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ABSTRACT

The development of an ideal cathode for Li-O, battery (LOB) has been a great challenge in achieving high discharge
capacity, enhanced stability, and longevity. The formation of undesired and irreversible discharge products on the surface
of current cathode materials limit the life span of the LOB. In this study, we report the systematic electrochemical study to
compare the performance of LOB employing a unique graphitic nanostructured carbon architecture, i.e., vertically aligned
carbon nanofiber (VACNF) arrays, as the cathode materials. Transition metal (Ni) and noble metal alloy (PtRu) are further
deposited on the VACNF array as electrocatalysts to improve the discharge/charge processes at the cathode. The
structure of as-prepared electrodes was examined with the field emission scanning electron microscopy, high-resolution
transmission electron microscopy, and X-ray photoelectron spectroscopy (XPS). The LOB with VACNF-Ni electrode
delivered the highest specific and areal discharge capacities (14.92 Ah-g™', 4.32 mAh-cm™) at 0.1 mA-cm current density
as compared with VACNF-PtRu (9.07 Ah-g™', 2.62 mAh-cm™), bare VACNF (5.55 Ah-g™, 1.60 mAh-cm2) and commercial
Vulcan XC (3.83 Ah-g™, 1.91 mAh-cm™). Cycling stability tests revealed the superior performance of VACNF-PtRu with
27 cycles as compared with VACNF-Ni (13 cycles), VACNF (8 cycles), and Vulcan XC (3 cycles). The superior cycling
stability of VACNF-PtRu can be attributed to its ability to suppress the formation of Li,CO; during the discharge cycle, as
elucidated by XPS analysis of discharged samples. We also investigated the impact of carbon cloth and carbon fiber as
cathode electrode substrate on the performance of LOB.
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rate capability, and limited mass transfer of oxygen and Li ions are
some of the bottleneck challenges that stymied its progress.
Contrary to Li-ion or Na-ion battery which involves the storage
of active material inside the battery, metal-air battery possesses the
unique feature of an open system. The active material (oxygen) is
supplied from the outside to the porous cathode instead of being
stored inside the battery housing. Consequently, the gravimetric
energy density may be theoretically increased by many folds as
compared with Li-ion batteries. An aprotic, nonaqueous LOB
comprises a Li chip anode, an electrolyte-soaked separator, and a

1 Introduction

In order to curb the detrimental impact of climate change, the
world is shifting from fossil fuels towards renewable energy
sources. Li-ion battery has brought a revolution in electronic
devices. Nonetheless, its intrinsic low energy density (250 Wh-kg™)
is inadequate to meet high energy demands, especially in electric
vehicles (EVs). Consequently, it is imperative to develop
alternative energy storage systems. Lithium-oxygen batteries
(LOBs) have been considered an attractive alternative as a next-
generation battery that has the ability to supersede current

rechargeable batteries [1]. Despite having a tremendously high
theoretical energy density of ~ 3500 Whkg™" (by mass of Li,O,),
the practically achievable energy density is estimated between
500-900 Whkg™, which is far from commercial application till
date [2-7]. Low cycling stability, poor round-trip efficiency, low-

porous cathode.

The mechanism of discharge/charge cycles of LOB is presented
in Egs. (1)-(3) [8]. During the discharge cycle, the reaction begins
at the anode where Li metal is oxidized to Li* ions (Eq. (1)). These
Li* ions are transported through the electrolyte to the porous
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cathode where they react with the incoming oxygen/air to form
Li,O,. This reaction is called oxygen reduction reaction (ORR),
shown in Eq. (2). The Li,O, generated during the discharge cycle
accumulates on the cathode surface [9]. During the charge cycle,
the deposited Li,O, decomposes to liberate O, and Li* ions. This
process is called oxygen evolution reaction (OER), shown in Eq.
(2). The overall reaction is shown in Eq. (3)

Anode : 2Li = 2Li" +2e~ (1)
Cathode : 2Li" +2e™ + 0, = Li,0, 2)
Overall : 2Li+ O, = Li,0,(E.y° = 2.96 V) (3)

The formation of Li,O, as a result of ORR passivates the
cathode surface owing to its insulating properties and physically
clogs pores due to insolubility in nonaqueous electrolytes.
Consequently, high mass transfer resistance leads to limited
capacity during the discharge cycle [10-13]. Ideally, Li,O, should
disintegrate completely during the charge cycle but the instability
of the carbon cathode and electrolyte results in undesired side
reactions. This leads to the deposition of irreversible discharge
products e.g., Li,CO; on the cathode surface, thereby decreasing
the surface area for Li,O, and increasing ohmic resistance. These
factors contribute to gradual capacity fading and eventually death
of battery [14]. Since the bandgap of Li,CO; is wider than Li,O,,
this requires high electrical energy to oxidize it completely, and
consequently, the charge potential surpasses 4.0 V in subsequent
cycles. This further deteriorates the battery life as this surge in
charge voltage leads to electrolyte decomposition. An ideal
cathode should have a high surface area (for maximum reaction
sites), high porosity (for maximum mass transfer), high electronic
conductivity (for reduced resistance), and high stability that
enables it to survive in the corrosive environment of battery [15,
16]. Owing to the high electrical conductivity, low cost, and
lightness, various forms of carbon, including mesoporous carbons
[17], graphene [18], carbon nanotubes (CNT) [19], and carbon
nanofibers (CNF) [20-23] have been incorporated in cathodes.
Although carbonaceous materials are preferred as a cathode
material owing to their numerous advantages, nonetheless,
irreversible side reactions arising from its instability in the
presence of discharge products, polymer binder and electrolytes
during OER are detrimental for the longevity of the battery.
Additionally, sluggish kinetics in the formation and oxidation of
Li,O, leads to low round-trip efficiency, poor rate capability and
shorter cycle life [7,24]. Consequently, these cathodes have often
been modified with catalysts, including metal nanoparticles [25],
metal oxides [26,27], heteroatom doping [28], etc. The prime
function of catalysts is to improve ORR and OER kinetics by
reducing the activation barrier of reacting species. This results in a
reduction in cell polarization, higher rate capability, mitigation in
parasitic reactions due to instability of carbon (especially at higher
voltage) and improved cycling stability [29].

