specific energy and
power, derived from galvanostatic cycling to 3.2 V at different rates.
Inset: energy efficiency and coulombic efficiency at different cycling
rates.

This journal is © The Royal Society of Chemistry 2017
reduced to 315 mA h g�1 (457 mA h g�1 per metal oxide),
reducing the maximum voltage it is proposed as an effective
strategy to signicantly enhance the longevity of VO2-containing
electrodes.

In order to demonstrate a device level application of the
hybrid electrodes, charge-balanced full-cells composed of
OLC/VTiO6:2 (anode) and activated carbon (cathode) were
investigated. The CVs of the full-cells show electrolyte stability
up to at least 3.2 V cell voltage (Fig. 5A). The CV shape clearly
demonstrates two smeared out peaks between about 0 V and
1.8 V, and 2.3 V to 3.2 V, respectively, which correspond to the
two regimes of lithium intercalation observed in the half-cell
setup. This is conrmed by the two plateau-like regions in the
voltage-prole (Fig. 5B). During galvanostatic cycling, the anode
potential was monitored by a carbon reference and kept well
above�1.8 V vs. carbon to stay within the stable potential range
determined in half-cell experiments (blue line, Fig. 5B). The
specic energy and power of full-cells are commonly displayed
in a Ragone plot (Fig. 5C). The specic energy reaches
a maximum value of 110 W h kg�1 for charging (76 W h kg�1 for
discharging) with a maximum specic power of 6 kW kg�1 for
charging (2.2 kW kg�1 for discharging). This outstanding device
level performance is among the highest reported in the litera-
ture for hybrid supercapacitor full-cells and underlines the
potential of the herein presented vanadia/titania multilayer
system.

4. Conclusions

Vanadia–titania/carbon onion hybrid electrodes were synthe-
sized by atomic layer deposition with different stacking orders
of the respective metal oxides. By employing this novel
approach and repetitively stacking atomically controlled vana-
dia and titania layers with high conformity, a solid solution with
an expanded vanadia unit cell was fabricated, leading to
a highly improved specic capacity of 382 mA h g�1 (554 mA
h g�1 normalized to metal oxide mass) in comparison to 198mA
h g�1 for pristine VO2. In synergy with the highly conductive
network of carbon onions, an impressive capacity retention of
82 mA h g�1 (120 mA h g�1 per metal oxide) when discharging at
a rate of 20 A g�1 or 52C was attained. By benchmarking for
cycling stability, discharging to a reduced potential of�1.8 V vs.
carbon was found as a solution to obtain longevity over
3000 cycles. Device level performance of up to 110 W h kg�1 in
asymmetrical full-cells underlines the future potential of the
presented vanadia/titania multilayer system.
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