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Abstract

Lithium oxygen batteries (LOBs) are a very promising upcoming technology which, however, still
suffers from low lifespan and dramatic capacities fading. Solid discharge products increase the
contact resistance and block the electrochemically active electrodes. The resulting high oxidative
potentials and formation of Li,CO; due to electrolyte and carbon electrode decomposition at the
positive electrode lead to irreversible deactivation of oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) sites. Here we demonstrate a facile strategy for the scalable
production of a new electrode structure constituted of vertically aligned carbon nanosheets and
metal hydroxide (M(OH),@CNS) hybrid arrays, integrating both favorable ORR and OER active
materials to construct bifunctional catalysts for LOBs. Excellent lithium—oxygen battery
properties with high specific capacity of 5403 mAh g* and 12123 mAh g ™" referenced to the
carbon and M(OH), weight, respectively, long cyclability, and low charge potentials are achieved
in the resulting M(OH),@CNS cathode architecture. The properties are explained by improved
0,/ion transport properties and spatially limited precipitation of Li,O, nanoparticles inside
interstitial cavities resulting in high reversibility. The strategy of creating ORR and OER
bifunctional catalysts in a single conductive hybrid component may pave the way to new cathode
architectures for metal air batteries.
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ABSTRACT:

Lithium oxygen batteries (LOBs) are a very promising upcoming technology which however still
suffers from low lifespan and dramatic capacities fading. Solid discharge products increase the
contact resistance and block the electrochemically active electrodes. The resulting high oxidative
potentials and formation of Li,COs3 due to electrolyte and carbon electrode decomposition at the
positive electrode lead to irreversible deactivation of oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) sites. Here we demonstrate a facile strategy for the scalable
production of a new electrode structure constituted of vertically aligned carbon nanosheets and
metal hydroxide (M(OH)x@CNS) hybrid arrays, integrating both favorable ORR and OER active
materials to construct a bifunctional catalysts for LOBs. Excellent lithium-oxygen battery
properties with high specific capacity of 5403 mAh g” and 12123 mAh g referenced to the
carbon and M(OH) weight, respectively, long cyclability and low charge potentials are achieved
in the resulting M(OH),@CNS cathode architecture. The properties are explained by improved
O/ion transport properties and spatially limited precipitation of Li,O, nanoparticles inside
interstitial cavities resulting in high reversibility. The strategy of creating ORR and OER
bifunctional catalysts in a single conductive hybrid component may pave the way to new cathode

architectures for metal air batteries.
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INTRODUCTION:

Lithium air batteries attract great attention owing to their much higher theoretical energy and
power densities compared to lithium ion batteries and a potential utilization as energy storage
devices in electric vehicles and other mobile operations.' However, currently the decomposition
of carbon cathode materials and organic electrolytes at high oxidative potentials associated with

the formation of Li,COs, results in lower capacity, poor reversibility and cyclability in lithium

3, 6-9

oxygen batteries (LOBs). In this regard, noble metals have been proven to be efficient

10-15

catalysts for LOBs with sufficient stability, however coming with high cost. Thus, great

efforts have been devoted to explore effective strategies to design alternative electrocatalysts for

16-21

LOBs with high activity and stability at low costs. Within these, a new generation of carbon

materials with well-defined structure and functionality are widely exploited and investigated as

. 11,6, 2124
cathode materials.” >

The electrocatalytic activity of carbons towards oxygen reduction
reaction (ORR) are mainly related to their chemical composition (e.g. nitrogen doping), but also
influenced by local order and electric conductivity, alongside their morphologies.'” % In this
regard, structured carbons hold great promise as electrode materials for high-performance energy
storage devices because they facilitate electrolyte immersion, Li'/O, diffusion, and the
accommodation of electrode volume swing. Conventional carbons typically serve as good ORR

catalysts for LOBs, but show less activity/stability for OER." * ' 17 2

Heteroatom doped
“noble” carbons are a promising class of materials in this regard.”® However, fabrication of
advanced carbon hybrid architectures coupled with both high ORR and OER activities in a single
catalyst material for LOB are another desirable option. Previous reports indicate that such hybrid
27-28

structures can show synergistically improved catalytic activity and chemical stability.

