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Non-alkaline Zn—air batteries (ZABs) attract great attention because they can potentially combine high
energy density, safety, and low cost. However, cathodes for non-alkaline ZABs are underdeveloped and
suffer from poor charge—discharge kinetics. Here we study N-doped hierarchically porous carbons,
which are synthesized using a self-templating approach, as catalytic scaffolds for oxygen reduction and
oxygen evolution reactions (ORR and OER) in near-neutral media. Interestingly, although nitrogen
doping does not improve the OER performance or carbon corrosion rate during the OER, it leads to a
significant boost of the ORR kinetics in non-alkaline ZABs. Specifically, the reported N-doped
hierarchically porous carbons outperform their nitrogen-free hierarchically porous analog, as well as the
best commercially available nitrogen-free carbons. These results show that N-doped carbons can serve
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Introduction

Zn-air batteries (ZABs) represent a promising type of energy
storage devices since they are safe, inexpensive, environmen-
tally friendly and have high theoretical energy density.'* How-
ever, the development of long-serving rechargeable ZABs is still
a major challenge, although primary alkaline Zn-air cells were
commercialized almost a century ago.” A conventional ZAB
includes a zinc metal anode, an air-breathing cathode, and a
strongly alkaline electrolyte, such as 6 M KOH."® The caustic
electrolyte causes corrosion and uneven electrodeposition of
Zn, formation of passivating ZnO films, and irreversible for-
mation of K,COj; that clogs the pores of the cathode.” ™ These
problems lead to limited cycle life and decreased energy density
of ZABs.

Fortunately, these issues might be circumvented by switching
to non-alkaline electrolytes. Using solutions with near-neutral pH
suppresses carbonate formation and might enable smooth and
reversible plating-stripping of zinc.'®™*> However, slow kinetics of
oxygen reduction and oxygen evolution reactions (ORR and OER),
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as promising support materials for non-alkaline ZABs.

which is associated with low H;O" and OH concentrations,
limits the applicability of non-alkaline ZABs."*'* Therefore, the
design of cathode scaffolds that efficiently catalyze ORR and OER
in near-neutral media is crucial for the practical implementation
of rechargeable ZABs. In contrast to conventional alkaline ZABs
that are thoroughly studied, cathodes for the non-alkaline ana-
logs are still underdeveloped.

High and stable catalytic activity can be achieved by using
compounds of precious metals, such as Pt for ORR and RuO,. or
IrO, for OER." However, the high price of these elements makes
their utilization in ZABs unattractive. Employing single atom
catalysts based on abundant transition metals,"” such as Fe-N-
C, may be a more viable approach, but these materials have
decreased stability in non-alkaline media because of accelerated
metal dissolution induced by Fenton-like reactions.'® Metal-free
carbon-based materials is another low-cost option."”*® Carbon
is highly conductive, cheap and possessing tunable physico-
chemical properties.'> However, even the best-performing car-
bons still have modest ORR and OER performance in non-
alkaline ZABs.'* An effective strategy to enhance their electro-
catalytic properties is doping with nitrogen.>® While N-doped
carbons were tested in alkaline Zn-air cells,?*™>* the effects of
doping on the performance in non-alkaline ZABs have remained
unexplored.

An attractive approach for synthesizing carbon-based elec-
trocatalysts is self-templating.>>2° It involves pyrolysis of a
metal-organic salt, during which organic moieties are carbo-
nized and inorganic particles form inside the resulting carbon
matrix, acting as a template which is then washed away. This is
a simple and scalable method that produces hierarchically
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porous materials with high specific surface area, which is
important because high concentration of catalytically active
sites is required for fast ORR/OER. With this approach, nitro-
gen doping can be implemented simply by using nitrogen-
containing organic ligands, such as nitrilotriacetic acid.>* % In
this work, we study ORR/OER performance of undoped vs. N-
doped self-templated carbons in near-neutral electrolytes and
evaluate their performance in non-alkaline ZABs.

Results and discussion

Nitrogen-doped carbons were synthesized by pyrolyzing mag-
nesium or barium salts of nitrilotriacetic acid, followed by
treatment with HCI to remove carbonates. The resulting mate-
rials were designated as MgNC and BaNC, respectively. To
understand the effects of nitrogen doping, we employed two
types of nitrogen-free reference materials. The first one is C800,
which was obtained via a similar self-templating approach
using barium trimesate (salt of benzene-1,2,3-tricarboxylic acid)
as the precursor.’® The second one is Ketjenblack EC600]JD,
which has nearly the best ORR/OER performance in non-
alkaline Zn-air cells among commercially available carbons.™

According to SEM, all materials synthesized using a self-
templated approach have a similar morphology, consisting of
micron-sized porous particles (Fig. 1a). Specifically, the particles
of MgNC and BaNC contain arrays of roughly spherical pores with
diameters of 10-20 nm and 30-40 nm, respectively. Larger pores
(=100 nm) are observed for C800 in the SEM images. At the same
time, EC600]JD consists of aggregated 30-50 nm primary particles.