Ko et al. reported the performance of various combinations of
noble metal alloys, including Pt-Ru, Pd-Ir, and Pt-Pd supported
on Vulcan XC and showed that Pt-Ru/C exhibited highest
discharge capacity (346 mAh-g") followed by Pt-Pd (153 mAh-g ™)
and Pd-Ir (135 mAh-g") at a current density of 0.2 mA-cm™ [30].
Wau et al. compared the LOB performance by employing pure Pt
and Pt-Ru catalysts supported on Vulcan XC. They demonstrated
that Pt-Ru achieved highest cycling stability (17 cycles) as
compared with pure Pt catalysts (< 5 cycles) at a current density of
100 mA-g". Upon discharge product examination, they revealed

Sci@pen

Nano Research Energy 2023, 2: €9120055

that Pt-Ru produced poorly crystalline Li,O, which leads to lower
charge overpotential and higher stability [31]. Yang et al. exploited
Pt,Ru/Vulcan XC as a LOB cathode and attained a discharge
capacity of 5386 mAh-g' in comparison with Vulcan XC
(4376 mAhg') at a current density of 0.05 mA-cm™
Pt,Ru/Vulcan XC also maintained lower discharge and charge
overpotential compared with pure carbon electrode [32]. Recently,
Jung et al. employed LOB cathode with a quaternary combination
of noble metal catalysts (Pt-Pd-Au-Ru) and were able to achieve
three times higher discharge capacity (9130 mAh-g”) and reduced
charge overpotential (045 V) as compared with pristine CNF
electrode [25]. Li and coworkers developed a LOB cathode by
mixing Fe;0,@C and PtRu nanoparticles and achieved
7996 mAh-g"' (vs. 4000 mAh-g' with Ketjenblack (KB))at a
current density of 200 mA-g™. The battery was able to cycle 21 and
32 times with 500 and 1000 mAh-g™ limited capacity, respectively
[33]. Jiaqiang et al. utilized binder-free Ni-Co/CNF electrodes and
achieved a decent discharge capacity of 8635 mAh-g" (vs.
968 mAh-g" with CNF) and 60 cycles with 1000 mAh-g™ cutoff
capacity at a current density of 200 mA-g™ [34].

The above-mentioned studies have exploited either noble
metals or transition metal alloys as LOB cathode catalysts. To the
best of our knowledge, no previous reports were found with LOB
cathode electrodes based on vertically aligned CNF (VACNEF)
arrays, a unique brush-like vertically aligned three-dimensional
CNF architecture with conical graphitic stack internal structure
[35, 36], which are further coated with Ni or PtRu films. Ni foam
has been widely utilized as a non-carbon based substrate in battery
research [37,38]. However, very few studies incorporated Ni
nanoparticles as an electrocatalyst. Zhu and coworkers
incorporated Ni/graphene foam in LOB and achieved high
discharge capacity (22,035 mAh-g") and decent cycling stability
(22 cycles) at the current density of 100 mA-g™ [39]. This indicates
that Ni as an electrocatalyst in LOB has a great potential to deliver
much higher discharge capacity than expensive noble metals,
hence requiring more attention. Conversely, PtRu has been
extensively exploited as a noble metal alloy catalyst and proved
effective in extending the battery cycle life. In LOBs, however, it
has mostly been coupled with commercial carbon as a cathode
material, consequently delivering limited performance. Herein, we
report the comparison of the electrochemical performance of LOB
employed with Ni and PtRu-coated VACNF array cathode,
respectively. Binder-free VACNF electrodes were synthesized by
direct growth of CNFs on gas diffusion layer (GDL) substrates
using a plasma-enhanced chemical vapor deposition (PECVD)
technique. VACNF array electrodes were sputtered with a thin
film of Ni and PtRu, respectively, at a nominal thickness of 20 nm.
The as-prepared electrodes were examined under the field
emission scanning electron microscopy (FESEM), high resolution
transmission electron microscopy (HRTEM), and X-ray
photoelectron  spectroscopy (XPS). LOB with VACNF-Ni
electrode achieved the highest specific and areal discharge capacity
(14.92 Ah.g', 432 mAh-cm?) among all electrodes. Cycling
stability tests suggested the superior performance of VACNEF-PtRu
with 27 cycles. The deep-discharged electrodes were analyzed
under FESEM and XPS to demonstrate the morphology of the
discharge product. We also report the impact of the most
ubiquitously used carbon GDL substrates, i.e., carbon cloth (CC)
and carbon paper (CP), on the battery performance. Several
studies have been conducted on the effects of these substrates in
fuel cells [40] and flow batteries [41,42]. But to the best of our
knowledge, no such study has been reported for LOBs.
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2 Experimental