Rational design of such multifunctional hybrid architectures is however challenging. Both, active
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OER and ORR sites must be in proximity. As we need so-called three-phase boundaries for ORR
in fuel cells (catalyst-electrolyte-gas), an even more complicated “four-phase” boundary due to
the additional requirement of the presence of the OER active phase has to be designed. In case of
an insulating OER active phase it is additionally crucial that it is well-connected to the
conductive phase (e.g. the doped carbons), and that the conducting phase is continuous.
Synergistic effects are especially likely to occur on the nanoscale, where electronic changes e.g.
from hetero-junctions are relevant. Nanomaterials additionally have the advantage of enhanced
surface areas being reflected in large electrode/electrolyte interfaces, i.e. high electrochemically

active surface areas.

Direct growth of OER active low-conductance material, e.g. metal oxides/hydroxides on

2932 Vertically

conductive substrates is a way to overcome their intrinsic poor conductivity.
aligned two-dimensional (2D) carbon architectures manifest superior chemical stability and good
electric conductivity as well as the aforementioned merits of nanostructures.”>>® As a result,
excellent energy storage properties were obtained from vertically aligned 2D carbon nanosheets
in utilization as electrode materials for lithium ion batteries and supercapacitors.®>>® Such
mechanically and chemically robust substrates are interesting candidates for an ORR active
substrate as they are percolated, rigidly assembled electrodes with high conductivity, transport
porosity and high surface areas. On the other side, intense research has recently been conducted
to develop metal hydroxides or layered double hydroxides (LDHs) with controlled structures as

3741 In this respect, merging vertically aligned

highly efficient OER catalysts for water splitting.
ORR active carbon nanosheets arrays with metal hydroxides is a promising approach to optimize

the electrochemical performance for LOBs.
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Here, we report a facile strategy for scalable production of vertically aligned hybrid
architectures constructed of nitrogen doped carbon nanosheets and M(OH)x nanosheets or
nanoparticles. The resulting porous M(OH),@CNS hybrid nanostructures possess high
conductivity, high surface area translating to high electrolyte/electrode interfaces, connected
interstitial cavities allowing efficient ion/O, transportation, and strongly bound CNS and
M(OH)x nanoparticles. Furthermore, hydrogen bonding between the hydroxide and the Li,O,
discharge product may facilitate the peroxide crystallization vie discharge. As a consequence, the
resulting hybrid nanostructures lead to high capacity, good stability and low overpotentials as
they are directly utilized as additive-free electrodes for LOBs. To the best of our knowledge, this
is the first report on the vertically aligned M(OH)y@CNS hybrid arrays used for LOBs up to
now, which opens a new direction for the development of efficient cathode materials for oxygen

activation.
RESULTS AND DISCUSSION:

The synthesis of the vertically aligned and nitrogen doped carbon nanosheets (CNS) with metal
hydroxide (M(OH)x@CNS) hybrid arrays is done by a solution process and involves three steps
as shown in Figure 1 (for detail see Experimental Section). First, 3.0 g inorganic salt (ZnCl, and
KCI with mass ratio of 2:1) were mixed into 1 mL 1-Ethyl-3-methylimidazolium dicyanamide
(Emim- dca), the nitrogen and carbon source’ and then the obtained slurry was coated onto
freshly cleaned nickel foam. Vertically aligned and nitrogen doped carbon nanosheets (CNS)
were obtained after thermal treatment of the mixture under inert atmosphere at 900 °C for 3
hours and the following removal of inorganic salt by diluted aqueous HCI solution and deionized
(DI) water washing. Subsequently, vertically aligned M(OH) nanosheets or nanoparticles were

grown on the CNS nanosheets via a fast electrodeposition process. The M(OH)@CNS hybrid
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arrays were collected and used as cathode catalyst for lithium-O, batteries after cleaning and
drying. Note that the fabrication of M(OH)y@CNS hybrid nanosheets in such a simple

methodology allows even a potential scale-up for production.
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Figure 1. Schematic illustration of the salt-templating process for the formation of vertically

aligned two-dimensional (2D) nanosheets and their 2D hybrid nanosheet arrays.