BET surface area for all materials is measured to be within a
relatively narrow range of 1100-1370 m> g~ ' (Fig. 1b), being
higher for C800 (1294 m”> ¢~') and EC600JD (1364 m”> g™ ).
Derived pore size distributions (Fig. 1c) are similar for C800,
EC600JD and MgNC, revealing the presence of micropores
(<2 nm) and mesopores (2-20 nm). While containing pores
in the 0.5-8 nm range, BaNC has a fraction of larger mesopores
compared to other materials (20-50 nm), in accordance with
the SEM images.

According to XPS, nitrogen is present in MgNC and BaNC
while absent in the reference materials (Fig. 1d). The ratio
between different types of nitrogen is similar for MgNC and
BaNC, as follows from N1s XPS signal deconvolution. For both
materials, the most intense peak at 401.0 eV (N2) corresponds to
graphitic nitrogens, a weaker peak at 398.3 eV (N1) corresponds
to pyridinic nitrogens, and a minor peak at 405 eV (N3) is
assigned to pyridinic oxides.**** O1s XPS profiles are similar for
C800, MgNC and BaNC (Fig. 1e). The peak at 533.2 eV (02),
which has higher intensity, can be assigned to C-O groups,
while the peak at 532 eV (O1) corresponds to C—=0 moieties.****
EC600JD has a lower content of C—=O groups compared to the
self-templated carbons. Overall oxygen content according to XPS
is similar for C800 (6.8% at) and BaNC (6.1% at) and is slightly
lower for EC600JD (3.9% at) and MgNC (3.6% at).

Self-templated carbons have only trace amounts of group II
elements after washing with HCI. Optical emission spectroscopy
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with inductively coupled plasma (ICP-OES) analysis shows that
barium content is 0.95% wt for C800 and 0.85% wt for BaNC,
while MgNC contains 0.11% wt of magnesium. Unlike transition
metals or platinum group elements, Ba and Mg are not cataly-
tically active towards ORR/OER. Main group elements lack the
combination of empty and filled host orbitals that are required
for enabling catalytic redox processes.’®?” Therefore, their trace
amounts should not affect the material performance.

Raman spectra of C800, MgNC and BaNC are almost identical
(Fig. 1f). They have highly intensive D1 (1350 cm™ "), D2 (1525 cm ™)
and D3 (1200 cm™ ') bands, which correspond to disordered
domains of carbon,*™*° while the G band (1600 cm™"), which
corresponds to graphitic domains, is relatively weak. For EC600]D,
G/D1 band ratio is also low, but the D2 and D3 features are much
less intensive. According to literature, D2 band corresponds to
amorphous domains, while D3 band can be assigned to disordered
graphitic lattice, grafted aliphatic moieties, polyene-like structures,
or ionic impurities.***° To summarize, all materials have low
graphitization degree, but EC600JD has a less disordered structure
than carbons obtained via the self-templating approach.

Overall, the characterization data show that C800, BaNC and
MgNC have similar key properties, such as morphology, BET
surface area and local chemical ordering. Since the main
distinction between MgNC and C800 is the content of nitrogen,
it can be suggested that any major differences in the ORR/OER
performance are defined by catalytic activity of nitrogen-based
sites. EC600JD can be used as an additional reference material,
which performance in comparison to other types of carbon
(graphene, nanotubes, nanofibers, activated carbon, etc.) was
defined previously in non-alkaline Zn-air batteries.'*