21 Vulcan XC 72R-30% polytetrafluoroethylene (PTFE)
electrode preparation

Vulcan XC 72R purchased from Fuel Cell Store was used for
coating the GDL substrate 1071 HCB plain CC and Sigracet 29AA
CP. Vulcan XC was mixed with PTFE binder (70 wt.%:30 wt.%
ratio) in isopropyl alcohol (IPA) and water solution (70 vol.%:
30 vol.% ratio). The mixture was sonicated in Branson bath
sonicator for 3-4 h to get all components well combined. The
prepared slurry was blade coated on both substrates. The coated
substrates were dried for 24 h at room temperature (20 °C)
followed by the heat treatment in SentroTech oven at 350 °C
under atmospheric conditions for 30 min. The mass loading
measured for the electrode of area 0.712 cm? (3/8 diameter) was
0.5+ 0.1 mg-cm™.

2.2  VACNF-based electrodes preparation

VACNEF arrays were grown on Sigracet 29AA CP (for VACNF-Ni
only) and 1071 HCB plain CC by PECVD in an Aixtron Black
Magic system. The bare substrate was first sputtered with a 22 nm
thick Ni film which was converted into randomly distributed
Ni nanoparticles by thermal dewetting at 500 °C in the presence of
ammonia (NHj;). It was then subjected to 63 sccm of acetylene
(C,H,) and 250 sccm ammonia (NH;) in the PECVD process at
750 °C. Each Ni nanoparticle catalyze the growth of a CNF in the
tip growth mode perpendicularly to the substrate surface. To
achieve the desired length of 8 pm of VACNE, the growth time
was set at 60 min. The Ni and PtRu were sputtered at a rate of
0.5 A-s' using Ar' ion beam at the beam energy of 8.0 and
7.2 keV, respectively, to deposit a nominal thickness of 20 nm on
VACNF. This nominal thickness corresponds to a Ni mass
loading of 17.8 pug:em™ and a PtRu mass loading of 34.2 pug-cm™
with respect to the geometric surface area of a flat substrate, which
are negligible relative to the mass of VACNFs. The overall mass
loadings measured for VACNF electrodes based on CC and CP
substrates were 0.29 + 0.02 and 0.14 + 0.02 mg-cm™ respectively
Table S1 in the Electronic Supplementary Material (ESM)
summarized the mass loading calculations of VACNF based
samples.

2.3 Battery assembly

A widely used commercial organic electrolyte solvent, dimethyl
sulfoxide (DMSO) was incorporated in this study.
Bis(trifluoromethane)sulfonimide (LiTFSI) is used as Li salt to
make 1 M concentration solution. All these materials were
purchased from Sigma-Aldrich and used as received. The battery
was assembled in an argon-filled Mikrouna glovebox with O, and
H,O concentrations maintained below 0.1 ppm. Four customized
electrodes (Vulcan XC, bare VACNF, VACNF-Ni, and VACNF-
PtRu) of 9.5 mm in diameter were employed as the battery
cathode. A customized titanium battery frame was used [43, 44].
A cathode electrode was placed on the base of the frame with
oxygen channels and a Whatman glass fiber separator (GF/C,
1822-021) with a diameter of 1.58 cm was laid on top of the
cathode. The separator was soaked with 90 pL of electrolyte.
Finally, a Li chip (0.25 mm thick) with a size of 1.27 cm’ was
placed on top of the separator, which acts as the anode. The
battery was screwed and ready for testing.

24 Electrochemical testing

The assembled battery was supplied with pure O, (99.99%) supply.
In order to remove argon from the electrode assembly, the battery
was purged for a minimum of 1 h at the open circuit voltage
(OCV). Cyclic voltammetry (CV) tests were conducted using a
Biologic SP-150 potentiostat at the scan rate of 0.1 mV-s™
Galvanostatic discharge/charge capacity tests were performed on a
4-channel Arbin MSTAT4 battery tester. The discharge and
charge cutoff voltages used were 2 and 4.5 V, respectively. The
cycling stability tests were conducted with a curtailed areal
capacity of 0.5 mAh-cm™ for all aforementioned electrodes. All
tests were conducted at a current density of 0.1 mA-cm™ and
room temperature (20 °C).

2.5 Material characterizations

Fresh electrodes were analyzed under Topcon/ISI/ABT DS 130F
FESEM (Akashi Beam Technology Corporation, Tokyo, Japan).
The TEM and scanning TEM (STEM)/energy dispersive
spectroscopy (EDS) mapping were imaged using a Tecnai Osiris
S/TEM (FEL Hillsboro, OR) at a 200 kV acceleration voltage. The
surface elemental composition of the catalysts was characterized
using a PHI 5000 versa XPS system (Chanhassen, MN) with a
monochromatized Al Ka source (1486.7 eV). Shirley background
was used in the curve fitting. The binding energy (BE) of all XPS
data was calibrated vs. the standard sp* C 1s peak at 284.60 eV. In
order to illustrate the morphology of the discharge products on
various cathode electrodes, deep-discharged electrodes were
examined by FESEM and XPS.

