Open Access Article. Published on 02 February 2024. Downloaded on 7/24/2025 7:32:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Green Chem., 2024, 26,
3271

Received 27th November 2023,
Accepted 2nd February 2024

DOI: 10.1039/d3gc04645a

rsc.li/greenchem

Introduction

Inducing porosity in xylose-derived FeNC
electrocatalysts for alkaline oxygen reductiont

*ab Simon Kellner,? Robert D. Hunter,?
@b Kevin Sivula, @ @ Sarah J. Haigh @ € and

Lorenzo Mazzoli,® Angus Pedersen,
Rongsheng Cai,“ Mengnan Wang,
Jesus Barrio (2 *@

Iron—nitrogen—carbon (FeNC) electrocatalysts are emerging as a low-cost alternative to Pt-based
materials for electrochemical oxygen reduction at the cathode of alkaline exchange membrane hydrogen
fuel cells. The valorisation of waste biomass is a sustainable pathway that could allow the large-scale pro-
duction of such catalysts. By means of hydrothermal carbonization (HTC), a biomass-derived carbo-
hydrate can be converted into a carbonaceous framework, however, the electrocatalytic performance of
the metal—-nitrogen—carbon electrocatalysts prepared through HTC is suboptimal owing to the lack of
microporosity in the highly crosslinked carbon frameworks. In this work, we address this issue by adding
polystyrene sulfonate (kayexalate) in the HTC of xylose. Kayexalate's negative charges mitigate particle
aggregation, resulting in smaller carbon-based particles, with the O, activation leading to a four-fold
increase in specific surface area (127 vs. 478 m? g™%). Subsequent high-temperature pyrolysis in the pres-
ence of an N and Fe source leads to an active FeNC. This produces a corresponding increase in the
electrocatalytic activity for the oxygen reduction in alkaline media in a rotating disk electrode (1.45 vs.
143 A gt at 0.8 V vs. RHE) and in a gas diffusion electrode at high current densities (>2 A cm™2). The sus-
tainable character of the reported catalyst as well as the high electrocatalytic activity at industrially relevant
current densities provides a pathway to catalyst design for low-cost cathodes in alkaline exchange mem-
brane fuel cells.

power density fuel cell applications. To date, Pt-based
materials and their alloys are the most active and durable elec-

The oxygen reduction reaction (ORR) is a crucial electro-
chemical process in energy conversion devices such as metal-
air batteries, anion exchange membrane fuel cells (AEMFC) or
proton exchange membrane fuel cells (PEMFC). In AEMFC it
entails the four, or two-electron transfer to O, molecules to
form OH™ or H,0,, respectively, in the surface of an efficient
electrocatalyst, needed due to the sluggish kinetics of the
reaction.’” While the two-electron ORR to form hydrogen per-
oxide as a valuable method to provide on-site a highly coveted
chemical,® a direct four-electron transfer is desired for high
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trocatalysts for the four electron ORR.? Nevertheless, the high
cost of Pt has hindered the widespread adoption and advance-
ment of fuel cell technology. Therefore, finding methods to
reduce the Pt content on the cathode without compromising
their activity, as well as the development of Pt-free electrocata-
lysts based on non-noble metals that match the performance
of Pt-based catalysts can lead to the manufacture of sustain-
able fuel cells with reduced environmental impact and cost.’
AEMFC in particular could employ non-Pt-based catalysts,
owing to the lower thermodynamic requirements of the alka-
line ORR,® as well as more affordable metallic components
versus PEMFC, owing to the high pH conditions.”® Fe single
atoms within nitrogen-doped carbon (FeNC) have emerged as
the most active alternative to Pt-based catalysts.”'* In these
catalysts, an iron atom is coordinated to nitrogen atoms (Fe—
N,, where x = 2-5'""'%) that provide lone electron pairs and
stabilize iron single sites. The carbon framework provides a
supporting structure for the FeN, active sites, as well as elec-
tronic conductivity, stability, hierarchical porosity and elec-
tron-withdrawing or donating properties.">'* In general, the
synthetic approaches commonly employed to prepare FeNC
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catalysts entail the high-temperature pyrolysis of carbon, nitro-
gen, and Fe-based precursors followed by harsh acidic treat-
ments,'> and in most cases, the precursors require complex
synthetic steps."®