The morphology of the as-prepared products was investigated by field-emission scanning
electron microscopy (FE-SEM) as shown in Figure 2. After heat treatment at 900 °C for 3 hours
and salt removal, a continuous and interconnected film composed of vertically aligned 2D
nanosheets, like previously reported, cover the entire surface of the nickel foam. The magnified
FE-SEM image in Figure 2b and 2c¢ shows the well-defined primary nanosheets with a thickness
of 3 ~ 5 nm and lateral dimension up-to hundreds of nanometers. Such a structure manifests high
porosity/surface area, rendering a large electrode/electrolyte interface and allowing for efficient

mass transport.
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Structure and composition of the as-prepared architectures were further examined by X-ray
diffraction (XRD) and Raman spectroscopy (Figure S1, Supporting Information). The XRD
pattern shows two main reflections located at 44.5 and 52 ° in the as-prepared CNS samples
originating from the nickel substrate, whereas the small peak at 26.7 ° is ascribed to graphitic
carbon (see Figure Sla and b).*™* This observation is further confirmed by Raman spectroscopy
as shown in Figure S1c and d. Raman scattering spectroscopy shows three well-resolved peaks
located at 1348, 1575, and 2682 cm’' which are characteristic for the D band, G band and 2D
band, evidencing the formation of graphitic CNS composed of few-layer graphene.**® In
addition, a weak D’ shoulder located at ~1619 cm™ is observed. This is well-known to go along

with nitrogen doping, which is crucial to obtain good ORR activity."’ The content of N in the

CNS is around 3.2 % calculated from elemental analysis.
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Figure 2. Typical field emission scanning electron microscopy (FESEM) images: (a-c) nitrogen
doped graphitic carbon nanosheets (CNS) on nickel foam, (d-f) carbon nanosheets with Co(OH),
nanosheet hybrids (Co(OH),@CNS) and (g-i) carbon nanosheets with Fe(OH); nanosheet

hybrids (Fe(OH);@CNS).

In order to implement both high catalytic activity of ORR and OER in a single system, very
thin Co(OH); nanosheets and very small spherical Fe(OH); nanoparticles were deposited on the
resulting vertically aligned CNS products via fast electrodeposition. Shortly, the hydroxides were
directly deposited onto the CNSs arrays from 10 mM aqueous Co(NOj),'¢H,O or 10 mM
aqueous Fe(NOs3)3-6 H,O solution at room temperature. The deposition potential was -1.0 V vs.
SCE. The electrodeposition process of the cobalt hydroxide and iron hydroxide can be expressed

as follows:*®

NO; +H,0+2¢ - NO, +20H (1)
Co*" +2 OH™ — Co(OH), )
or Fe’* + 3 OH  — Fe(OH); (3)

The mass m of the metal hydroxide deposit can be calculated according to following equation: m
= 5QM / 8eNj, where Q is the deposition charge, M is the relative molecular mass of Co(OH),
or Fe(OH)s, Ny is the Avogadro constant, and e is the electronic unit charge. The mass loading
of the metal hydroxide was calculated by I/t curves, which lead to consistent results with the
mass difference calculated by directly weighting the samples before and after the deposition
process. Figures 2d-f show that the overall nanosheet structure is retained without apparent

change/destruction after Co(OH), deposition. The FESEM image demonstrates that the resulting
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architecture still comprises of a rough surface and pronounced interstitial cavities. The magnified
FESEM image elucidates no structural changes to the former oriented and highly interconnected
nanosheets, still showing a thickness of 2 ~ 3 nm and lateral dimension of up to hundreds of
nanometers. Interestingly, also the microscopy contrast seems to be unchanged, overall
indicating a deposition of small islands in sub-monolayer quantity. Even by increasing the
electrodeposition time from 30 to 60 s and even more, there is no obvious change of the general
morphology, except for the increasing lateral size of the nanosheets (Figure S2, Supporting
Information). A cross-sectional view on the coated nickel foam further shows that the nickel
foam substrate is fully covered with the vertically aligned nanosheets and that the card house
structure of the film gives continuous transport porosity (Figure S2d-e). Beside the Co(OH); thin
film nanohybrid formation, Fe(OH); nanoparticles could easily be deposited on the surface of the
CNSs by simply changing the precursor solution from aqueous Co(NOs), solution to aqueous
Fe(NOs), solution. As can be observed in Figure 2g-i, the overall morphology of the resulting
hybrid architecture is retained, and the magnified FESEM image depicts numerous small
nanospheres decorated on the surface of the CNSs. The particle size is ~3 nm with a narrow size
distribution (see Figure 2i). After electrodeposition of Co(OH), and Fe(OH)s, the wide angle
XRD patterns of the two hybrids are unchanged as compared to that of the bare CNS, which
show the (002) peak of CNS and Ni peaks without other apparent reflections. These results
indicate an amorphous character of the deposited Co(OH), and Fe(OH);. The amorphous
character is also obtained in blind experiments, where Co(OH), and Fe(OH); was
electrodeposited directly onto the nickel foam (for more detail see experimental section). SEM
imaging reveals that there are numerous nanosheets and nanospheres in the corresponding