3 Results and discussions

3.1 Fresh electrodes characterizations

Figure 1 shows the FESEM images of VACNF/CC (Figs.
1(a)-1(c)) and VACNF/CP (Figs. 1(d)-1(f)) at various
magnifications. It is evident from Figs. 1(a) and 1(d) that the two
substrates exhibit starkly different structures. Carbon fibers in CC
constitute a woven structure in comparison with CP which
comprises of random arrangement of fibers stacked on top of each
other and coated with a carbonaceous film. Figures 1(b), 1(c), 1(e),
and 1(f) show the FESEM images of a VACNF array grown on a
carbon fiber at the exterior surface of the CC and CP substrate
respectively. On average, each VACNF measures 8 um in length
and 150 nm in diameter with nearest-neighbor distance of
~300-350 nm.

Figures 2(a)-2(c) show the HRTEM images of a single CNF
scraped off from the VACNF array which clearly contains a Ni
nanoparticle that catalyzed the CNF growth. The top surface of
these Ni nanoparticles is typically covered with a few graphene
layers (invisible at this resolution). The sidewall of the CNF is
covered with a layer of much smaller Ni nanoparticles (~ 2-5 nm
in diameter) which was deposited post CNF growth by ion-beam
sputtering, similar to our previous studies [45]. The quantity of the
sputtered Ni (and PtRu) catalyst is equivalent to a 20 nm thick
film on a flat substrate surface (thus referred to as the nominal
thickness) which is spread along the VACNE sidewall to yield the
much smaller particle size and lower local surface density. These
are the main catalysts that is employed in this study. Figures
2(d)-2(g) show the STEM-EDS mapping images of VACNF
sputtered with Ni film, which confirms the relatively uniform
deposition of metal nanoparticles on the entire surface of VACNF.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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Figure1 FESEM images of (a) woven structure of CC substrate, (b) and (c) the VACNEF array grown on a carbon fiber at the exterior surface of the CC substrate, (d)
non-woven structure of CP substrate, and (e) and (f) the VACNF array grown on a carbon fiber at the exterior surface of the CP substrate.

o

Figure2 HRTEM images of (a) the tip portion of a VACNF and the much smaller sputtered Ni nanoparticles at the sidewall of the VACNF, (b) and (c) the sidewall
of VACNE fiber sputtered with Ni nanoparticles. STEM-EDS mapping images of (d) C, (e) N, (f) O, and (g) N deposited on VACNFs.

STEM-EDS mapping images of VACNE-PtRu can be found in
our previous publication [46]. From elemental analysis report, the
atomic ratio of Pt:Ru is 48.61%:51.38% = 1:1 considering the error
bars. This is consistent with the composition of the PtRu
sputtering target.

The elemental composition of metal nanoparticles deposited on
the VACNEF surface was analyzed by XPS. Figure 3 shows the high-
resolution XPS spectra of C 1s, Ni 2p, Pt 4f, and Ru 3p. The C 1s
(Fig. 3(a)) deconvoluted into five distinct peaks at BEs of 284.7,
285.9, 287.8, 291.3, 293.4 eV. These peaks correspond to various
states of carbon atoms, including sp>-C, sp>-C, C-O/C-N, C=0,
and O-C=0, respectively, with sp>-C hybridized being the

) 27w | Sci@pen

dominating state. Figure 3(b) shows the Ni 2p spectra for
VACNEF/NI electrode. The spectra deconvoluted into three pairs
of Ni 2p;;, and Ni 2p,;, doublets. Each doublet is ascribed to Ni(0),
Ni(II), and Ni 2p satellite states. Ni(0) correspond to metallic Ni
while and Ni(Il) are likely from NiO and Ni(OH), species.
Relative area analysis shows that Ni(II) is the dominating specie,
with 77.41% of Ni existing in oxides and hydroxides states, while
the metallic Ni(0) constitutes 22.59% of the total deposited Ni.
This is not surprising since the sputtered Ni can be easily oxided
after exposing to the air.

Figure 3(c) shows the Pt 4f spectra for VACNEF-PtRu electrode.
The deconvoluted spectra comprised three distinct pairs of Pt 4f,,
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Figure3 XPS spectra of as-prepared electrodes: (a) C 1s, (b) Ni 2p, (c) Pt 4f, and (d) Ru 3p.

and Pt 4f;,, doublets. These three sets of peaks are attributed to
Pt(0), Pt(II), and Pt(IV) states. The Pt(0) doublet appearing at 71.5
and 74.8 eV BEs corresponds to metallic Pt, while Pt(Il) and
Pt(IV) correspond to PtO, Pt(OH), and PtO, species, respectively.
As per relative area analysis, Pt(0) is the dominating specie, with
55.12% of Pt atoms present in the metallic state. This is followed
by Pt(IV) and Pt(II) species, which constitute 22.69% and 22.18%
of the total Pt, respectively. For Ru 3p (Fig. 3(d)), two peaks with
BEs at 462 and 484.4 eV for Ru 3p;;, and Ru 3p,), respectively,
correspond to Ru(0) state. The remaining set of peaks are
attributed to Ru(IV) state. Metallic Ru i.e., Ru(0) specie, makes up
57.18%, followed by Ru(IV) specie with 42.82% of the Ru in
deposited PtRu alloy catalyst.