To study the kinetics of ORR and OER in near-neutral media,
we performed electrochemical tests in phosphate buffer
solution (PBS) with pH = 6.0. For all selected materials, cyclic
voltammograms (CVs) measured with O,-saturated PBS show
features of oxygen reduction, while the CV response is purely
capacitive when N,-saturated electrolyte is employed (Fig. S1,
ESIY). The electrode double-layer capacitance, which was calcu-
lated from the non-faradaic CV currents (Fig. S2, ESIY), is
similar for C800, EC600JD and MgNC (2.4-2.6 mF cm™>) and
is lower for BaNC (1.6 mF cm™?). Both CVs and linear sweep
voltammograms (LSVs) measured using a rotating disk elec-
trode (RDE) reveal that the ORR overpotentials are substantially
lower for N-doped carbons compared to EC600JD and C800
(Fig. 2a and Fig. S1, ESIt). Koutecky-Levich analysis of the RDE
data indicates that the ORR electron transfer numbers are also
higher for the N-doped materials (Fig. S3, ESIt). This is in
accordance with rotating ring-disk electrode (RRDE) measure-
ments, which show higher contributions of four-electron O,
reduction pathway for BaNC and MgNC (Fig. 2b and Fig. $4,
ESIt).>® However, no improvements of the OER performance
are observed for the N-doped carbons compared to nitrogen-
free benchmark C800 (Fig. 2c).

The materials were tested in Zn-air cells with 1 M ZnSO, (pH
~ 3.9)* or 1 M Zn(OAc), (pH ~ 5.6)*" solutions as the
electrolytes. Discharge polarization curves (Fig. S5, ESIf)
demonstrate superior ORR performance of BaNC and MgNC,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of carbons: (a) SEM images; (b) N, adsorption isotherms (solid symbols), desorption isotherms (hollow symbols) and BET surface
areas; (c) pore size distributions (V — volume, W — pore width); (d) N1s XPS; (e) Ols XPS; (f) Raman spectra.

with the peak power reaching 24.6 and 28.0 mW c¢m 2, respec-

tively. For comparison, the peak power values for EC600JD and
C800 are only 9.2 and 12.1 mW cm™ >, respectively. Galvano-
static cycling of the Zn-air cells at 0.1 and 1 mA cm ™2 reveals
the same trend (Fig. 3): nitrogen-doped carbons have superior

© 2024 The Author(s). Published by the Royal Society of Chemistry

ORR performance compared to the nitrogen-free benchmarks,
as follows from higher discharge voltages of the batteries.
However, no decrease of the charge voltages is observed for
MgNC or BaNC in comparison to C800, indicating that the
nitrogen-based sites have low catalytic activity towards OER.

Energy Adv., 2024, 3, 241-247 | 243
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Fig. 2 Catalytic performance of carbons measured with rotating disk electrodes in O,-saturated PBS (pH = 6.0): (a) ORR voltammograms at 1600 rpm;
(b) ORR electron transfer numbers derived from the RRDE measurements; (c) OER voltammograms.

These results are in accordance with the RDE measurements in
phosphate buffer solution (Fig. 2). Overall, using MgNC and
BaNC in non-alkaline ZABs enhances the roundtrip energy
efficiency compared to previously reported carbon materials
(Table S1, ESIT). Based on the recent experimental and theore-
tical studies,*>** it is anticipated that pyridinic nitrogens have
the highest catalytic activity towards ORR. Therefore, it might
be suggested that increasing the content of pyridinic nitrogens
might further enhance the material performance.

Notably, micron-sized particles of hierarchically porous
carbons have better or comparable ORR performance than the
nanosized EC600]JD in non-alkaline ZABs. This is in contrast to
microporous carbons with micron-sized particles, such as
YP50F or YP80,* which despite their large specific surface area
(>1600 m* g~ ") have poor ORR performance at 1 mA cm™” in
exactly the same Zn-air cell setup. This indicates that the pore
size plays a critical role in oxygen reduction kinetics. Apparently,
micropores (<2 nm) are too small to ensure fast oxygen diffu-
sion within the big particles, so larger pores are required to
ensure fast supply of O, to the catalytically active sites.

Previous studies suggest that there is an optimal pore size
for selective four-electron ORR, which is related to confinement
of peroxide species within the pores.”® Smaller mesopores allow
trapping of the intermediate peroxide products, so they can be
further reduced within the pores. However, if the pores are too
large then the peroxides diffuse away, leading to a decrease of
electron transfer number. For this reason, the ORR performance
is better for MgNC compared to BaNC in alkaline electrolytes.>®
Since the same trend is observed in non-alkaline media, it
might be concluded that the same confinement effect is relevant
at near-neutral pH values.