To align with the growing emphasis on combining sustain-
ability and commercial viability, it becomes imperative to
explore synthetic approaches that utilize sustainable sources
for the preparation of efficient FeNC oxygen reduction electro-
catalysts.'” In that regard, lignocellulosic biomass is con-
sidered a potential sustainable carbon precursor in the syn-
thesis of electrocatalyst materials owing to its abundance as
well as the high carbon and (often) heteroatom content.'®'®
Furthermore, every year a significant portion of biomass waste
(agricultural biomass production within the European Union
amounts to approximately 956 Mt annually, with residues
accounting for 46%)>° is left in fields to decompose or is even-
tually discarded and used as a low-grade energy source, contri-
buting to greenhouse gas emissions. This abundant bio-waste
can be converted into carbonaceous catalysts and supports by
means of hydrothermal carbonization (HTC), which entails
mild carbonization at temperatures <250 °C and self-generated
pressure in the presence of water.”*> Among the different
types of biomass, hemicellulose can be used to obtain xylose.
Commercially, hydrolysis of xylan (25-30% of corn cob, for
instance) can be employed to produce xylose (CsH;o05).>*>*
Xylose is therefore a cheap, abundant and sustainable carbon-
based precursor which has been employed for the preparation
of heterogeneous catalysts as well as FeNC materials.”®
However, the electrochemical performance of xylose-derived
FeNC oxygen reduction electrocatalysts is often low. This is
due to the low porosity and specific surface area of the
materials obtained after hydrothermal carbonization, which
does not allow full access to the FeN, active sites. For instance,
Feng et al.>® developed a Fe-N-C xylose-derived electrocatalyst,
using melamine and Iron(u) chloride as nitrogen and iron pre-
cursors. However, the obtained electrocatalysts displayed
specific surface areas ranging 40-70 m” g~*, which led to mod-
erate oxygen reduction activity in alkaline media. The intro-
duction of microporosity is crucial for the development of
active FeNC electrocatalysts, as it allows the formation of a
higher number of active sites.>””*® Templating methods with
either silica or molten salts (ionothermal carbonization®®) can
lead to high surface areas. Our group for instance employed
magnesium chloride hexahydrate in the presence of 2,4,6-tri-
aminopyrimidine as reactants for the synthesis of highly porous
nitrogen-doped carbons that efficiently exposed the FeN, active
sites, resulting in a much higher surface area of 3295 m* g~*.*°
Sodium salts have been widely employed as porogens as
well.>'7** Waterhouse and co-workers for instance employed a
mixture of zeolitic-imidazole framework 8 and NaCl to syn-
thesize FeN, electrocatalysts with a surface area >1900 m> g™*
and 26.3 x 10" sites g '.** Silica templating has been
thoroughly investigated by Atanassov and co-workers, who
often observe electrocatalysts with specific surface areas up to
600 m> g "."*?% Yet such templating methods require a high
salt/organic precursor ratio as well as an acid wash, which
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requires HF in the case of SiO,, which leads to potential sig-
nificant impacts on human health.® Mazzucato and coworkers,
on the other hand, employed CO, and steam activation to
regulate the formation of micro and mesopores in carbon
black, which increased the site density and turnover frequency
of the final catalyst.>®