3.2 Electrochemical performance

3.2.1 Cyclic voltammetry

The electrochemical performance of various LOB cathodes was
first evaluated using CV technique incorporated in the LOB
assembly. Figure 4 compares the CV curves of LOB employed
with Vulcan XC, bare VACNF, VACNEF-Ni, and VACNF-PtRu.
The cathodic and anodic peaks refer to ORR and OER,
respectively. It is evident from the CV curves that VACNF-based
cathodes exhibit enhanced ORR activity as compared with Vulcan
XC. Furthermore, the incorporation of metal catalysts, i.e., Ni and
PtRu, resulted in an even higher current response. Especially,
VACNE-Ni outperformed its counterparts by displaying the
highest ORR activity though the Ni at the tip of VACNFs that was
left from the VACNF growth process may have an additional
electrocatalytic contribution. The voltage at which ORR and OER
peaks appear is also significant to determine the electrochemical
performance of electrodes. Voltages E; to E, correspond to the
formation of Li,O, with various LOB cathodes.

The reduction peaks for VACNF and VACNF-PtRu appeared
at a comparable voltage ie., E, = 242 V and E; = 241 V,
respectively. They are followed by Vulcan XC and VACNE-Ni
with voltages E; = 237 V and E, = 2.35 V, respectively. It is
noteworthy, at 2.56 V, Vulcan XC displayed a diminished peak

0.6 OER
04
_ 02}
T ool
€ -02}
S [
t -04rf
8 F —— Vulcan XC
-0.6 E, —— VACNF
—08l —— VACNF-Ni
- —— VACNF-PtRu
-1.0} / E,
_1.2 1 " 1 " 1 " 1 " 1 " 1
2.0 2.5 3.0 35 4.0 4.5
Voltage (V)

Figure4 Comparison of CV profiles of LOB incorporated with Vulcan XC,
VACNF, VACNF-Ni, and VACNF-PtRu electrodes conducted at the scan rate
of 0.1 mV-s™.

(E;,) which could be attributed to the formation of LiO, by the
following reaction: Li* + O, + e > LiO, [15]. For OER, the
oxidation peaks emerge below 4.0 V which correspond to the
decomposition of Li,O, by one electron transfer mechanism i.e.,
Li,0, > Li* + e + LiO, [15]. Vulcan XC and VACNF-PtRu
displayed comparable OER voltage ie., E; = 3.76 V and E, =
3.77 V, respectively. The oxidation peaks for bare VACNF and
VACNEF/NI appear at E; = 3.8 V and Eg = 3.92 V. The anodic peak
that appears above 4.0 V refers to the two-electron transfer
mechanism, i.e., Li,O, > 2Li* + 2¢” + O, [15]. Contrary to VACNEF-
based electrodes, a pronounced OER peak appeared at 4.19 V with
Vulcan XC. This could be attributed to the fact that the majority
of the Li,O, disintegration happened above 4.0 V.

3.2.2  Deep discharge tests

Deep discharge tests were conducted to investigate the impact of
various cathode electrodes on the electrochemical performance of
LOB. Figure 5(a) compares the discharge/charge capacity tests
with Vulcan XC, bare VACNF, VACNEF-Nj, and VACNF-PtRu
coated CC substrate. Each profile represents the maximum areal
discharge capacity obtained in the test with the particular

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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Figure 5 Comparison of (a) maximum areal discharge/charge capacity and (b) Coulombic efficiency of Vulcan XC, bare VACNF, VACNF-Nji, and VACNF-PtRu on
CC substrate. Comparison of the performance of CC and CP substrates in terms of maximum areal discharge/charge capacity of (c) Vulcan XC-CC/CP and (d)

VACNE-Ni-CC/CP. All tests were conducted at 0.1 mA-cm™ current density.

