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ABSTRACT

To overcome the challenges of Na-O, batteries with respect to efficiency, capacity, and cycle life as well as to
develop cheap, metal-free, and abundant electrocatalysts, we explored boron and nitrogen-functionalized gra-
phene aerogels prepared by the hydrothermal self-assembly of graphene oxide with subsequent thermal reduc-
tion. The results showed an improve of both the cycling overpotential and the coulombic efficiency for the
functionalized graphene aerogels. However, the nitrogen-containing cathode presented a shortened cycle life and
decreased charging stability. The postmortem analysis of the full discharge, and the full discharge and charge
cathodes demonstrated that nitrogen functionalization triggered the formation of solid parasitic products that
passivate the cathode surface, thus resulting in a poorer electrochemical performance. By contrast, functional-
ization with boron-containing groups demonstrated to be a more promising strategy due to minimized parasitic
products, leading to lower oxygen reduction and evolution overpotentials with a concomitantly enhanced cell
efficiency vs. the undoped cathodes. This resulted in a cycle life of 70 cycles at a relatively high current density of
0.1 mA cm 2 with a capacity cut-off of 0.5 mAh ecm™2. Our study underscores that functionalization with het-
eroatoms simultaneously alters multiple characteristics of graphene-based materials, including their chemistry,
texture and morphology, which in turn presents a critical impact on the electrochemical response of the resultant
Na-O, cells.

1. Introduction

required in other important applications. In addition, the scarcity and
limited geographical availability of lithium ores present serious pitfalls

Rechargeable batteries represent a link between renewable energy
sources and mobile applications, particularly portable electronic de-
vices, and electric vehicles. The much-sought transition to a fossil fuel-
free economy is tightly linked to further enhancements in essential
features of batteries such as energy density, safety, lifetime, temperature
range or lower maintenance requirements. As well the use of inexpen-
sive and more environmentally friendly battery components, free of
heavy, precious and scarce metals is crucial [1]. Despite lithium-ion
batteries (LiB) currently dominate the battery market for electric vehi-
cles and portable devices, they still fall short of providing the autonomy

to the use of LiB on an increasingly larger scale, especially in the context
of full-fledged electromobility growth, requiring tremendously high
amounts of Li to be readily available for industry [2]. These consider-
ations have led to alternative battery developments, such as the
so-called "beyond lithium-ion" energy storage. In this context,
sodium-oxygen (Na-O,) batteries are of special interest due to their high
theoretical energy density exceeding that of LiB by at least a factor of 5
(1108 vs. 265 Wh kg_l). Na-O- batteries are chemical conversion de-
vices based on the electrochemical reduction of molecular oxygen [ox-
ygen reduction reaction (ORR)] at the “air cathode” where different
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sodium oxides are formed on its surface during discharge. On charge, the
discharge products release the molecular oxygen back via the oxygen
evolution reaction (OER) [3]. Despite the clear principle, nowadays
Na-O; batteries are still in early development due to a series of funda-
mental challenges that need to be understood and resolved before
reaching an industrial technology readiness level. In this context, the
choice of the optimum cathode material is critically important since it
has a direct impact on the kinetics of both ORR and OER. The products
and their formation mechanisms depend particularly on the catalytically
active surface at the cathode, which has to catalyze the ORR, serving as
nucleation sites for the growth of discharge products while making
easier their oxidation and redissolution during oxidation (OER) [4-6].
Carbon based cathodes are the material of choice for metal-O, batteries
in general, and Na-O; batteries in particular, thanks to their tunability
in terms of surface area, porosity, conductivity, chemical stability, and,
most importantly, functional surface chemistry [7]. Graphene stands out
among carbon materials thanks to its high electrical conductivity and
stable 2D structure. To be suitable for Na-O, cells, graphene cathodes
must present mechanical stability, favor Oy diffusion and electrolyte
permeation onto active sites for the formation/decomposition of
discharge products [8]. In this regard, the strong tendency of the gra-
phene sheets to re-stack (due to van-der-Waals forces) makes it difficult
to fabricate mechanically stable and surface accessible materials. The
engineering of graphene into 3D structures (i.e. aerogels) is one possible
way to address this issue and access suitable graphene-based materials
for Na-Oy battery cathodes [9,10]. In order to enhance the catalytic
performance of graphene-based cathodes, functionalization with
non-metallic heteroatoms opens sustainable avenues for tuning the ORR
and OER [11]. Both theoretical and experimental studies indicate that
functionalizing and/or doping carbon-based materials with atoms such
as nitrogen, boron, sulfur or phosphorous improve the ORR catalytic
activity, which may be attributed to the polarized distribution of spin
and charge densities [12]. For instance, it has been reported that the
configurations of nitrogen when functionalizing or doping carbon ma-
terials have a great influence on the catalytic activity of carbon-based
materials. Hence, pyrrolic and pyridinic like groups are though to pro-
mote high catalytic activity while quaternary nitrogen is beneficial for
improving electronic conductivity. Hierarchical porous carbons have
been tailored for nitrogen doping level, pore size distribution, and spe-
cific surface area. The functionalization of carbon together with the
maximization of the surface area resulted in a greatly lowered cycling
overpotential as well as enhanced catalytic activity, discharge capacity,
and cycle life over the values measured for the undoped counterpart
[13]. A study reported by Zheng et al. using polypyrrole derived nano-
fiber, annealed to different temperatures, in a glyme based electrolyte,
showed that those treated at 700 °C delivered the best electrocatalytic
activity for both ORR and OER [14]. This resulted in an enhanced
discharge capacity, cycling life (~ 90 cycles at current density of 200 mA
g~ ! with fixed capacity of 500 mAh g™ 1) and stability due to a carbon
structure rich in both pyrrolic and pyridinic groups; unlike other studies
with quaternary nitrogen-doped or pyridinic groups. In another study,
nitrogen-doped carbon nanotubes showed better electrocatalytic activ-
ity and cycle stabilities than undoped nanotubes in a glyme based
electrolyte. The authors ascribed this behavior to the nitrogen active
sites which enabled fast oxygen reduction processes, leading to a
layer-by-layer deposition of the discharge products which covered all
the nanotube surface. In contrast, the lack of specific active sites in the
bare nanotube led to random deposition of big particles which were
difficult to redissolve during charge [15]. Functionalization with ele-
ments that are more electropositive than carbon (e.g., boron) are rather
scarce in literature. Shu et al. reported a Na—O, battery using a meso-
porous boron-doped onion-like carbon microspheres where boron
doping led to an enhanced oxygen adsorption on the carbon surface
which resulted in higher specific capacity, improved rate capability
(capacity retention of 73% when the discharge current density increased
from 0.15 to 0.60 mA cm~2) and cycling stability (125 cycles at 0.3 mA
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em~2 with a fixed capacity of 1000 mAh g~!) [16]. The reported
structure was also beneficial due to the large amounts of mesopores, and
numerous active sites associated with boron doping. Although
heteroatom-doped graphene-based materials is a common strategy for
energy relevant electrocatalytic processes [17], few studies have been
reported for Na-O batteries (unlike carbon materials described above).
Li et al. studied nitrogen-doped of graphene nanosheets (GNSs), in a
glyme based electrolyte, which improved the catalytic activity relative
to the undoped electrodes (e.g. at 75 mA g~ double discharge capacity
was attained for the N-doped GNSs (8000 vs 4000 mAh g’l) [18]. In this
study however, no cycling data was reported. Benti et al. further study
theoretically the role of nitrogen and boron doped graphene, and
co-doped graphene as potential catalysts for rechargeable non-aqueous
sodium-air  batteries. = They predicted that single and
double-boron-bonded graphene and graphene doped with pyridinic ni-
trogen should exhibit a lower overpotential for ORR and high OER
catalytic activity in non-aqueous Na-O, batteries among range of
explored doped graphene materials [19]. Due to the lack of fundamental
understanding of heteroatom doped graphene in Na-O, batteries and the
promising results in other energy storage systems, herein, we investigate
the role of functionalization of graphene-based materials with functional
groups based on either boron or nitrogen. That is, atoms that are more
electropositive and electronegative to carbon, respectively, for under-
standing their roles as cathodes in Na-Og batteries. Hydrothermally
derived graphene oxide aerogels were functionalized with nitrogen and
boron and reduced by thermal treatment to different temperatures
under inert atmosphere. The ORR electrocatalytic activity of these ma-
terials was investigated in basic aqueous electrolyte. The most promising
materials were coated into a porous commercial gas diffusion layer and
tested as Na-Oy battery electrodes, using aprotic electrolyte. Charac-
terization of discharge/charge electrodes was further conducted to
analyze the discharge product morphology and chemistry. Moreover,
solid and liquid NMR were performed to evaluate the parasitic chemistry
and stablish an overall relationship between the phytochemical prop-
erties of graphene functionalized air cathodes, electrochemical perfor-
mance and postmortem characterization.

