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In this report, we delineated a successful synthesis of a high
performance and affordable Adenosine-derived noble carbon
cathode for LOBs with bifunctional electrocatalytic activity
and showed that the pore structure of cathode is a key feature
to control the electrochemical performance of this
electrochemical system.

Mastering functions of energy material is one of the most
challenging topics in modern science in order to achieve a stable
energy supply.! Especially economically feasible rechargeable
electrochemical energy storage is one of the most urgent
requirements to realize a society equipped with an electrical grid
system where renewable energies are a major component.> > An
important enrollment of future rechargeable battery with multiple
function is within electronic vehicles (EVs). EVs should be used to
store green energy in peak times supplied from the above grid
system, and it relies on materials development for cost-effective but
high performance electrodes, electrolytes and other components to
sum up to a performance comparable to the current combustion
engines. Rechargeable metal-air battery technology is expected to be
able to match those expectations.4’ 5 However, already development
of rechargeable Lithium-Oxygen Batteries (RLOBs) is hampered by
its complicated electrochemical reactions.®'® Recent results clarified
the importance of electrolyte in RLOB systems,” '° but research on
the novel porous cathodes is of similar importance to improve
electrochemical properties in general.''"'® The pore structure is
indeed important for a RLOB system not just for oxygen supply, but
for fundamental understanding of electrochemical reactions.'” '8
Those electrochemical reactions initially occur at the interface
between catalytic cathode surface and O,-saturated electrolyte as a
starting trigger,” * '° and then the electrochemical growth of the
(insulating) lithium peroxide (Li,O,) on the cathode surface drives
further space-temporal development of the materials structure. Here,
we show that the pore structure of cathodes can obvious direct this
structure formation and has thereby a significant effect on specific
capacity and rechargebility of lithium-oxygen cells. We vary here
the pore structures of N-doped carbons, so-called noble carbons. In
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this report, we show that noble carbons synthesized from adenosine
being a model for a sustainable precursor as such exhibit a high
catalytic activity in both the oxygen reduction and evolution
reaction, comparable to metal-based catalysts.

The promising properties in catalytic reactions of doped
carbons are not new as such.'”® In our previous report we
described mesoporous Noble Carbons (NCs), constituted
mainly of the elements C and N and therefore being sustainable
and affordable, to be an efficient bifunctional catalyst working
for both oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) in non-aqueous RLOB systems.?’ The
RLOB cell using ionic liquid (IL) based porous NC cathode
exhibited a comparably low overpotential during charge and
discharge cycles. In the OER reaction, the mesoporous NC
cathode already showed an overpotential of “only” 0.45 V, a
performance comparable to cathodes using expensive noble
metal catalysts such as Au.?® Although still there is a problem
on the reactivity during both charge and discharge reaction,?*!
recent research using differential electrochemical mass-
spectrometers confirmed that carbon-based cathodes are one of
the most promising catalysts for reversible charge-discharge
reaction of RLOBs.® Therefore, we intend here to perform
further investigation on large-scale meso/macroscopic pore
structures to improve rechargebility and cycling life by
controlling the porous structure of the noble carbon cathode.
This was performed by applying salt melt synthesis, which can
enable to synthesize materials with controlled pore structures.*?
Adenosine was selected as a clean model for DNA-derived
sustainable precursors towards materials with electrocatalytic
properties as good as IL-based noble carbons. The resulting
adenosine-based porous noble carbons (APNCs) have a
different large-scale meso- and macroporosity without any
change of microporosity and chemical structure. The pore
structure of NCs has indeed a significant effect on the specific
capacity and rechargebility of RLOB cells: The APNC showing
the best performance within our sample set has a high amount
of large-scale meso- and macroporosity. With larger pore
volume contributed from macropores the RLOB cell shows a
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lower overpotential and a high specific capacity, while the
APNC having less macropores only showed low specific
capacity.
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Figure 1. Physical characterizaion of APNCs. (a) XRD patterns. (b) N,

isotherms. (c) Pore width vs. Cumulative pore volume diagrams. (d) Pore

size distributions.

Table 1. N, sorption data for APNCs

Sample BXET Surface Micropore Mesopore Total Pore
rea (m2/g) Volume (cc/g) Volume (cc/g) Volume (cc/g)
APNC-1 1321 0.308 1.106 1.778
APNC-2 1456 0.323 1.157 2.021
APNC-3 1476 0.320 1.440 2.387