Co(OH),@Ni and Fe(OH)3;@Ni products (Figure S3, Supporting Information), while their XRD
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patterns also only shows Ni peaks (Figure Sla). Raman spectra of the Co(OH),@CNS and
Fe(OH);@CNS samples show the same aforedescribed characteristic graphitic carbon D band
and G band features for the bare CNS, indicating that the overall carbon structure was retained
(Figure S1b). In the hybrid Co(OH),@CNS, the peaks located at 463, 508, 602 and 667 cm™ are
assigned to Co(OH),. Reference spectra of Co(OH),@Ni also possess the same feature and are in

51 ikewise, there are two peaks observed at 471 and 681 cm™ for both

line with the literature.
Fe(OH);@CNS and Fe(OH);@Ni, that are therefore assigned to the Fe(OH);.”>> The XPS
analysis further reveals the characteristic satellites of Co®" 2p3/2 and 2p1/2 bands located at the
binding energies of 780.9, 783.0, 786.2 and 790.0 eV. The signals can be assigned to the
Co(OH), phase®® within the Co(OH),@CNS hybrid as shown in Figure S4 (Supporting
Information). The characteristic satellites of Fe'* 2p3/2 and 2p1/2 bands at the binding energies
of 705.0, 709.0, 712.0, 716.9, 722.0 and 725.0 eV are observed for the Fe(OH);@CNS hybrid,

which confirms the formation of Fe(OH); phase.54 Together these results indicate the formation

of amorphous Co(OH), and Fe(OH); on top of the 2D nanosheet hybrid architectures.

Transmission electron microscopy (TEM) was conducted to further investigate the
nanostructure and composition of the obtained hybrid architectures as shown in Figure 3. Images

of bare CNSs for comparison can be found in Figure S5 (supporting information).

10
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Figure 3. (a-c) Transmission electron microscopy (TEM) images of typical Co(OH),@CNS
hybrid nanosheets, (d-f) elemental mapping of carbon (red), oxygen (blue) and cobalt (yellow),
(g-1) TEM images of typical Fe(OH);@CNS hybrid nanosheets, (i-1) elemental mapping of

carbon (red), oxygen (blue) and iron (yellow).

11
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Also by TEM it is clearly observed that the sheets are interconnected, which is crucial for
efficient electron transfer. The high-resolution TEM images demonstrate the electron-transparent
character of the obviously very thin carbon nanosheets, and confirm the observed nanosheet
thickness of around 3-5 nm as well as the composed of graphitic layers (Figure S3b, supporting
information). The unique architectural features of Co(OH),@CNS can further be observed by
TEM as shown in Figure 3a-c. The thickness of the hybrid nanosheets is estimated to ~3 nm (an
example is marked by arrows in Figure 3b). However, there is no lattice periodicity observed in
the Co(OH),@CNS products owing to the amorphous structure of Co(OH), nanosheets (Figure
3c¢). Furthermore, there is also no obvious phase contrast under the TEM beam among the hybrid
because of the very thin thickness and a corresponding good electronic contact. This is
confirmed by energy dispersive X-ray (EDX) and elemental mapping analysis, which reveals
that the C, O and Co atoms are homogeneously distributed at least on the microscale (Figure 3d-
f). The TEM images of Fe(OH);@CNS suggest the same overall structural feature with
respective amorphous Fe(OH);. The EDX and elemental mapping observations confirm the

homogeneous distribution of C, O and Fe atoms in the as-prepared Fe(OH);@CNS hybrid

(Figure 3j-1).

The electrocatalytic activities of bare CNS and M(OH)y@CNS hybrid electrodes towards the
electrochemical ORR and OER were studied under aqueous conditions. A typical three-electrode
electrochemical cell configuration, using aqueous 0.1 M KOH solution as electrolyte, was
employed (Figure S6, Supporting Information). It was found that the Co(OH),@CNS and
Fe(OH);@CNS hybrid electrodes show a strong synergistic effect and indeed exhibit superior
ORR/OER properties, that could be used in reversible alkaline electrolyzers/fuel cells. The