2. Experimental
2.1. Preparation of functionalized graphene aerogels

The preparation of the graphene aerogels was carried out using
commercial graphene oxide (GO) dispersion (4 mg mL™!) supplied by
Graphenea. 15 g of GO dispersion were loaded into a teflon lined
stainless steel autoclave and heated at 180 °C for 16 h. In the case of
nitrogen and boron functionalized aerogels, ammonia was added drop
by drop until pH 9 was reached [20] or 38 mg of boric acid [21] were
added to the GO dispersion prior to the hydrothermal treatment. The
obtained samples were washed three times with deionized water, frozen
for 24 h at —80 °C and freeze-dried at —10 °C and 63 Pa for 12 h. The
obtained 3D aerogels were thermally reduced in a tubular quartz oven at
either 700 or 1000 °C, using a 2 °C min~ ! heating ramp and Ar inert
atmosphere (100 cm® min~?). The resulting aerogels were denoted as
XrGO Y where X is the heteroatom introduced in the material and Y the
temperature of reduction. For instance, rGO 700 is the unfunctionalized
material treated up to 700 °C and NrGO 1000 is the
nitrogen-functionalized aerogel which was reduced up to 1000 °C.

2.2. Preparation of graphene-based battery cathodes

The cathodes were manufactured by depositing the powdered gra-
phene aerogels prepared in Section 2.1 over a commercial gas diffusion
layer (GDL). To that aim, a H23C2 Freudenberg GDL, comprising a
carbon fiber paper coated with a microporous carbon black layer, was
selected as support. The different graphene aerogel powders and poly-
tetrafluoroethylene (60 wt.% water dispersion from Sigma Aldrich)
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were mixed in a 90:10 w/w.% ratio in a mixture of ethanol and water
(3:7 w/w.%) and sonicated to different times as function of each ma-
terial dispersibility. The longest sonication time (4 h) was required for
nitrogen functionalizes samples, which presented the poorest dis-
persibility. In contrast, BrGO 700 and rGO 700 aerogels were correctly
dispersed after 2 h of sonication. The thus obtained ink was spread over
the surface of the GDL with an automated film coater. Solvent was left
evaporating at room temperature overnight and then the coated GDL
were placed into a vacuum oven at 50 °C for 24 h.

2.3. Physicochemical characterization of graphene aerogel powders,
pristine cathodes and full discharged or charged cathodes

The porosity, chemical composition and surface chemistry of
powdered graphene aerogels were characterized by low-temperature
nitrogen adsorption, elemental analysis (EA), and X-ray photoelectron
spectroscopy (XPS). Nitrogen adsorption isotherms were measured at
—196 °C using a Micromeritics ASAP 2020 instrument for relative
pressures (P/Pg) between ~10~8 and 0.995. Samples were preliminarily
outgassed for 24 h at 200 °C. The specific surface area and pore size
distribution were calculated by applying Brunauer-Emmett-Teller (BET)
[22] and 2D Non-Local Density Functional Theory (2D NLDFT, data
reduction software SAEIUS) [23] to the obtained isotherms. The total
pore volume was calculated by the amount of adsorbed gas at
P/Py=0.99. The quantification of carbon and hydrogen by EA was done
in a LECO CHN-2000 instrument, whereas oxygen and sulfur were
measured with a LECO Truspec Micro O accessory and a LECO S632
analyzer, respectively. Carbon, hydrogen and sulfur were determined,
respectively, from the amount of CO,, HO and SO generated upon
combustion of the sample, and oxygen was inferred from the amount of
CO and CO; produced upon its pyrolysis at high temperature. Samples
were dried overnight at 100 °C prior to elemental analysis. XPS was
performed on a SPECS spectrometer equipped with a Phoibos 100
hemispherical electron energy analyzer. The spectra were acquired at a
pressure below 1077 Pa using a monochromatic Al K, X-ray source
operated at a voltage of 14.00 KV and a power of 175 W. The
photo-excited electrons were analyzed in constant pass energy mode,
using pass energy of 50 and 10 eV for the survey and the high-resolution
core level spectra, respectively. Spectra were recorded at a take-off angle
of 90°. The XPS data were analyzed using CasaXPS software. The com-
positions in weight percentage (wt.%) were determined from the survey
spectra by considering the integrated peak areas (after corrections for
the mean free path of the outgoing electrons and the transmission
function of the analyzer) of the main XPS peaks of different elements and
their respective sensitivity factors. Core level curve fitting in different
components was performed using a Shirley background and a standard
least squares algorithm. Each component was considered as a convolu-
tion of a Gaussian and a Lorentzian function (80:20). The surface of
pristine, discharged and cycled graphene-GDL cathodes was inspected
by scanning electron microscopy (SEM), Raman and Nuclear Magnetic
Resonance (NMR) spectroscopies. In the case of postmortem analysis,
the battery cells assembled as described in Section 2.4, were opened
inside an Ar-filled glove box. The different cathodes were washed with
ethylene glycol dimethyl ether (DME) to remove the excess of salt, dried
and transferred to the characterization equipment using an air-tight
holder to avoid the degradation of the air/moisture sensitive products.
The morphology, particle size and particle distribution of these
discharge products was studied by using a FEI Quanta 250 microscope
operating at 20 kV. The chemical nature of discharge products formed in
the surface of the different cathodes was studied by Raman spectroscopy
in a Renishaw spectrometer (Nanonics Multiview 2000) operating with
an excitation wavelength of 532 nm. The spectra were obtained by
performing 5 acquisitions with 30 s of dwell time. Postmortem analysis
of the cathodes was also conducted by a combination of liquid and
solid-state Nuclear Magnetic Resonance (NMR). Solid-state experiments
were conducted at a 500 MHz WB spectrometer while liquid-state
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characterizations were carried out at a 300 MHz SB magnet. The insol-
uble solid discharge products present on the surface of either full
discharge or full discharged/charged cathodes were characterized by
23Na solid state NMR. The discharged electrodes were cut into pieces
and packed into 2.5 mm diameter MAS rotors inside an argon glove box.
23Na solid-state NMR spectra were acquired using 1.5 ps /2 excitation
pulses, a recycle delay of 2 s and up to 15k scans acquired depending on
the signal to noise. 2Na chemical shifts were referenced to a 0.1 M NaCl
solution at O ppm. All spectra were collected at a MAS rate of 20 KHz at
room temperature. NMR experiments in solution were performed at 30
°C on a 300 Bruker AVANCE III HD spectrometer under Topspin 3.5 and
equipped with a Bruker BBFO z-gradient 5 mm probe head. All samples
were acquired with 128 transients, a spectral width of 6009.6 Hz,
recycle delay of 1.0 s, acquisition time of 5.45 s, 90° pulse of 14 ps, and
64 K data points. The discharge electrodes were soaked in DMSO-d®
99.8% (Eurisotop) for 15 h, filtered and the obtained solutions were
analyzed by 1D and 2D experiments.y pano