While the initial ORR performance of N-doped carbons in
non-alkaline media is promising, the ORR overpotentials tend
to increase upon cycling (Fig. 3). One of the main degradation
mechanisms of carbon materials is their oxidation during OER,
which takes place in non-alkaline ZABs."> We compared the
corrosion rate of C800, MgNC and BaNC by monitoring CO,
levels within the cells using online electrochemical mass-
spectrometry (OEMS). Observed CO, evolution rates are similar
for all materials (Fig. S6, ESIt), indicating that nitrogen doping

244 | Energy Adv, 2024, 3, 241-247

does not improve corrosion resistance of carbon. Further
studies are needed to develop corrosion-resistant catalysts for
ZABs, either by applying protective coatings or decreasing the
OER overpotentials.*®

Several studies suggested that oxygen doping, such as func-
tionalization with C—=0 groups, can enhance the OER kinetics in
alkaline media.***®*” However, no decrease of the OER over-
potentials is observed upon battery cycling (Fig. 3), although
carbon oxidation during the OER leads to formation of C-O/
C=O0 functional groups at the surface.*>*® Furthermore, MgNC
and BaNC have similar OER performance, although the oxygen
content is lower for MgNC. This indicates that the oxygen
functionalization degree is not the key factor which determines
the OER performance in non-alkaline ZABs. To improve the
oxygen evolution kinetics, doping with other elements might be
required.

Conclusions

To summarize, this study shows that nitrogen doping of carbon
leads to a substantial improvement of ORR kinetics in non-
alkaline Zn-air batteries. Hierarchically porous N-doped car-
bons (MgNC and BaNC) outperform their nitrogen-free analog
(C800), as well as the best commercially available nitrogen-free
carbons. At the same time, nitrogen doping does not improve
the OER performance or the carbon corrosion rate, indicating
that other types of catalytically active sites need to be added to
the materials to promote fast oxygen evolution in near-neutral
media. Overall, nitrogen-doped carbons can serve as promising
support materials for non-alkaline Zn-air battery cathodes.

Experimental

Materials

Barium acetate (Riedel-de Haen, 99%), barium carbonate basic
(Acros Organics), benzene-1,3,5-tricarboxylic acid (Sigma-Aldrich,
95%), ethanol (BIOLAB, 96% cp), isopropanol (CARLO ERBA

reagents, HPLC PLUS Gradient grade), Ketjenblack EC600JD
(Fuel Cell Store), magnesium carbonate basic (Acros Organics),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Voltage profiles during galvanostatic cycling of Zn—air cells at (a) and (c) 0.1 mA cm™2 and (b) and (d) 1 mA cm~2 with (a) and (b) 1 M ZnSO4 and (c)

and (d) 1 M Zn(OAc); as electrolytes.

N,N-dimethylformamide (Biolab, AR), Nafion (Alfa Aesar, 5% w/w
in water/1-propanol), nitrilotriacetic acid (Acros Organics, 99%),
polytetrafluoroethylene preparation (Sigma Aldrich, 60% disper-
sion in water), Sigracet 39BB carbon paper (Fuel Cell Store),
Whatman glass microfiber separators (GF/A grade), zinc foil
(Grillo, degreased, >99.95%, 80 um thickness), zinc acetate
dihydrate (Sigma Aldrich, ACS reagent, >98%), zinc sulfate
heptahydrate (Sigma Aldrich, puriss., ACS reagent, >99.5%).

Synthesis of C800

Barium trimesate precursor was prepared from a solution of
0.105 mol benzene-1,3,5-tricarboxylic acid and 0.105 mol
barium acetate in 5 L of double deionized water at 78 °C.
Precipitation of salt occurred immediately with the addition of
barium acetate. The suspension was decanted, and the salt was
dried at 50 °C overnight. The salt was pyrolyzed in a quartz
boat under argon flow at 800 °C for 1 h with a ramp rate of
5 °C min~". This yielded a carbon loaded with BaCO; nano-
particles, denoted as BaCO;@C800. The BaCO; was washed out
by overnight stirring in 1 M HCI, followed by washing with 1 L
of double deionized water. The resulting material was dried
overnight at 50 °C.

Synthesis of MgNC and BaNC

Ba/Mg-NTA precursors were prepared from a solution of
180 mmol of nitrilotriacetic acid and 144 mmol of barium
carbonate basic (for Ba-NTA) or 207 mmol of magnesium
carbonate basic (for Mg-NTA) in 500 mL of double deionized
water at 78 °C. Precipitation of salt occurred after addition of
1.5 L of ethanol. The suspensions were cooled to ~40 °C in an
ice bath for 2 h for further precipitation. The suspensions were

© 2024 The Author(s). Published by the Royal Society of Chemistry

decanted, and the salts were dried at 50 °C overnight. The salts
were pyrolyzed in a quartz boat under argon flow at 800 °C for
1 h with a ramp rate of 5 °C min~ ' The resulting materials were
loaded with BaCO; or MgO nanoparticles. The nanoparticles
were washed out by overnight stirring in 1 M HCI, followed by
washing with 1 L of double deionized water. The carbons were
dried overnight at 50 °C.