Co(OH),@CNS and Fe(OH);@CNS hybrid electrodes show upshifts of the ORR half-wave

12
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potentials of 144 and 90 mV, respectively, as compared to the bare CNSs. On the other side, very
good OER activities are obtained by the nanohybridization with Co(OH), and Fe(OH)s. Very
small corresponding benchmark overpotentials 1o (at 10 mA cm'z) of 270 and 230 mV are
obtained for Co(OH),@CNS and Fe(OH);@CNS, respectively. Nickel, or more precisely in-situ
oxidized nickel is known to catalyze the OER well. The unprocessed foam however has low
activity in the ORR and also a comparably higher OER overpotential of 310 mV under the same
conditions, showing that the decoration with CNS the respective hybrids is crucial to gain
increased activity. In addition to the electrocatalytic activity, the M(OH),@CNS hybrid
architectures reveal desirable structural features of high electrode/electrolyte interface, interstitial
mass transport porosity and homogeneously distributed heterojunctions in one system, which
renders great promise for utilization as electrode in lithium-oxygen batteries (LOBs) with
improved performance. Although, the ORR/OER mechanism in aqueous as compared to non-
aqueous conditions is typically different, the observed catalytic activities point to potentially
high activity also in non-aqueous electrolyte leading to reduced polarization in LOBs. Therefore
in the next step Co(OH),@CNS and Fe(OH);@CNS hybrid architectures were systematically

studied as electrodes for LOBs as shown in Figure 4.

13
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Figure 4. (a) Full discharge-charge profile of Co(OH),@CNS at 75 mA g”'; (b) full discharge-
charge profile of Fe(OH);@CNS at 75 mA g”'; (c) full discharge-charge profile of CNS at 75 mA
g'; (d) Cycle performances of Co(OH),@CNS under specific capacity limit of 715 mAh g in a
maximal voltage window between 4.15 and 2.0 V at a current density of 150 mA g'. Here, all

the specific capacities and current densities are calculated based on the mass of carbon.

The pure CNS and M(OH)x@CNS hybrid electrodes were characterized in Li-O, batteries with
Li foil as anode and 0.5 M bis(trifluoromethane)sulfonimide lithium salt (LiCF;SO;3) in
tetraethylene glycol dimethyl ether (TEGDME) as electrolyte. The full capacities of the pure
CNS and M(OH)x@CNS hybrid electrodes were explored by discharging the cell down to 2.0 V

at a current density of 75 mA g, followed by charging to an equivalent capacity at the same

14
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current density. The pure CNS sample showed a discharge capacity of 1248 mAh g”. The
Co(OH),@CNS hybrid cathode delivered a high discharge capacity of 5403 mAh g (Figure 4a).
This value is much higher than that of the pure carbon (1248 mAh g"') and comparable to the
reported values of metal oxide/carbon (5100 mAhg' for Fe,Os/graphene) and noble
metal/carbon (e.g. 5900 mAh g for Pd/C) composite electrodes. *'* 16 1% 2 The high
discharge capacity was also fully reversible at the potential of 4.15 V, which is considered to be
below carbon oxidation potentials.”> The Fe(OH);@CNS hybrid also depicts a good capacity of
3762 mAh g which can be completely regained at the potential of 4.1 V. Most remarkably, the
Co(OH),@CNS and Fe(OH);@CNS hybrid architecture allow for a comparably low charge
overvoltage of 0.58 and 0.44 V at the specific capacity of 1000 mAhg’, respectively
(Figure S7, Supporting Information), which is significantly lower than that of pure CNS (e.g.
0.95 V). Reduced charge overpotentials are expected to reduce side reactions and therefore
improve cycling stability. Meanwhile, the corresponding discharge overvoltage decreases from
0.52 V (CNS) to 0.23 V (Co(OH)@CNS) and 0.19 V (Fe(OH);@CNS), leading to a higher
energy efficiency owing to the improved oxygen reduction reaction (ORR) activity in the hybrid
electrodes. The presence of the OER catalyst apparently also reduces the discharge overpotential
likely because the hydroxide can facilitate peroxide precipitation/crystallization by means of
hydrogen bonding. A strong compatibility of hydroxide and peroxide phases can already be
deduced from LiOH impurities in commercial Li,O,, that is prepared from oxidation of LiOH.*®
These excellent LOB properties of M(OH),@CNS hybrid electrode are ascribed to the
integration of efficient ORR activity of CNS and OER activity of M(OH)y in a single system. As
a proof of concept, the pure nickel foam loaded only with Co(OH), nanosheets (Figure S3a and

b) shows a much lower full discharge capacity of 40 mAh g (Figure S7b). The cycling stability