2.4. Assessment of the ORR electrocatalytic performance of graphene
aerogels

The electrocatalytic activity towards ORR of the reduced graphene
oxide aerogels was investigated using a Rotating Disk Electrode (RDE)
with an ALS RRDE-3A miniature rotator coupled to a Biologic VMP-3
potentiostat. The experiments were carried out in a three-electrode
configuration cell, using an O,-saturated 1 M KOH solution as electro-
lyte, a Pt wire counter electrode and a reversible hydrogen electrode
(RHE) as reference. Alkaline media was chosen for the experiments as a
tool to evaluate the initial performance of the air cathodes based on
previous studies in literature and due to the challenging set-up of per-
forming these studies in organic media (no contact with air) [24,25].
The working electrodes were prepared by the deposition of ~ 2.38 ug
(equivalent of 5 uL of graphene dispersion) on a glassy carbon disk with
a surface area of 0.07 cm™2. A continuous catalyst layer was deposited
onto the glassy carbon electrode by adding the dispersion drop by drop,
letting the solvent to evaporate between each droplet. The suspensions
were prepared by dispersing 4.8 mg of graphene and a 100 uL of a 5% wt
Nafion dispersion (Sigma-Aldrich) in a solution of 7.6 ml of water and
2.4 ml of isopropanol. The suspension was sonicated for 4 h (NrGO 700)
or 2 h (rGO 700 and BrGO 700) until homogeneous ink was obtained.
The mass loading of the samples was ~0.034 mg cm ™2 The electrolyte
solution was saturated in Oy for 30 min prior to the electrochemical
measurements. Linear sweep voltammetry (LSV) curves were registered
at a scan rate of 20 mV s ! a rotation speed of 400, 625, 900, 1225, 1600
and 2500 rpm and a voltage window from 0.326 to 0.826 V vs RHE. The
background LSV curves under Ar atmosphere were recorded and sub-
tracted from those obtained under oxygen atmosphere. The ORR onset
potential (Eqpser) Was determined by taking the value at the intersection
point between two tangents in the current density vs potential plot; (1)
the plateau at higher voltages (non-faradaic or capacitive region) and
(2) the maximum slope on the region where a current density starts to
decrease due to the occurrence of a faradaic process (effective transfer of
electrons). To further elucidate the ORR kinetics, LSV curves at different
rotation speeds, ranging from 400 to 2500 rpm, were acquired and the
Koutecky-Levich equations were employed to obtain the electron
transfer number [26]:

1 1 1

- =+ &)
J Je Jp

jp = 0.62nF(Dg)**v"/5Cow'* = Bw'/? @
j]( = I’lFKCO (3)

where j is the measured current, j the kinetic current, jp the diffusion
limited current, n represents the number of electrons transferred per
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oxygen molecule, F is the Faraday constant (F = 96,485 C mol 1), Dy is
the diffusion coefficient of Oz in 1 M KOH (1.9 x 10> ecm?s™1), v is the
kinetic viscosity (0.01 cm? s’l), Cp is the bulk concentration of Oy (1.2
x 1078 mol em %), w is the rotation speed in rad s~* and K is the electron
transfer rate. The value of transferred electrons (n) and the electron
transfer rate (K) is obtained by combining Eq. (1) with (2) and (3), from
the slope and intercept of the J ~ ! vs. w ~ /2 plot, respectively.

1 1 1

i i B @

2.5. Evaluation of the electrochemical performance of the graphene
cathodes on a Na-O cell

A pressurized 2-electrode Swagelok-type cell was used for galvano-
static measurements. The cells were dried overnight and transferred to
an Ar-filled glove box (H20 < 0.1 ppm, Oz < 0.1 ppm, Jacomex, France).
The electrolyte was prepared using ethylene glycol dimethyl ether sol-
vent (DME, anhydrous, 99.5% Sigma Aldrich) preliminarily dried over
molecular sieves (3 A, Sigma Aldrich) for one week. Sodium tri-
fluoromethanesulfonate (CF3NaOsS or NaOTf, 99.5%, Solvionic) was
employed as a conductive salt after drying under vacuum at 120 °C for
24 h. 0.5 M NaOTf in DME was prepared by vigorously stirring the
mixture of the conductive salts and solvent. The electrolyte solutions
prepared in the glove box presented water content values below 8 ppm
(as determined by a C20 Karl Fisher coulometer, Mettler Toledo). The
catalyst layer on the GDL type cathodes prepared as described in Section
2.2 were put over a stainless-steel mesh (1.13 cm2, Alfa Aesar) which
was used as porous current collector. Celgard H2010 was employed as a
separator and a sodium disk (0.95 cm?) as both reference and counter
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electrodes. The assembled cells were pressurized with pure oxygen to ~1
atm and left to rest for 8 h at an open circuit voltage (~2.2-2.3 V vs Na/
Na™) before electroanalytical runs. Galvanostatic full discharge, full
charge-discharge cycle and shallow cycling measurements were per-
formed using a Biologic-SAS VMP3 potentiostat at a current density of
0.2 mA cm 2 in a potential range of 1.8-3.2 V versus Na/Na™.