electrode. VACNEF-Ni vyielded the highest discharge capacity
(4.32 mAh-cm”), followed by VACNF-PtRu (2.62 mAh-cm™),
Vulcan XC (1.91 mAh-cm™), and bare VACNF (1.60 mAh-cm™).
Figure S1 in the ESM compares the specific discharge capacities
yielded by the aforementioned cathodes. VACNF-Ni electrode
delivered the highest specific discharge capacity (14.92 Ah-g™) as
compared with VACNF-PtRu (9.07 Ah.g'), bare VACNF
(5.55 Ah-g"), and Vulcan XC (3.83 Ah-g™). VACNE, generally, are
favorable for metal-air batteries as the highly graphitic, free-
standing, one-dimensional (1D) structure provides low carbon
packing, high void volume, high electronic conductivity, and
abundant active reaction sites [21, 23, 35, 36]. High void volume
(~ 78%) [35] accommodates the maximum amount of discharge
product (Li,0,) which results in enhanced discharge capacity. In
addition, the binder-free nature helps to reduce unwanted
activities, e.g., dissolution in nonaqueous electrolyte, which in turn
lowers the adhesion of carbon powders on the substrate [20, 22,
34]. Furthermore, commonly used Teflon and polyvinylidene
fluoride (PVDF) binders could involve in side reactions to
produce LiF in the discharge cycle [47]. Consequently, the
exclusion of polymer binder can improve battery’s life span.
Moreover, the binder decreases the porosity of the electrode,
which eventually affects the mass transfer of oxygen and Li ions
and restricts the discharge capacity of the battery. Unlike VACNF,
blade-coated Vulcan XC may provide a higher specific surface
area, ie, 260 m*g' [48]. The high surface area could have
contributed to its higher areal discharge capacity as compared
with bare VANCF. However, the effective utilization of reaction
sites could be limited due to the random settlement of carbon
powder on the substrate. Contrary to Vulcan XC, the VACNFs
are grown homogeneously on substrate fibers without blocking its
pores that are essential for mass transfer, whereas blade coated
Vulcan XC can cause a decrease in overall porosity.

In addition to VACNE, catalysts Ni and PtRu played a
significant role in enhancing battery performance. It is evident
from Fig. 4(a) that both catalysts were able to improve discharge
capacity by enhancing catalytic activity in comparison with bare
VACNEF cathode. The catalyst nanoparticles are mostly deposited
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in the form of well-deposited nanoparticles (~ 3-5 nm in
diameter) on the sidewalls of VACNF in addition to their tips. The
catalyst layer introduces roughness on sidewalls and increases
surface area [34]. This allows the reaction to occur in the three-
dimensional (3D) volume across the whole 8 pm tall VACNF
array. Moreover, VACNF-Ni vyields much lower charge
overpotential as compared with its counterparts, a major portion
of the charge cycle lies under 3.5 V. Figure 5(b) shows the
comparison of Coulombic efficiency (CE) exhibited by each
electrode. Due to limited recharging capability, Vulcan XC gave
the lowest CE, ie., 35.5%. LOBs employed with VACNF-based
electrodes demonstrated superior CEs. Although VACNF-PtRu
displayed relatively lower discharge capacity than VACNEF-N;,
nevertheless, it was able to achieve 100% CE. It is noteworthy that
the charge potential with VACNF-PtRu did not reach 4.5 V
(charge cutoff volatge), unlike other electrodes. This could be
attributed to the formation of poorly crystalline Li,O, due to Ru
catalytic activity, which disintegrates at comparatively lower
voltage during OER [31].

Figures 5(c) and 5(d) show the comparison of discharge/charge
capacity tests with different carbon substrates, ie.,, CC and CP.
First, we compared the discharge capacity performance with
Vulcan XC using different substrates. Figure 5(c) shows the
comparison of discharge/charge capacity profiles with Vulcan
XC/CC and Vulcan XC/CP. The discharge capacity obtained with
Vulcan XC/CC is over ~ 2.2 times higher than Vulcan XC/CP.
For VACNEF-based electrodes, we conducted tests with VACNF-
Ni owing to its best performance (Fig.5(d)). VACNE-Ni/CC
achieved 2.65 times higher discharge capacity with much lower
overpotential as compared with VACNF-Ni/CP.

Both CC and CP have similar porosity (~ 0.8) and surface area.
But the difference lies in their structure. CC has a woven structure
in which carbon fibers are weaved together (Fig.1(a)). On the
contrary, CP has a non-woven structure in which straight carbon
fibers are stacked in a multilayer web-like structure and covered
with a thin non-continuous carbonaceous film (Fig. 1(d)) [40, 49].
The previous work shows that this difference in their structure
forms the basis of the different pore size distributions (PSDs). In
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another study by PSD analysis, the mean pore diameter of CC and
CP was measured to be 130 ym [50] and 75 um [51], respectively.
The mean pore size in CC is almost double that of CP. The bigger
pores in CC are between carbon yarns in the weaved pattern [52].
The macropores allow coated material particles to accommodate
themselves within the structure as opposed to CP, in which they
sit mostly on top. The mass transport property is one of the major
challenges in order to ameliorate the performance of Li-O,
batteries. The transport of Li ions from the electrolyte to reaction
sites and incoming oxygen from the other side of the cathode
electrode are all related to the mass transport phenomenon. This
phenomenon is directly related to pore size and PSD [53, 54]. The
possible reason for CC’s superior performance is that it offers
better mass transport properties. The smaller pores are first
clogged during discharging due to the deposition of discharge
product. This leads to the blockage of path of incoming oxygen
which eventually stops the discharge cycle. On the other hand, the
macropores in substrate ensure the transport of oxygen until the
battery reaches to its mass transport limitation state. Therefore, the
presence of bigger pores in CC allows continuous transport of
oxygen for longer period of time. Moreover, CC offers less
tortuosity (1.33) [55] as compared with CP (7 > 2) which allows
ions to cover less distance before they reach the reaction sites. The
tortuosity of VACNF arrays are even smaller, close to 1.