15
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of Co(OH),@CNS hybrid electrode was also tested with a conventional testing procedure with a
current density of 150 mA g and a controlled specific capacity of 715 mAh g’ per cycle based
on the mass of the CNS to evaluate its further practical applications in LOB as shown in Figure
4d. #1358 A high reversibility of Co(OH),@CNS is maintained over 40 cycles without
capacities loss, which indicates high potential of these new M(OH),@CNS systems in practical
LOB application. The electrochemical results suggest that the reduced charge overpotential leads
to good cyclability. The crystallinity of the discharge and charge product samples was further
examined by the XRD shown as Figure S8. The morphology of the Co(OH),@CNS samples
obtained after discharge and charge process has also been examined by SEM shown in Figure 5.
There are three new weak reflections located at 33, 35.3 and 59 o in the discharge product
samples originating from the formation of Li,O,.”” These peaks disappeared when the Li-O,
battery was charged back. Due to its superior performance in the LOB cycling experiments,
Co(OH),@CNS was characterized by a combined pressure transducer and On-line
Electrochemical Mass Spectrometry (OEMS)’’ approach to further elucidate the governing

discharge and charge reactions and the ORR and OER efficiency (Figure 5).

16
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Figure 5. a) Gas analysis of 1% discharge and charge of Co(OH),@CNS at 175 mA g by
combined approach using a Baratron pressure transducer to investigate gas consumption during
discharge and OEMS to analyze gas evolution during charge. Upper panel shows potential
profile, middle panel absolute gas consumption/evolution, and lower panel gas
consumption/evolution rate. Dashed lines indicate respective values for 2¢/0;, and 4 ¢/0,. b)
Schematic illustration the mechanism of Co(OH),@CNS electrode for lithium oxygen battery
with four-phase boundary. ¢) SEM image of the Co(OH),@CNS before Li-O; test (S1), SEM
image of the Co(OH),@CNS after discharge (S2), SEM image of the Co(OH),@CNS after

charge back (S3).

The observed capacities (upper panel in Figure 5) at galvanostatic cycling at 3990 mA g at a
current density of 175 mA g (based on the mass of carbon), and the obtained voltage profiles

are in good agreement with the LOB experiment described above, proving that Co(OH), @CNS
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has an identical electrochemical performance in the in-situ cell design. The gas consumption
during discharge in pure O, is monitored with a Baratron pressure transducer, revealing a total
consumption of 25 mbar (=23 pmol of O,) and two characteristic regimes: during the initial
470 mAh g-1 of the discharge O, is consumed at a rate equivalent to 3.0 ¢/O; indicating a
superposition of a 2 and a 4 ¢/O, process. The main fraction of the discharge is, however, at
2.2 €/0;,, implying that Li,O, is the main discharge product formed on Co(OH),@CNS. It is to
mention that in aqueous media it was previously observed that ionic liquid derived carbon can
show high selectivity to either a 2 or a 4 electron process depending on the carbon

60-61 The gas evolution during charging reveals that initially O, is the only gaseous

composition.
reaction product, and the gas evolution rate is consistent with a 2e/O, process, indicating that

Li,O, formed during discharge is electro-oxidized at the Co(OH),@CNS surface. Remarkably,
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most of the O, release happens at potentials below 3.9 V, which is consistent with the superior
OER activity of Co(OH),@CNS reported in Figure S6. In the second half of charge (specific
capacity > 2496 mAh g') at potentials above 3.9 V however considerable amounts of CO, and
small amounts of CO are released, most probably as a result of electrolyte oxidation. The 1st
cycle ORR/OER efficiency can be calculated by dividing the O, concentration at the end of
charge (23000 ppm = 9 umol) by the moles of O, consumed during discharge, resulting in an
ORR to OER ratio of 40%. Apparently, a considerable fraction of the oxygen is consumed by
side reactions (like formation of Li,COs) already at these voltages. It is also possible that the
desired discharge product (Li,O,/Li,O) cannot entirely enter the charge cycle. Consequently, a
considerably fraction of the oxygen is trapped and the constant charging current is instead
sustained by electrolyte oxidation releasing CO/CO,. All in all, the gas analysis shows that a