3. Results and discussion

3.1. Assessment of the ORR electrocatalytic performance of the graphene
aerogels in aqueous electrolyte by RDE

The current density in the LSV curves for the different graphene-
based cathodes, in Og-saturated 1 M KOH electrolyte, presented a
linear relationship with the rotation speed (Fig. S1), suggesting a
diffusion-limited electron transfer. Bearing this in mind, a high rotation
rate of 2500 rpm was selected to compare the different LSV curves as a
function of the graphene-based catalyst in Fig. 1. The potential where
the current density starts to decline in the anodic potential sweep is
known as onset potential (Eqpser), Where a higher value indicates a better
electrocatalytic activity towards the ORR reaction. This parameter was
determined from the LSV curves and listed in Table 1. The ORR onset for
the pristine rGO and rGO 700 was similar (0.758 V vs RHE) and was
lower for rGO 1000 (0.736 V vs RHE), indicating a decreased electro-
chemical activity for the later sample Fig. 1a). In case of the BrGO series,
the value decreased gradually with the increase of the treatment tem-
perature from BrGO (0.767 V vs RHE) to BrGO 1000 (0.747 V vs RHE)
(Fig. 1c). The highest ORR onset potential was exhibited by both the as-
prepared NrGO and NrGO 700 aerogels (0.799 V vs RHE) whereas that

Of - - - NrGO

—— NrGO 700 2
1 — = NrGO 1000 ’
2k /

hemineran st eanrtaT et et

I
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;
—— GO 700
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6 ' '
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Fig. 1. LSV curves in Os-saturated 1 M KOH electrolyte and a rotation speed of 2500 rpm for (a) rGO, (b) NrGO and (c) BrGO aerogels series: untreated (dotted line),
treated at 700 °C (solid line) and treated at 1000 °C (dashed line). (d) comparison of the LSV curves for the aerogels treated a 700 °C.
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Table 1

Onset potential (Eopser), Kinetic current density (jx), number of electrons trans-
ferred (n) and electron transfer rate (k) for ORR using the prepared graphene
aerogels as electrocatalysts.

LSV curves Koutecky-Levich analysis
Sample Eonset jrat2500rpm N K

(VvsRHE)  (mAcm ?) (at 0.376 V vs (ems™)

RHE) x10~2
rGO 0.758 3.66 2.08 2.21
rGO 700 0.758 2.86 2.80 2.98
rGO 1000 0.736 3.91 2.94 3.26
NrGO 0.799 2.41 2.94 1.15
NrGO 700 0.799 3.89 2.85 5.39
NrGO 0.762 3.41 2.64 3.17
1000

BrGO 0.767 4.16 3.85 1.95
BrGO 700 0.759 5.19 3.83 3.10
BrGO 1000  0.747 4.16 3.08 2.77

in NrGO 1000 was shifted to lower values (0.762 V vs RHE, Fig. 1b). For
the three series of samples, a lower onset potential was clearly evidenced
when the thermal reduction temperature was set to 1000 °C. The highest
limiting currents (j;) were obtained for the boron containing samples
(Fig. 1c), specifically, for BrGO 700 (3.57 mA cm™2, Table 1). In
contrast, the lowest current was registered for unfunctionalized aerogels
(Fig. 1a, Table 1). It was also observed that, in the case of N- and B-
functionalized samples, those treated at 700 °C exhibited higher limiting
currents (Fig. 1b and c). In contrast, for non-functionalized aerogel, the
higher values were obtained for rGO and rGO 1000 samples (Fig. 1a).
The LSV curves for the different materials was compared in Fig. lc
together with the 20 wt.% Pt/C benchmark ORR catalyst. The onset
potential for NrGO 700 and BrGO 700 was clearly shifted to higher
potentials as compared with rGO 700 but compared with Pt/C catalyst,
the onset potentials of the graphene aerogels were 100-140 mV above.
However, the performance of functionalized aerogels is still acceptable
where the exploration of metal-free electrocatalyst is crucial for future
environmental remediation. To evaluate the ORR kinetics, the LSV
curves at different rotation speeds (Fig. S1) were analysed by using the
Koutecky-Levich (K-L) equations (Eqs. (1)-((3). The diffusion-limited
current, jp and the kinetic current, jg, were obtained from the slope
and the intercept respectively of the Koutecky-Levich plots (j* vs o~ 1/?)
(Fig. S2). The number or transferred electrons (n) was obtained from the
slope of the Koutecky-Levich plot and displayed in Table 1. The highest
values of n (i.e., the more efficient is the reaction) were obtained for the
boron containing samples. These values were close to 4 for the pristine
and 700 °C treated sample at 0.376 V vs. RHE, i.e., close to the theo-
retical value for direct, 4-electron reduction of O, to water. The electron
transfer rate constant (k) was obtained from Eq. (4) and is shown in
Table 1. According to these results, the electrons were transferred faster
to the oxygen molecule when using rGO 1000, BrGO 700 and NrGO 700
cathodes.

From the combined results in Table 1, the first conclusion is a clear
enhancement of electrocatalytic activity through the incorporation of
boron-based functional groups. Hence, BrGO series presented the
highest number of transferred electrons and increased limiting current
densities. The second conclusion is that the inclusion of nitrogen is also
beneficial to obtain higher onset potentials. It must be considered that,
even for N or B functionalized aerogels, the thermal treatment at 1000
°C decreases the number of transferred electrons. It can be therefore
concluded that thermal reduction at high temperatures decreased sub-
stantially the electrocatalytic activity for all the aerogels. This was also
observed for the electron transfer rate constants (k), where higher values
are generally obtained for the 700 °C treated samples. This results,
together with the down-shift of the ORR onset potentials, led us to
dismiss the heteroatom-containing samples treated at 1000 °C. The
aerogels treated at 700 °C were therefore selected for the subsequent
studies, as they exhibited a better compromise between electrical
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conductivity (the highest heat treatment temperature, the better) and
electrocatalytic activity (the lowest heat treatment temperature, the
better).

3.2. Physicochemical characterization of pristine and thermally treated
(700°C) graphene aerogels

Fig. 2a shows that the Ny adsorption/desorption isotherms of the
graphene aerogels belonged to type II according to the IUPAC classifi-
cation, characteristic of multilayer adsorption onto essentially non-
porous solids. The isotherms also showed a distinct high-relative-
pressure hysteresis, typical of irregularly shaped mesopores. rGO 700
and BrGO 700 (especially the latter) exhibited low-pressure hysteresis
(P/Py < 0.4). This feature likely appears due to a flexible transition in
the labile matrix of graphene aerogels upon gas uptake as well as an
irreversible trapping of the adsorptive [27,28]. The total pore volume
was the same for rGO 700 and BrGO 700 while it was somewhat lower
for NrGO 700. The BET specific surface area of rGO 700 and NrGO 700
had similar values while it was approximately half for BrGO 700 (~240
vs 104 m? g7}, Fig. 2a). In this sense, higher surface areas had demon-
strated a beneficial effect on ORR catalytic performance [13]. Fig. 2b
displays a 2D-NLDFT pore size distribution, revealing that the meso-
pores accounted for most of the pore volume for the three aerogels. The
mesopore distribution was narrower for NrGO 700 and rGO 700 (mes-
opore volume mostly restricted to pores up to 5 nm) while BrGO 700
featured a wide and continuous distribution of mesopores in the whole
validity range of the 2D-NLDFT method, i.e., up to 30 nm. It has been
previously demonstrated that the presence of a wide mesopore distri-
bution (ranging from 5 to 25 nm) in rGO aerogels maximizes the
diffusion of molecules towards the active sites in the 2D graphene
structure, improving their electrochemical performance when used as
Na-O; battery cathodes [10].