Characterization

Scanning electron microscopy images were acquired with an
FEI Magellan 400L high-resolution scanning electron micro-
scope. X-ray photoelectron spectra measurements were carried
out using a PHI 5600 Multi-Technique System with an Al Ka
monochromatic source (1486.6 eV); XPS peaks were calibrated
by setting the binding energy of the major C1s peak to 285.0 eV;
three measurements were made for each sample to check
reproducibility. Raman spectra were measured with a Horiba
LabRAM Soleil Raman microscope; the laser excitation wave-
length was 532 nm, the laser power was 0.79 mW, the grating
was 1800 lines mm ™ '; five measurements were performed for
each sample to check reproducibility. N, adsorption—-desorption
isotherms at 77 K were measured using a Quantachrome Auto-
sorb iQ instrument. The samples were vacuum-dried at 200 °C
for 10 h before the measurements. BET specific surface was
calculated with BETSI software.*® Pore size distributions were
derived using isotherm fitting with a quenched solid state
density functional theory (QSDFT) model (N,/carbon, 77 K,
slit-shaped pores, equilibrium measurements). For ICP-OES
measurements, the materials (~1 mg) were dissolved in 1 mL
of concentrated HNO;; the elemental analysis was then per-
formed with SPECTRO Arcos FHX22 MultiView plasma.

Energy Adv., 2024, 3, 241-247 | 245
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Electrochemistry with rotating disk electrodes

To preprate the electrodes, inks of the carbon catalysts were
prepared by adding 1 mg of carbon to 1 mL N,N-dimethyl-
formamide and 40 pL of Nafion suspersion (5% w/w in water/
1-propanol). The inks were sonicated for 30 min, and 10 pL of the
inks were drop-cast on a polished rotating ring disk electrode (Pine
E7R9 glassy carbon disk ¢ = 5.61 mm, Pt ring, 37% collection
efficiency), the resulting electrodes were dried for 45 min at 50 °C.
Carbon loading of the electrodes was 0.04 mg cm™ >,

ORR voltammograms were recorded in a three-electrode glass cell
using a BioLogic VSP potentiostat. The counter electrode was a
graphite rod, reference electrode was a HydroFlex RHE, and the
supporting electrolyte was 0.1 M potassium phosphate buffer
solution (pH = 6.0 at 25 °C). Measurements were carried out in N,
(99.999%) purged cell for baseline and O, purged cell for ORR.
Potentials were applied using an automatic 80% IR correction. Cyclic
voltammograms (CVs) and linear sweep voltammograms (LSVs) were
collected with a scan rate of 10 mV s~ ' unless stated otherwise.

Electrode preparation for Zn-air cells

C800, MgNC or BaNC (150 mg) were mixed in an agate mortar with
water (300 pL) and polytetrafluoroethylene (15 mg, as a water-based
dispersion), followed by mixing of these components with isopro-
panol (750 pL). The resulting slurries were tape-cast onto hydro-
phobic carbon paper (Sigracet 39BB). The electrodes were oven-
dried at 100 °C for 15-30 min, then roll-pressed and cut into disks
(d = 11 mm). The procedure was similar for Ketjenblack EC600]D,
but higher amounts of water (600 L) and isopropanol (1500 uL)
were used per 150 mg of carbon because the material absorbs a lot
of solvent without forming a processable slurries. The loading of
carbon blacks in the resulting electrodes was from 9 to 10 mg cm ™ 2.
Zn-air cell assembling and electrochemistry

Previously reported custom-made two-electrode cells'**® were

assembled in ambient air for assessing the electrochemical per-
formance of carbons in ZABs. These cells accommodate ~16 mL
of air. Zn foil disks (d = 13 mm) were used as the anodes, glass
fiber disks (d = 21 mm) were used as the separators, 120 pL of
electrolyte (1 M ZnSO, or 1 M Zn(OAc), in water) was added to the
cells. The cells were kept at an open-circuit voltage for 5 h before
cycling. Galvanostatic cycling of the cells and polarization studies
(LSV at 10 mV s~ ') were performed at room temperature using
BioLogic VMP3 or Neware BTS4000.

OEMS measurements

Gas composition analysis was performed using an HPR-20
eight-channel mass spectrometer (Hiden Analytical). Signal
acquisition was performed with an SEM detector. The OEMS
capillaries were connected to the cell outlets in an air-tight way
using Swagelok fittings with PTFE ferrules.
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