3.2.3 Cycling stability tests

In order to investigate the stability and longevity of VACNEF-based
electrodes in LOB, cycling stability tests were conducted with a

curtailed areal capacity of 0.5 mAh-cm™. Figures 6(a)-6(d) show
the cycling stability of Vulcan XC (Fig. 6(a)), VACNF (Fig. 6(b)),
VACNE-Ni (Fig. 6(c)), and VACNF-PtRu (Fig. 6(d)). As shown
in Fig. 6(e), VACNF-PtRu yielded the highest number of cycles
(27 cycles) followed by VACNE-Ni (13 cycles) and bare VACNF
(8 cycles). Vulcan XC displayed limited stability by yielding
3 cycles as compared with VACNF-based electrodes. VACNF
array provides higher stability due to its graphitic structure.
However, bare carbon electrodes could not withstand the
corrosive environment of a battery for a longer period of time due
to their ability to react with highly electrochemically active
intermediate species (superoxide ions) [56]. This leads to the
gradual accretion of irreversible discharge product on the cathode
surface. Consequently, the battery reaches a point where the
reversible discharge product no longer exists during recharging. It
is evident from these results that metal catalysts were able to
enhance the stability of the cathode electrode. In addition to
catalyze ORR and OER, metal nanoparticles covering the sidewalls
of VACNF protect the carbon surface from coming into direct
contact with intermediate species. This protective layer could be
helpful in circumventing the reaction between carbon and
unstable superoxide ion, which results in the formation of
undesired products, e.g., Li,CO; thereby deteriorating battery life
[15]. Moreover, the metal coating allows the reaction to take place
at the metal—electrolyte interface instead of the carbon-electrolyte
interface. It is interesting to note that despite exhibiting relatively
lower discharge capacity in deep discharge tests, PtRu displayed
superior cycling stability than Ni. Figure 6(e) compares the
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number of cycles achieved with various cathode electrodes. The
comparison of average discharge and charge potential of various
VACNEF-based electrodes are shown in Fig. 6(f). It is noteworthy
that VACNF-PtRu yielded higher charge voltage as compared
with its counterparts. Nonetheless, it displayed superior
performance in stability. This shows that PtRu has suppressed the
side reactions by protecting the VACNF from attacking species
most effectively compared to other electrodes, leading to a longer
battery life. The evolution of cell voltage with number cycles can
be ascribed to the instability of electrolyte and evaporation of
electrolyte solvent, instability of Li anode, and passivation of
cathode surface due to accumulation of irreversible discharge
product. It is worth mentioning that VACNF-PtRu exhibited the
most stable and consistent capacity—voltage profile in addition to
maintaining the highest number of cycles. The sudden voltage
drop was not observed with VACNF-PtRu compared to its
counterparts. It is evident from Fig. 6(e) that the VACNF-PtRu
maintained a high discharge capacity (> 0.4 mAh-cm™) in its 28"
cycle as compared to other cathodes (< 0.15 mAh-cm™). This
superior performance of PtRu catalyst was also reported in
previous studies [30].

It is worth mentioning that various accounts in the
literature indicate that achieving high discharge capacity does not
always reflect high CE and cycling stability. Yang et al
exploited Pt,Ru/Vulcan XC as a LOB cathode and attained a
discharge capacity of 5386 mAh-g" compared with Vulcan XC
(4376 mAh-g"') at a current density of 0.05 mA-cm™ [32]. A
substantial improvement in discharge capacity with the
incorporation of Pt,Ru catalyst was not observed. Nevertheless, it
maintained a lower charge overpotential than pure carbon
electrodes, indicating its catalytic effect on Li,O, oxidation.
Similarly, Wu et al. demonstrated higher discharge capacity with
Pt/C cathode (> 2000 mAh-g') as compared with PtRu/C
(< 2000 mAh-g™) but achieved superior cyclability with the latter
(5 vs. 17 cycles). Finally, Zhu and coworkers reached a high
discharge capacity of 22,035 mAh-g" with Ni/graphene foam
cathode but achieved only 22 cycles in cycling stability tests.
Herein, we found a trade-off between high discharge capacity, and
high CE and cyclability with VACNF-Ni and VACNF-PtRuy,
respectively. VACNF-PtRu presented the best compromise
between decent discharge capacity (9.07 Ah-g”, 2.62 mAh-cm™)
and high CE (100%) and cycling stability (27 cycles).
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3.3 Characterization of discharged electrodes

3.3.1 SEM imaging

The morphology of the accumulated discharge product on the
cathode surface was examined under FESEM imaging. Figure 7
shows FESEM images of the morphology of deep discharged
Vulcan XC (Fig. 7(a)), VACNE-Ni (Figs. 7(b) and 7(d)), and
VACNF-PtRu  (Fig. 7(c)) cathode electrodes. The discharge
product (Li,0O,) can be seen deposited on the cathode surface. It is
evident from the FESEM images that the structure of discharge
products in the Vulcan XC cathode is entirely different from
VACNEF-Ni and VACNEF-PtRu. Li,O, exists in the form of big
crystalline toroidal structure on Vulcan XC cathode. Each toroid
consists of several plate-like structures. On the contrary, VACNF-
Ni and VACNEF-PtRu vyielded spherical and film-like discharge
products. The entire surface area of carbon fibers is covered with
film-like Li,O,. The morphological difference could be explained
in terms of the tendency of O, adsorption/binding with the
cathode surface. A cathode with weak O, binding like Vulcan XC
promotes the generation of Li,O, in electrolyte solution via
disproportionation (LiO, + LiO, - Li,O, + O,) in the form of big
aggregates. The introduction of catalyst onto the cathode surface
enhances O, affinity with the cathode, which leads to the
formation of discharge product on the cathode surface via
electrochemical reduction (LiO, + e + Li* > Li,O,) in the form of
film [25]. Interestingly, the alignment of VACNF-NI is intact after
deep discharge, which depicts their higher stability than Vulcan
XC (Fig. 7(d)).