The graphene aerogels were also analyzed by EA and XPS to study
their chemical composition (Table 2) before and after the treatment at
700 °C. Samples presented sulfur, nitrogen or manganese-containing
residues (0.1-0.9 wt.%), probably coming from remnants of reagents
used in the synthesis of GO, such as sulfuric acid, sodium nitrate and
potassium permanganate, respectively [29]. The content of oxygen
detected by either EA or XPS decreased to half in rGO and NrGO aerogels
when treated at 700 °C. Hence, the oxygen containing functionalities in
GO are generally released as CO and CO5 by thermal treatment in inert
atmosphere for temperatures above 350 °C [30]. In the case of BrGO
aerogel, the content of oxygen did not decrease with the thermal
treatment in BrGO 700. It can be ascribed to the formation of boron
oxides on the surface of the carbon, which are not covalently-linked with
carbon but adsorbed at the carbon surface as polynuclear borates [24,
25]. On the other hand, the use of urea as functionalizing agent intro-
duced high amount of nitrogen in the structure of the NrGO 700 aerogel:
5.8 wt.% in bulk (EA, Table 2) and 4 wt.% in surface (XPS, Table 2)
analysis. The degree of functionalization in BrGO 700 was much lower
than in the NrGO 700 sample (1.5 wt.% of surface boron by XPS analysis,
Table 2) and this must be considered when evaluating the performance
of the aerogels as Na-O, battery cathodes. However, a high heteroatom
content does not always involve a better electrocatalytic activity, and
other factors, such as the chemical state of oxygen, nitrogen and boron
atoms, are also crucial [31].

The chemical state of the different heteroatoms was therefore studied
by deconvolution of their high-resolution XPS core level spectra. The
binding energies and relative weight percentages were listed in Table 3
and a scheme of the tentative chemistry evolution of the studied mate-
rials was proposed in Fig. S4. The study of the oxygen functionalities
attached to the carbon atoms in the graphene sheets by analysis of the O
1 s XPS spectrum would be quite challenging. Thus, C—O and B-O bonds
will present similar binding energies (BE) leading to signal overlapping
[32]. Instead, the C 1 s region (280-295 eV) was used to study the
chemical state of the C—O like functionalities. The spectrum was



M. Enterria et al.

280 }
o] a §m_(_§’_)mz 2

mg’ 240 rGO 700: 246

8 woal. NrGO 700: 237

B BrGO 700: 104

2 160} rGO 700
[e]

-

S 120

[} NrGO 700

£ 8

b

(e}

> 40

BrGO 700

0 ' '} A 'l
0.2 04 0.6 0.8

P/P,

1.0

Electrochimica Acta 445 (2023) 142056

-~ 030

o

8 b

E o025t ’

[0} /

£ rGO 700

S

e 0.20 |

>

[

—

O 015F

a

o

2

© 0.10

=

= 5 desorption

8 0.05 F _ -~ BrGO 700 - — —adsorption
. 1 1 1 1 1 1
0 5 10 15 20 25 30

Pore width (nm)
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Table 2

Bulk composition measured by EA and surface composition obtained from XPS for the graphene aerogels before and after the treatment at 700 °C.

EA (wt.%) XPS (wt.%)

C [¢] N S H C [¢] N S B Mn
rGO 78.9 18.9 1.3 0.3 1.0 85.2 14.1 0.4 0.3 - -
NrGO 75.6 15.0 6.8 0.4 1.4 83.7 10.7 4.7 - - 0.9
BrGO 75.0 16.6 0.8 0.3 1.1 83.0 16.0 - - 1.0 -
rGO 700 90.2 8.0 0.7 - 1.0 93.2 6.8 - - - -
NrGO 700 82.6 6.7 5.8 0.2 1.0 90.2 4.8 4.1 - 0.9
BrGO 700 82.1 16.2 0.4 0.1 0.6 88.0 10.4 - - 1.6 -

Table 3
Binding energies and surface compositions obtained by deconvolution of C1s, N 1 s and B 1 s XPS spectra.
XPS (wt.%)
Spectrum Group notation B.E (eV) 1GO NrGO BrGO rGO 700 NrGO 700 BrGO 700
Cis graphitic C Cl ~284.5 75.8 74.3 70.8 84.8 81.5 79.9
C sps, C—0,C—N c2 ~286 11.3 14.4 13.2 9.0 8.7 12.2
C=0,C=N C3 ~287 4.2 4.2 7.3 1.1 2.7 1.5
0-C=0 Cc4 ~288 4.9 3.9 4.9 2.4 3.0 3.2
n— ¥ C5 ~291 3.8 3.2 3.8 2.7 4.1 3.2
Ny sp> N N1 ~398 - 34.1 - - 47.3 -
sp> N N2 ~399 - 45.3 - - 26.2 -
N quaternary N3 ~401 - 12.4 - - 16.9 -
N(sp?)—O0, N0 N4 ~403 - 5 - - 6.4 -
N-Ox, - n*(sp> N) N5 ~405 - 3.2 - - 3.2 -
Bis BC,0 Bl ~190 - - - - - 21.5
BCO, B2 ~192 - - 33.3 - - 69.5
BOs3 B3 ~193 - - 69.5 - - 9.0

deconvoluted into five components (Fig. S3 and Table 3); graphitic
carbon band with maximum at BE ~284.5 eV (Cl); carbon singly
bonded to epoxy, hydroxyl or amide groups centered at ~286 eV (C2);
doubly bonded carbon in carbonyl or imine groups at ~287 eV (C3);
carbon in carboxyl groups at ~288 eV (C4) and n—n* satellite of the
graphitic signal at ~291 eV (C5). Groups implying carbon singly-bonded
to N or O (C2) were the dominant functionality for all the prepared
graphene aerogels. BrGO presented a significant proportion of C = O
type bonding (C3, 7.3 wt.% vs 4.2 wt.% in NrGO and rGO). The amount
of carbonyl groups in the boron-containing aerogel decreased substan-
tially after the thermal treatment, where the weight ratio in BrGO 700 is
similar to the other heat-treated aerogels (~1.1-2.7 wt.%). It is
concluded that, regardless of the relative amount of C = O functional-
ities, they were all released as CO or CO, during the thermal treatment at
700 °C [33]. In fact, the amount of oxygen-containing groups decreased
for all the samples after thermal treatment by increment of the graphitic
component (C1). However, BrGO 700 still presented a notable contri-
bution of C—O functionalities (C2). The phenolic groups present on the