good reversibility could be obtained by restricting the operation to shallow cycling with a
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capacity limit < 2496 mAh g”'. Unless the charge overvoltage is low and the electrochemical
measurements indicate full reversibility, the gas analysis reveals side reactions above 3.9 V vs
Li/Li+ and underlines the complexity of Li-oxygen batteries. Figure 5b illustrates the speculated
discharge/charge reactions occurring in the proposed Li-oxygen battery. The presented
architecture of M(OH)x@CNS hybrid nanosheet thereby integrated favourable ORR/OER
activity in a single electrode with multi-level cavities, which are crucial for improving the
transportation of O, including absorption and desorption as well as limiting the growth of
discharged Li,O, products to the nanosize. The morphology of the Co(OH),@CNS samples
obtained after discharge and charge process has been examined by SEM and XRD shown as
Figure S5c. After discharge process, there are many fine nanocrystals covering the surface of
Co(OH),@CNS nanosheets, which is similar to a previous report'* and again speaks for the ease

of peroxide precipitation/crystallization mediated by hydrogen bonding to the hydroxide phase.
CONCLUSION:

Here, we reported a facile strategy for scalable production of vertically aligned hybrid
nanosheets on nickel foam and the utilization as electrodes for lithium-oxygen batteries. The
resulting architectures are composed of very thin metal hydroxides and nitrogen doped graphitic
carbon nanosheets as combined functional building blocks that integrate active OER and ORR
components in a single system to form a bifunctional catalysts. The strong mechanical
connection of the hybrids to the nickel substrate prevents the use of binders and mediates good
electric contact. The nanoporous card-house type of structure can confine the growth of Li,O,
throughout the battery charging and improve transportation of O,. Therefore, enhanced oxygen
activation properties as well as high specific capacities (5403 mAh g at 4.15 V for the Co(OH)

hybrid), low charge potentials and excellent reversibility are observed. Despite the reversibility,
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detailed gas analysis reveals side reactions contributing at potentials already below 4.15 'V, i.e.
before carbon oxidation is expected. Stable cycling was possible with a voltage cut-off of 3.9 V
at a capacity of 2496 mAh g™ This is the first report on metal hydroxides and carbon hybrids for
LOB, which opens an optional path to create ORR and OER bifunctional components as a single
catalyst with advantageous pore structure as new cathodes for the Li-O, cell. The presented
electrode architecture is promising for LOB application considering ongoing progress in the

development of suitable electrolytes.
EXPERIMENTAL SECTION:

Fabrication of vertically aligned N-doped graphitic carbon nanosheets (CNS): In a typical
process, ImL 1-Ethyl-3-methylimidazolium dicyanamide (Emim-dca) are mixed with a salt
mixture of ZnCl,/KCl (2g/1g) by grinding. Subsequently, the slurry was coated on the as cleaned
nickel foam substrate, followed by heat treatment at 900 °C for 3 hours under N, atmosphere.
Here, the nickel foam is washed by diluted HCI aqueous solution (0.5 M), deionized water, and
ethanol and finally dried in vacuum oven. Finally, the products are collected after washing with

0.5 M aqueous HCI, deionized water and absolute ethanol.

Fabrication of vertically aligned N-doped graphitic carbon/metal hydroxide hybrid nanosheets
(M(OH)(@CNS): Cobalt hydroxide nanosheet arrays and iron hydroxide nanoparticles on CNS
were directly deposited from 10 mM Co(NOs3),; ¢H,0 or 10 mM Fe(NOs);:-6H,0O solution at room
temperature using a electrochemical workstation (Gamry Instruments, Inc.). The deposition
potential was -1.0 V vs. SCE. The corresponding electrodes are as following: the CNS on nickel

foam as working electrode, Ag/AgCl as the reference electrode and nickel coil as counter
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electrode. The electrodeposition process of the cobalt hydroxide and iron hydroxide can be

expressed as follows:*

NO; +H,0 +2 ¢ — NO, +2 OH (1)
Co*" +2 OH” — Co(OH), )
or Fe’* + 3 OH  — Fe(OH); (3)

The weight of the deposite (m) can be calculated according to following equation: m = SQM /
8eNy, Q is the deposition charge, M is the relative molecular mass of Co(OH), or Fe(OH)s, N is

the Avogadro number, and e is the electronic charge.