The APNCs were synthesized adding adenosine to a binary salt
mix (a combination of KCI and ZnCl, with the mass ratio of
1.00 to 1.75). The “salt-melt synthesis” as a template procedure
enables to control the pore volume in carbonaceous materials
with high specific surface area by just changing the ratio of
starting material and a salt.’? The technique was applied to have
a series of N-doped carbons with the same micropore volume,
but different controlled meso- and macropore structures.
Adenosine was chosen as the carbon source because it provides
a high carbonization yield with high nitrogen content and a
favourable oxidation stability of the final material. Adenosine
as such is rather expensive but is to be understood as a model
for digested bacterial DNA, a comparably cheap, sustainable
product of fermentation which allows scalability of the process.
We chose three ratio of adenosine and salts (A:S) as A:S = 5:1
(described as APNC-1), A:S = 5:2.5 (APNC-2), and A:S = 5:5
(APNC-3). Then, the samples were carbonized at 1000 °C for
two hours, washed with distilled water overnight, and obtained
three different APNCs. Although the X-ray diffraction (XRD)
patterns of APNCs show weak diffraction intensity which to
our experience suggest nanometer carbon wall thickness and
high porosity, the broadened (002) peak indicated graphitized
character of resultant carbon materials (Figure 1a). The results
of elemental analysis (EA) showed that N-content of all APNCs
is around 5 % (Table S1). The chemical structures of doped
nitrogen in all three samples were confirmed by X-ray
photoemission spectrometer (XPS). The results of XPS showed
that the chemical structures of nitrogen in three samples are
almost same (Figure S1). Indeed, Raman spectroscopy also
revealed that the physic-chemical nature of all three samples is
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similar (Figure S2). The surface textural characteristics of the
APNCs were quantified by measuring the N, isotherms at
cryogenic condition (77 K). (Figure 1b-d and Tablel). Overall,
the N, isotherms of the APNCs exhibited combined
characteristics of typical type I and IV materials. A steep
increase in low pressure was observed, followed by a moderate
slope at intermediate pressure accompanied by a small
desorption hysteresis and a dramatic increase near at 1.0 of
relative pressure. These properties indicated the combined
presence of micro-, meso-, and macrosized pores. From Table 1
and pore size distribution (Figure 1c and d), extracted from the
isotherms using non-local density functional theory (NLDFT),
clear differences in the pore structure of the samples can be
found.>® As the amount of salt template increased, large-scale
meso- and macroporosity of the resulting carbons, could form
without notable changes of microporosity and the specific
surface area (Fig. 1b,c). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) observation
revealed that APNC-1 exhibit an apparently smooth surface, i.e.
macropores are absent, while APNC-3 shows a morphology of
interconnected carbon nanoparticles with interstitial large-scale
meso-, and macropores (Figure 2 and Fig S3). This large-scale
mesoporosity and macroporosity of APNC-3 (Fig 1d, 2c, S3)
provides transport channels for improved contact with oxygen,
but also enabling the rapid long range transport of electrolyte
ions.

Mesopore

Micropore Macropore

Figure 2. SEM images (a-b) and schematic illustrations (d-e) of APNCs

Together with XRD, SEM, TEM, EA, XPS, and Raman results,
these observations demonstrate that the pore characteristics of the
resulting carbons are easily tuned by controlling the amount of used
salt while maintaining the physical-chemical wall structure. The
following electrochemical properties are thereby mainly affected by
the pore structure of the samples.

The charge-discharge curves of APNCs in a LOB set-up
indicate that there is a strong impact of porosity on
electrochemical performance. We applied 2.3 V vs. Li/Li" as
the lower cut-off voltage and 4.0 V vs. Li/Li" as the upper cut-
off voltage. The upper cut-off voltage was chosen to minimize
the irreversible specific capacity which caused by side reactions
from the electrolyte decomposition as previous researches
clearly shown the CO, evolution above 4.0 V vs. Li/Li" by
quantitative differential electrochemical mass spectroscopy.””
335 A current density of 100 mA/g was selected for this
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experiment. Our electrochemical data of APNCs are
summarized in Table 2. The charge-discharge curves of APNCs
show that already the bare N-doped carbon materials without
any metal exhibit bifunctional catalytic properties for both
oxygen reduction reaction and oxygen evolution reaction at
discharge and charge state, respectively (Figure 3a). Formation
of Li,O, is confirmed by XRD after the 1% discharge (Figure
3b). The APNC-3 cathode having a high macropore volume,
shows a specific discharge capacity of ~1800 mAh/g already
without optimization of secondary parameters. APNC-1, having
the lowest macropore volume, shows under the same conditions
a specific discharge capacity of ~900 mAh/g (Figure 3a). If we
analyze in more detail the discharge process, the APNC-3
cathode starts the formation of Li,O, (= O, + 2Li" + 2¢ —
Li,0,) from 2.67 V vs. Li/Li" and exhibits an average discharge
overpotential (#4;) of 0.29 V, while the APNC-1 cathode can
drive the Li,O, formation starting from 2.60 V vs. Li/Li" and
shows an 74 of 0.39 V vs. Li/Li" (Table 2 and Supporting
Figure S4). For the recharge reaction (= Li,0, — O, + 2Li"
+2¢7), the APNC-3 cathode can start the reaction at 3.0 V vs.
Li/Li" and show an average recharging overpotential (#cn,) of
0.45 V, while the APNC-1 cathode starts the recharge reaction
from 3.17 V vs. Li/Li" with an overpotential of 0.61 V (Table 2
and Supporting Figure S5).
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Figure 3. (a) Charge-discharge curves of APNCs. (b) ex-situ XRD for
APNC-3 after 1* discharge and recharge. (c) Cycle performance of APNC-1
and APNC-3. (d) Ex-situ FTIR spectra for APNC-3 after 1* cycle and 25"
cycle.