edges of the graphene sheets could react with the polynuclear borates
deposited on the surface of the aerogel which will prevent the C—O
groups from volatilization during the thermal treatment (Fig. S5). This
did not happen in NrGO 700 aerogel as nitrogen oxides are generally
gaseous and will evolve from the graphene surface under thermal
treatment. The contribution of the n— n* component (C5) was higher for
NrGO 700 (4.1 wt.%) than that in the other heat-treated aerogels
(2.7-3.2 wt.%). This could be explained by a higher electron density in
the zn-cloud of when nitrogen atoms are introduced into the aromatic
carbon lattice. As well, a larger contribution of C3 in NrGO 700 sug-
gested the formation of imines or a possible introduction of nitrogen
atoms into the graphene lattice, substituting carbon atoms. No compo-
nent for C-B at ~284 eV was detected in the C 1 s core level band.
The N 1 s region (396-407 eV) was deconvoluted into five peaks
(Fig. 3 and Table 3), sp nitrogen in imine or pyridine form at ~398 eV
(N1); sp® nitrogen in amine, amide, pyrrole or pyridone form ~399 eV
(N2); quaternary N either in ammonium or substitutional in the gra-
phene carbon network or as pyridinium or in the basal planes at ~401



M. Enterria et al.

Electrochimica Acta 445 (2023) 142056

NrGO 700

(¥p]
e
=
408 466 464 462 460 39.33 396 408 4(‘)6 464 462 460 358 396
Binding energy (eV) Binding energy (eV)
BrGO BrGO 700
F =T e, e T e, YN - oo o e s
C d
=
BC,0
m BCO,
(B1)
(B2)
g
195 1s‘;4 1;;3 162 1<.I;1 150 189 195 154 15';3 162 151 15'30 189

Binding energy (eV)

Binding energy (eV)

Fig. 3. XPS spectra and deconvolutions for the N 1 s region in (a) NrGO and (b) NrGO 700 and for the B 1 s region in (¢) BrGO and (d) BrGO 700 aerogels.

eV (N3); nitroso or pyridine—N-oxides ~403 eV (N4) and n—n* satellite
corresponding to sp2 N and/or NOx at ~405 eV (N5). Thermally un-
stable groups, such as amines and amides (N2), transformed into more
stable functionalities after the treatment at 700 °C, leading to a pre-
ponderance of substitutional nitrogen in the graphene network, either in
the edges (N1) of the sheets or in the basal plane (N3). The most prob-
able scenario is the transformation of pyrrolic nitrogen (5 atom ring, N2)
into pyridinic like functionalities (6 atom ring, N1). A slight increase in
the quaternary nitrogen (N3) and N—O oxides (N4) was also verified.
The B 1 s region (188-196 eV region) was satisfactory fitted by means of
three peaks (Fig. 3 and Table 3); boron covalently bonded to two carbon
atoms at ~190 eV (B1) or one carbon atom at ~192 eV (B2) on the edges
of the carbon lattice; and boron in oxides which are not covalently liked
to carbon at ~193 eV (B3). The untreated BrGO sample presented
mostly boron oxides not linked to the carbon lattice but deposited on its
surface (B3). The treatment of the aerogel up to 700 °C led to the for-
mation of covalent C-B bonding (BCO,, B2) or even the introduction of
substitutional boron atom in BCy0 like groups (B1) at the edge of the
graphene sheets. Even though boron was not detected in a full substi-
tutional environment (BC3 groups) in any of the samples, the introduc-
tion of BC,0 into the carbon lattice could modify the electronic structure
of graphene. Unlike C 1 s spectra, B 1 s core level shows the presence of
B-C bonds. It can be ascribed to the high relative contribution of the B-C

moiety to the whole B 1 s signal as compared to that in C 1 s intensity.
Indeed, boron appeared in low proportion (1-2 at.%) while carbon is the
majoritarian element (86-90 at.%). Therefore, the signal coming from
boron could be a maximum of 3-6 at.% of the total Cls signal, and that is
assuming that all boron is bonded to carbon (in the form BC3) while any
other possibility (BC20 or BCO,) will lead to even lower proportions of
C-B in the C 1 s signal.

3.3. SEM imaging and cycling performance of the graphene-based
cathodes

As described in the experimental section, the graphene aerogel
powders were deposited onto a commercial GDL to prepare battery
cathodes. The SEM images of the clean GDL support showed nanometric
spherical particles, typical of carbon, the black product used in the
microporous layer (Fig. 4a). In contrast, the deposition of crumpled
graphene sheets on the top of the GDL was verified for the prepared
cathodes (Fig. 4b—d). The deposition of the graphene sheets in the N- and
B- functionalized samples seemed very homogeneous when observed by
SEM at lower magnification (Fig. S6¢c and S6d). However, rGO 700
clearly presented more heterogeneous and less uniform coating
(Fig. S6b) and detached when manipulating the electrode (Fig. S7). It is
important to note that the size of graphene objects observed by SEM
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Fig. 4. x 10,000 SEM images of (a) the commercial GDL used as support from
the microporous layer side and the different GDLs coated with the graphene
aerogels (b) rGO 700, (c) NrGO 700, and (d) BrGO 700.

imaging was different from one aerogel to another. Hence, rGO 700 and
BrGO 700 aerogels yielded agglomerations of smaller objects ~2-5 pm
in lateral size where NrGO 700 presented larger particles about 10 pym,
respectively. Such difference in size could be ascribed to the sonication
time needed for the preparation of stable inks for each aerogel to be
coated into the GDL support. It has been reported that differences in
sheet size cause variations of the electrocatalytic activity due to an in-
crease of reactive defects in the graphene structure, which are mainly
located at the edge of the layers. However, such performance variability
is verified for differences in size as significant as one order of magnitude
[34] and not for differences of few micrometers, as occurring in this
study after sonication. SEM imaging is a good tool to study the size of
particles but not to measure the size of nanometric graphene sheets, as
they are usually stack with each other. To verify the lateral size of the
graphene sheets after sonication, the crystallite size was estimated by
the Tuinstra—Koenig correlation using Raman spectroscopy (Fig. S8).
The crystallite size calculated from Ip/I relation was ~2 um for all the
studied aerogels. As well, the similar shape, intensity and shift of 2D
band indicates that the number of layers in graphene also remains
constant. It can be concluded that the differences in the electrocatalytic
or cathode performance of the graphene did not arise from the differ-
ences on the sheet size. Hence, the longer sonication time required to
disperse NrGO 700 aerogel (4 vs 2 h for other aerogels), seemed to
produce the agglomeration of the graphene sheets into bigger particles
and slightly lower graphene or graphene/heteroatom catalyst loading.
Thus, the average graphene loadings deposited over the GDL were: 1.50
mg cm ™2 for GO 700, 1.45 mg cm ™2 for BrGO 700, and 0.74 mg cm ™2
for the NrGO 700. Even though the catalyst loading for NrGO 700 is half
than other aerogels, the amount of nitrogen is twice the amount of boron
in BrGO 700 (Table 2). Therefore, a fair comparison of the electro-
chemical performance based on the electroactive active centres (het-
eroatoms) was still possible. For electrode manufacture, it is important
to consider that rGO 700 and BrGO 700 formed stable inks, homoge-
neous and mechanically stable coatings with high material loading.
These characteristics are not simultaneously met by the aerogel func-
tionalized with nitrogen.