Electrodeposition of metal hydroxides on nickel form: Cobalt hydroxide nanosheet arrays and
iron hydroxide nanoparticles on Nickel foam were directly deposited from 10 mM
Co(NOs3),:6H,0 or 10 mM Fe(NOs)3-¢H,O solution at room temperature using a electrochemical
workstation (Gamry Instruments, Inc.). The deposition potential was -1.0 V vs. SCE. The
corresponding electrodes are as following: nickel foam as working electrode, Ag/AgCl as the
reference electrode and nickel coil as counter electrode. The electrodeposition process of the

cobalt hydroxide and iron hydroxide can be expressed as follows:

Electrocatalytic activity for oxygen reduction reaction and oxygen evolution reaction testing:
The electrocatalytic properties were tested in a conventional three-electrode cell using a
Reference 600 potentiostat/galvanostat equipped with a RDE 710 Rotating Electrode setup
(Gamry Instruments, Inc.). The samples on the nickel foam were directly assembled into a
stainless steel electrode (Gamry Lithium battery standard cell kit) as working electrode and the

measurements were conducted in O,-staturated 0.1 M KOH using Ag/AgCl with saturated KCI

21



i1
=
o
)
>
8
p=
S
o]
<
=
<
0
3
i
S
o
=
)
8
0
=)
S
3
S
Q
=
=
@
IS
X
3]
S
o
3
=

solution as reference electrode and Pt wire as counter electrode. Linear sweep voltammetry was
carried out at 1 mV s for the polarization curves. All polarization curves were iR corrected after

preliminary measurement of R,,.

Lithium oxygen battery properties measurements: The as-prepared samples on nickel foam were
directly used as additive and binder-free electrodes and were assembled in an Ar-filled glovebox
with concentrations of moisture and oxygen below 1.0 ppm. Electrochemical measurements were
carried out on the designed Li-O, cells with lithium metal as the counter/reference electrode,
microfiber filter membrane (Whatman GF/D) as the separator, and electrolyte solution obtained
by dissolving 0.5 M LiCF;SOs; into tetra(ethylene) glycol dimethyl ether (TEGDME) as the
electrolyte. The charge/discharge voltage profiles were tested with cutoff voltages of 2.0 V for
discharging and 4.15 V for charging at a current density of 75 mA g (referred to the carbon
mass) by using a Gamry reference 3000 potentiostat for all samples. The stabilities are tested at a
current density of 150 mA g™ with a controlled specific capacity of 715 mAh g per cycle based

on the mass of the CNS. Capacities were normalized to the carbon mass.

Gas analysis measurements: In-situ gas analysis was performed for Co(OH),@CNS cathodes

62:63 y1sing Li foil anodes, two glass fiber separator sheets and

assembled in custom cell hardware
400 pl 0.5 M bis(trifluoromethane)sulfonimide lithium salt (LiCF3S0O3) in tetraethylene glycol
dimethyl ether (TEGDME) as electrolyte. For gas analysis during discharge, a Baratron pressure
transducer (Baratron 627D, MKS Instruments)®* was coupled to the On-line Electrochemical
Mass Spectrometry (OEMS) cell setup which was previously described in detail.** The cell was
galvanostatically discharged to 2.0 V after 2 h rest at open circuit voltage (OCV) at 3990 mA g

at a current density of 175 mA g (based on the mass of carbon) in pure O, and the oxygen

consumption was monitored as pressure decrease in the cell. The gas evolution during charge
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was measured after the cell was purged with Ar and held at OCV for 2 hours after discharge. It
was galvanostatically charged at 4010 mA g to a potential of 4.3 V. Conversion of the mass
spectrometer currents to concentrations was done for oxygen, carbon dioxide, and carbon
monoxide and hydrogen using a calibration gas (H,, O,, CO, and CO, at 2000 ppm each in

argon).

Characterizations: The morphologies of the samples were investigated by using a field-emission
scanning electron microscopy (FESEM, JEOL 5600). The samples deposited on nickel foam
were immersed in ethanol and collected after sonication to drop-cast onto a holey amorphous
carbon film on a copper grid. The TEM, EELS and EDS measurements of the samples were
characterized by using a transmission electron microscope (TEM, JEOL 2100F) operating at an
acceleration voltage of 200 kV. XRD measurements were performed on a D8 Diffractometer
from Bruker instruments (Cu K o radiation, A = 0.154 nm) equipped with a scintillation counter.
The micro-Raman spectroscopy (Renishaw inVia Raman Spectroscope) experiments were

carried out under ambient conditions by using a green laser (532 nm) as the light source.
ASSOCIATED CONTENT :

Supporting Information. PXRD, Raman, FESEM and cross-section FESEM, XPS, TEM, linear
sweep voltammetry and charge-discharge results of the hybrid materials and/or reference
samples are supplied as Supporting Information. This material is available free of charge via the

Internet at http://pubs.acs.org.”
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