3.3.2 XPS analysis

In addition to SEM imaging, the deeply discharged electrodes
were analyzed by XPS to evaluate the discharge product with
VACNF-based electrodes. Figure 8 shows the Li 1s and O 1s
spectra. Regardless of electrode type, BE peaks (54.7 eV) are
obtained for Li 1s (Fig. 8(a)), in good agreement with the previous
reports for Li,O, [57,58]. This shows that the majority of the
discharge product accumulated is Li,O,. For further verification,
we deconvoluted O 1s spectra (Fig. 8(b)) of discharged electrodes.
A diminished green peak emerged for all electrodes at the BE
~ 532.9 eV, which corresponds to the formation of Li,CO; [59,
60]. It is worth mentioning that the bare VACNF displayed a
significantly stronger Li,CO; peak as compared with VACNE-Ni

Figure7 FESEM images of deep discharged (a) Vulcan XC, (b) and (d) VACNEF-Ni, and (c) VACNE-PtRu electrodes.
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and VACNE-PtRu. This confirms that the deposited metal catalyst
inhibits the generation of unwanted and irreversible discharge
products (such as Li,CO;) by protecting the carbon surface. This
leads to the longevity of battery life, as demonstrated by cycling
stability results in the previous section.

4 Conclusion

We successfully presented the electrochemical behavior of LOB
with the more stable cathode based on graphitic VACNF arrays
grown on GDL substrate. Transition metal (Ni) and noble metal
alloy (PtRu) deposited on the VACNF array support exhibited
significantly improved performance due to their catalytic
properties. Deep discharge capacity tests revealed that both
catalysts substantially enhanced the discharge capacity as
compared with bare VACNF and Vulcan XC. VACNEF-Ni
achieved the highest specific and areal discharge capacity
(14.92 Ah-g*, 432 mAh-cm™). In contrast, VACNE-PtRu cathodes
have greatly improved the cycling stability by achieving double the
number of cycles as compared to VACNF-Ni. XPS analysis has
shown that VACNF-PtRu has proved to be highly effective in
suppressing Li,CO; generation. VACNF-PtRu presented the best
compromise between decent discharge capacity (9.07 Ah-g’,
2.62 mAhcm?) and high CE (100%) and cycling stability
(27 cycles). We also investigated the impact of the GDL substrate
on LOB performance. Owing to the bimodal PSD, which
promotes mass transfer, CC-based electrodes exhibited superior
performance in deep discharge tests comparing to CP-based
electrodes.
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1. Experimentally determined mass loadings of VACNF samples:

The details of the experimentally measured VACNF mass loadings are shown in Table S1. For all
the samples, the mass of the substrate was measured before and after the VACNF growth
process. It is to be noted that there is a difference in the area of the bare substrate and the area
of grown VACNF. From the measured values, the areal mass loading was calculated. In general,
the experimentally determined mass loadings are lower compared to the theoretically
estimated loading (0.32 mgecm™). Also, there is a significant difference in the mass loading
between carbon paper and carbon cloth substrates. It is noteworthy that the experimentally
determined VACNF mass loading by this method may not reflect the true values since there

could be mass losses associated with the carbon substrate during the growth process.

Table S1. Summary of mass loading calculations of VACNF-based electrodes.

Sample Sample Initial  Final mass  Final mass— VACNF areal mass
P area (cm?) mass (mg) (mg) Initial mass (mg) loading (mg cm?)
VACNF/CC 491 76.2+0.1 77.6+0.1 1.4+0.1 0.285
Ni/VACNF/CC 485 75.5+0.1 76.9%0.1 14101 0.288
PtRu/VACNF/CC 470 73.6+0.1 75z10.1 14101 0.298
Ni/VACNF/CP 496 19.6+0.1 20.3+0.1 0.7+0.1 0.141

2. Comparison of Specific Capacity plot:

Fig. S1 compares the maximum specific discharge/charge capacity yielded by VACNF-based

electrodes and Vulcan XC. VACNF-Ni electrode displayed the highest specific discharge capacity



of 14.92 Ah g followed by VACNF-PtRu (9.07 Ah g), bare VACNF (5.55 Ah g*) and Vulcan XC

(3.83 Ah g).
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Figure S1 Comparison of maximum specific discharge/charge capacity of LOB employed with
Vulcan XC, Bare VACNF, VACNF-Ni, and VACNF-PtRu as cathode. All tests were conducted at 0.1

mA cm current density.
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