The cycling performance of the GDL-supported rGO 700, NrGO 700
and BrGO 700 cathodes was studied by galvanostatic charge/discharge
at 0.2 mA cm ™2 using 0.1 M NaOTf in DME electrolyte and limiting the
cycling capacity to 0.5 mAh cm™2. Both rGO 700 and BrGO 700 deliv-
ered 70 cycles while the life of the NrGO 700 cathode was limited to 48
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cycles (Fig. 5a—c). The charging stability of BrGO was much better than
that of the other graphene aerogels where the efficiency of the battery
reached 100% only after 9 cycles. In contrast, rGO 700 and NrGO 700
needed 28-45 cycles to reach such efficiency. The cycling overpotential
(ORR + OER overpotential) of the cathodes was monitored at 0.2 mAh
em~2 and the functionalized aerogels presented a decreased value
compared with rGO 700 (Fig. 5d). BrGO 700 yielded the lowest over-
potential, which stabilized below 150 mV from the ~20 to 60th cycle. It
can be concluded that the functionalization of graphene aerogel with C-
B covalent bonding, either as oxide chains linked to the carbon edges
(BCO») or substituting the carbon atom (BC30) also at edges, provided
the material with enhanced electrocatalytic activity towards both ORR
and OER reactions. This resulted in a longer cycle life, higher efficiency
and lower discharge/cycling overpotentials in the Na-O; battery.

3.4. Assessment of the discharge and charge performance of the graphene-
based cathodes

To understand the enhanced cyclability and efficiency of BrGO 700
aerogel compared with its non-functionalized and N-functionalized
counterparts, the full discharge (ORR) and charge (OER) performance
was studied. The discharge profiles for the different samples were dis-
played in Fig. 6a. The undoped aerogel (rGO 700) presented larger
discharge capacity (4.63 mAh c¢m~2) than NrGO 700 (4.07 mAh cm—2)
and BrGO 700 (4.27 mAh cm~2) cathodes. However, the obtained values
were not very different, and it can be considered that the three cathodes
presented similar discharge capacity. The discharge overpotential,
which is the difference between (1) the standard reduction potential of
O, gas to superoxide (2.27 V, dotted line in abscissa in Fig. 6a) and (2)
the potential at which the reaction actually occurs (plateau in the
discharge curve), is also an important parameter in the electrochemical
performance of a cathode. High overpotential values are detrimental as
they are related to kinetic limitations and, consequently, a decreased
power density in the battery. NrGO 700 and rGO 700 presented similar
discharge overpotential (230 mV) while BrGO 700 yields favored ORR
kinetics due to a lower overpotential (195 mV). The charging perfor-
mance (OER) was also studied by full charging/discharging the different
cathodes for 1 cycle (Fig. 6b). Similar to discharge, BrGO 700 yielded the
lowest charge overpotential compared with the other cathodes (see inlet
in Fig. 6b). Thus, the cycle hysteresis (voltage difference between
discharge and charge plateaus) at 1 mAh cm ™2 was ~ 320, ~333 and
279 mV for rGO 700, NrGO 700 and BrGO 700, respectively. This sug-
gested a bifunctional electrocatalytic activity of BrGO towards both ORR
and OER reactions. rGO 700 was unable to complete the charge and, for
capacities above 3 mAh cm™2, a noisy voltage profile was evidenced.
This phenomenon is usually caused by transient short circuits, and in the
particular case of this cell, it was probably caused by the poor me-
chanical stability of the rGO 700 coating (Figs. S6 and S7). The graphene
could detach from the GDL cathode during battery operation and get in
contact with the sodium anode trough the edges of the Celgard sepa-
rator. Besides the charge instability in rGO 700, the functionalization of
the graphene aerogel also affected the coulombic efficiency, where the
rGO 700 cathode presented a coulombic efficiency of 79%, while BrGO
700 and NrGO had higher efficiencies (88% and 86%, respectively).

The fully discharged and/or charged cathodes in Fig. 6 were
analyzed by SEM imaging (Fig. 7) and Raman/NMR spectroscopies
(Fig. 8). The fully discharged cathodes displayed cube like discharge
products, which is a typical morphology of sodium superoxide (NaO5)
crystals. It can be noticed that the functionalized cathodes displayed
more densely distributed discharge products (Fig. 7b and 7c¢), implying
that both boron and nitrogen doping increased the active area where
ORR takes place. The cubes in BrGO 700 and rGO 700 presented similar
size ~10 pm (Fig. 7a and 7c), while those in NrGO 700 were larger (~20
um, Fig. 7b). After charging, both rGO 700 and BrGO 700 cathodes
(Fig. 7d and 7f) showed smooth surfaces similar to pristine cathodes in
Fig. 4, indicating that the discharge products were effectively eliminated
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once the full charge was completed. However, NrGO 700 presented a
clear passivation of film-like or cuboid morphologies (Fig. 7e). This
indicated the formation of discharge products which could not be dis-
solved back into the electrolyte and, consequently, oxidized to O, gas
during charge. It has been demonstrated that cathodes with high surface
energy and enhanced oxygen binding affinity promote the nucleation of
the discharge products directly on the cathode surface [35]. That situ-
ation could well be in place when boron is introduced as substitutional
BC20 groups in the carbon lattice of the graphene aerogels. Specifically,
boron has one less valence electron than carbon, and will therefore

induce local positive charges in the lattice (Fig. S9). The interaction of
oxygen species (either Oy gas or already reduced species) with such
positive charges will promote the direct nucleation and growth of the
NaO; cubes on the surface of the cathode (surface mediated mecha-
nism), leading to lower particle size. The situation for nitrogen atom is
exactly the opposite, where one more valence electron relative to carbon
will increase the local electron density (Fig. S9). This will repel the Oz
species (reduced in the cathode) towards the electrolyte phase, pro-
moting the nucleation and growth of the NaO, cubes on the electrolyte
bulk to further precipitate onto the cathode surface (the solution
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Fig. 7. SEM images of the graphene aerogel cathodes after full discharge (a) rGO 700, (b) NrGO 700, and BrGO 700 and after full charge/discharge (a) rGO 700, (b)

NrGO 700, and BrGO 700 at 0.2 mA cm 2 using 0.1 M NaOTf in DME.

mediated mechanism). The nucleation and growth of the superoxide
product in the electrolyte phase is also known to promote the formation
of hydroperoxyl and singlet oxygen (105), which is known to be the main
driver for parasitic chemistry in metal-air batteries [36,37]. This could
explain the formation of bigger cubes on the surface of NrGO 700 during
charge (Fig. 7b) and the presence of insoluble parasitic products after
charging (Fig. 7e). This hypothesis is consequent with computational
predictions where the adsorption of NaO, molecules on the surface of
boron doped graphene occurs via a dissociative mechanism of Oy mol-
ecules, which are strongly adsorbed on the surface of the cathode. In
contrast, the calculations for pristine and nitrogen doped graphene
pointed to the adsorption of an already dissociated molecule as the
interaction with O, is not so strong [38].