Table 2. Electrochemical properties of APNCs.

Cathode  Qus (MAN/G) ~ Qrec (MAN/G)  Qied/Quis  77ais (V) 71rec (V)
APNC-1 912 579 0.64 0.39  0.61
APNC-2 1394 921 0.66 0.37 049
APNC-3 1767 1380 0.78 029 045

The value given by Q.../Quis at the 1* cycle characterizes the general
loss for the conditioning/formation of the solid electrolyte interface
and is another measure for the quality and inert ness of the electrode.
(note that the later Coulombic efficiency is much higher, as expected
for a real battery system). The APNC-3 cathode shows a Q,../Qy;s of
0.78 while the APNC-1 cathode possess 0.64, which means that the
APNC-3 cathode relies on less reactions with the Li system to turn
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electrochemically stable (Table 2). These results experimentally
confirm that a theoretical study showing pore structure takes a very
important enrolment during electrochemical redox reactions related
to oxygen at cathode.’ Charge-discharge cycling while limiting the
specific loading capacity to 500 mAh/g while applying more harsh
250 mA/g of current density was carried out to check the relation of
pore structure and cycling performance by using APNC-1 and
APNC-3 (Figure 3c). As the results, we found that the APNC-3
cathode has a longer cycling stability compared to the APNC-1
cathode. It is noted that these results on the rechargebility and
cycling performance are still affected by the side reactions and
degradation of Li metal anode caused by exposure to oxygen® , i.e.
the degradation is not only due to the cathode, but also due to the
suboptimal anode design and solvent/salt effects. Future engineering
works on cell configuration is certainly necessary to lever the real
potential of noble carbon cathodes. Previous theoretical researches in
this battery system suggested that the pore structure of a cathode
have a stronger effect on electrochemical performance in this
system: Pore blocking may be a reason for rate as well as capacity
limitation since insulating Li,O, or side products forms on the
surface of porous carbon and cap the pores.” This results in
passivating the carbon and/or blocking the oxygen supply to the
catalytic carbon surface. Actually, the electronic conductivity could
decrease dramatically even after monolayer deposition of Li,0,.%” In
addition, there is a deposition of side products, such as Li,CO;,
during charge-discharge reactions.** We could confirm the formation
of Li,CO; and side products after the 25™ cycle (Figure 3d).

Table 3. Comparison of rechargebility for a various of carbon-based
cathodes.

Qre till
Qrec/ Qg 4.0V vs. li Sger
Cathode rec s . Electrolyte  Anode Ref.
Qs (mAhlg)  Lili*  (mAlg) Y (melg)
(mAh/g)
1M LiTFSI This
APNC-3 078 1767 1380 100 in Limetal 1476 %
TEGDME
~ 1M LIiTFSI . Typically
XC-72 067 300 200 400 nDve Limetal ROV 35
0.5M LiPF
Carbon 062 900 566 70 in LiFePO, 150 34
TEGDME
GNSs 047 2359  ~1100 50 1”i'nL;%°“ Limetal 309 39
1M LiTFSI
VANCCF 025 40000 ~10000 500 in Li metal - 40
TEGDME
1M LiPF6
N-CNT 0 900 0 75  inEC/PC  Limetal 41 38

(1:1)

A comparison of the rechargebility of APNC-3 with previous
research results using carbon-based cathodes is shown in Table 3.*
35. 3840 As we already mentioned above, the specific capacity
obtained above 4.0 V vs. Li/Li" contains the irreversible capacity
from the electrolyte decomposition.®*” Therefore, we only compared
the specific capacity in these data until 4.0 V vs. Li/Li" to assess a
more comparable electrochemical performance of the cathodes at the
recharging reaction (= OER; Li,O, — O, + 2Li" + 2¢"). From this
comparison, it is shown that APCN-3 is up to now one of the best
performing carbon-based cathodes used in RLOB. For example, a
carbon-nanotube-based cathode showed no performance as it cannot

J. Name., 2012, 00, 1-3 | 3



Journal of Materials Chemistry A

start the recharging reaction below 4.0 V vs. Li/Li", due to missing
electrocatalytic performance.

Conclusions

In conclusion, we delineated a successful synthesis of a high
performance and affordable Adenosine-derived noble carbon
cathode for LOBs with bifunctional electrocatalytic activity and
showed that the pore structure of APNC is a key feature to
control the electrochemical performance of this electrochemical
system. Pore structure of APNCs is tuned by amount of salt,
thereby producing highly N-doped porous carbons with
different meso- and macropore volume. Such a pore structure
successfully minimizes the influence of the discharge product
Li,O, or side products on the electrode performance. We
demonstrated a favourable electrochemical performance of the
optimized cathode with less side reaction by operating the cell
below 4.0 V vs. Li/Li" at the recharging reaction. From this
results and our previous report,”’ a noble nitrogen-doped porous
carbon possessing a high surface area together with large-scale
accessible porosity would be the best carbon-based cathode for
Li-O2 battery system. Although porous Au still outperforms
APNC cathodes, we believe that a sustainable and affordable
character is necessary within the development of real life,
scalable battery systems.
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