The existence of NaO; as the main discharge product in all the dis-
charged cathodes was confirmed by Raman spectroscopy (Fig. 8a). All
the discharged samples presented a sharp peak at 1156 cm™! charac-
teristic of NaO,, together with the archetypal D and G bands of gra-
phenic/graphitic materials at 1355 and 1597 cm™!, respectively. The
NaO; peak completely disappeared upon charging, which confirmed
that NaO, was completely oxidated after charge. As well, it also indi-
cated that any deposits left on the surface of the cathode were parasitic
products, but not NaO,. Importantly, these observations were valid for
all the three materials, including rGO 700 where the galvanostatic
charge curve become rippled above 3 V vs Na/Na* (Fig. 6b). Solid state
23Na NMR was conducted for the discharged cathodes (Fig. 8b). A well-
defined signal centered at around —26 ppm was observed in the samples.
This signal was observed before in the postmortem characterization of
Na-O; batteries and was assigned to the formation of NaO, on the dis-
charged cathodes [10,39-43]. An additional sharp peak at —15 ppm
with a wide shoulder extended up to ~10 ppm was also observed. This
shift was previously ascribed to the formation of carbonates [40,44,45].
Even though all the cathodes developed parasitic products after full
discharge, their abundance appeared to be much higher in NrGO 700
(Fig. 8b). This is consistent with SEM imaging in Fig. 7e, where the
presence of undissolved amorphous products after charging was much
more evident for NrGO 700. In contrast, the cathode with the lowest
ratio of parasitic products was rGO 700. The existence of a larger

10

proportion of carbonates in NrGO 700 suggested an independent sec-
ondary phenomenon that was related to the surface chemistry/structure
of the cathode material. It is known that the superoxide is a strong
oxidizing agent [46], which could oxidize carbon atoms at the defects of
the graphene material to give carbonates (2NaO; + C — NayCO3 + 1/2
0O,). It seems that the presence of nitrogen in the aerogel structure
promotes the oxidation of the carbon to form those parasitic products.
After full charge, the NaO, peak at —26 ppm vanished for NrGO 700 and
BrGO 700, but it was still observed to some extent for rGO 700 (Fig. 8b).
This can be readily explained by the uncomplete charge of the battery
assembled with rGO 700 due to the occurrence of internal short circuits
(Fig. 6b). On the other hand, all the graphene cathodes exhibited on
their surface insoluble parasitic products that were not oxidized during
the charge cycle (Fig. 8b). It is important to note that, in contrast to solid
NMR, discharge products other than NaO, were not observed by Raman
spectroscopy in Fig. 8a. This could be related to the detection limit of the
different characterization techniques where the detection of parasitic
products is not always straightforward [47]. In this sense, the laser beam
in Raman spectroscopy could decompose the sodium carbonate by
overheating the product and releasing as CO,. As well, the sampling
depth in Raman is around 150 um in contrast to solid NMR with is much
more sensitive to the whole sample bulk. On the other hand, the soluble
discharge products existing after discharge were analyzed by soaking
the three different electrodes in DMSO-d® for 15 h and analyzing the
extract by liquid 'H NMR. No information could be obtained from '3C
NMR due to the very low concentration of the secondary products in the
extracted solution. Both sodium formate and acetate were identified in
the 'H NMR spectra from the peaks at 8.52 and 1.6 ppm (Fig. S10),
respectively [40]. These products are generally produced by the
degradation of the electrolyte [48] through oxidative nucleophilic
attack of NaOy, In the case of NrGO 700 an extra impurity was observed
which was not possible to identify due to its extremely low concentra-
tion. The integration of the peaks corresponding to the different prod-
ucts enabled the relative quantification of each product, and their
weight percentages were displayed in Fig. 8c. Compared with the N- and
B- functionalized samples, rGO 700 exhibited the largest proportion of
parasitic products, in form of formates and acetates. From solid state and
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Fig. 8. (a) Raman spectroscopy of cathodes upon full discharge and subsequent
full charge. (b) 2Na solid state NMR spectra of the discharge and discharge/
charge cathodes. (c) 'H liquid NMR analysis of the solution obtained after
soaking the discharge cathodes in DMSO-d® solvent (complete spectra
in Fig. S10).

liquid NMR, it can be concluded that BrGO was the sample presenting
the lowest overall ratio of parasitic products, either soluble or insoluble.

The results reported in this study are in line with the DFT work re-
ported by Benti et al. [19]., where they predicted that both single- and
double-boron-atom-doped graphene exhibited too low discharge/charge
overpotentials, indicating high catalytic activities towards both the ORR
and OER processes compared to other doped graphene samples. Unlike
one- and two-nitrogen-doped graphene which essentially did not exhibit
an enhanced performance. Moreover, apart from boron presenting
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better catalytic activity, heteroatom doped could be also use as a strat-
egy for minimizing the parasitic chemistry in metal-air batteries which
leads to poor cycling performance.

4. Conclusions

Hydrothermally derived graphene oxide aerogels were functional-
ized with nitrogen and boron and reduced by thermal treatment to
different temperatures under inert atmosphere. An increased perfor-
mance for the air cathode with boron-containing functional groups was
observed. This resulted in a superiorcharge capacity by at least 25%,
when compared to non-doped cathodes, while simultaneously enabling
up to 70 cycles at a relatively high current density (0.1 mA cm™2) using a
capacity cut-off of 0.5 mAh cm™2. By contrast, functionalization with
nitrogen triggered the formation of solid parasitic products which
passivated the cathode surface during cycling and increased the cell
overpotential and decreased the cycle life. The introduction of boron in
the graphene lattice in different covalently bonded configurations, i.e.,
oxide chains linked to carbon edges (BCO>) or having double bonding to
carbon (BC;0) also at edges, provided the material with enhanced
electrocatalytic activity towards ORR/OER reactions. This resulted in a
longer cycle life, higher efficiency and lower discharge/cycling over-
potentials in corresponding Na-O, battery. Such an enhanced perfor-
mance could be also related to the generation of a lower number of
parasitic products in the boron-functionalized sample. The lower elec-
tronegative character of boron compared with carbon was thought to
generate positive charges in the graphene lattice, resulting in enhanced
adsorption of oxygen species and, consequently, higher electroactivity
of the material.
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