Therefore, in this work, we have addressed this issue by
inducing microporosity in xylose-based FeNC electrocatalyst
through the addition of small amounts of poly(sodium
4-styrene sulfonate) (kayexalate) during the HTC of xylose. The
charged sulfonate groups of kayexalate avoid the aggregation
of the carbon particles during the HTC leading to a much
smaller sphere size and increased surface area of the final
material.?®3” The particle size reduction in the hydrothermal
spheres was proven through scanning electron microscopy
(SEM) images. The enhancement in surface areas of the final
catalysts (prepared by pyrolysis of the hydrothermal spheres in
the presence of melamine and FeCl,) was evaluated with N,
sorption and double-layer capacitance (Cq) measurements
(proportional to the electrochemical surface area (ECSA)). The
homogeneous distribution of nitrogen and iron was confirmed
by means of scanning transmission electron microscopy -
energy dispersive X-ray spectroscopy (STEM-EDX) - and the
chemical composition was further evaluated by X-ray photo-
electron spectroscopy (XPS). The electrochemical oxygen
reduction activity was evaluated in alkaline electrolyte (0.1 M
KOH) in a rotating disk electrode (RDE), where the insertion of
kayexalate led to an almost 10-fold enhancement in the mass
activity. Furthermore, owing to the increased specific surface
area (478 m” g~ ') and microporosity, the material was tested in
a gas diffusion electrode (GDE) configuration and compared to
the state-of-the-art FeNC catalyst (PMF-D14401, Pajarito
Powder).

Experimental
Materials synthesis

Hydrothermal carbon spheres. Xylose-based hydrothermal
spheres were prepared following the synthetic protocol
reported by Feng et al.>® Namely 37.65 g of xylose was dissolved
in 120 ml of DI water in a glass beaker in a sonication bath for
10 min, the mixture was then magnetically stirred for 2 more
hours and transferred into a 200 ml Teflon inlet which was
placed in an HTC reactor. The HTC reaction was then carried
out in a furnace (Memmert, Germany) in air at 220 °C for 12 h.
After cooling down to room temperature, the mixture was fil-
tered and rinsed 3 times with DI water. The material was then
dried at 80 °C overnight and labelled HTC-X. To reduce the
particle size of the hydrothermal spheres, 192 mg of kayexalate
(poly(sodium 4-styrene sulfonate), Sigma Aldrich, average M,
~ 1000000 g mol~* powder) were added to the xylose solution
and the same synthetic protocol was followed, the material
was labelled HTC-XK.

FeNC materials. HTC-XK obtained after the HTC was ground
to a fine powder, placed in ceramic crucibles and then sub-

This journal is © The Royal Society of Chemistry 2024
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jected to an activation, in a Carbolite Horizontal Tube Furnace
GHA 12/300, at 900 °C under 6% O, (using compressed air as
oxygen source) in N, atmosphere (>99.998%, BOC) for 1 hour;
the heating rate was 5 °C min~' and the gas flow 300 ml
min~'. The activated carbon (A-XK) subsequently
employed as a carbon precursor in the following stages.
500 mg of A-XK were combined with 350 mg of melamine and
39.73 mg of FeCl, (equivalent to 0.2 moles of Fe). This mixture
was then dissolved in ethanol by sonication in a water bath for
10 min followed by overnight magnetic stirring until ethanol
evaporates. The resulting mixture was transferred to a ceramic
crucible and pyrolyzed under an N, atmosphere with a flow
rate of 500 ml min~". The initial step of the pyrolysis involved
heating to 600 °C over a period of 2 hours, at a heating rate of
5 °C min~", followed by a subsequent increase in temperature
to 900 °C, maintained for an additional two hours. The recov-
ered material was then ground with a pestle and mortar and
acid washed in 40 ml of 1 M HCI for 12 hours to remove
unwanted impurities and Fe-based aggregates. The mixture
was then filtered, rinsed with deionized (DI) water, dried in an
oven at 80 °C (in air) and labelled as FeXK. The reference
material (prepared in the absence of kayexalate) followed the
synthetic procedure reported by Feng et al., which excludes the
activation under O,. We would like to note that the activation
step was skipped in this case as the material decomposed
when pyrolyzed in the presence of oxygen when no kayexalate
was employed. Namely, HTC-X was directly mixed with mela-
mine and FeCl, (500 mg of HTC-XK, 350 mg of melamine, and
39.73 of FeCl,), pyrolyzed, and acid-washed in the same
fashion as FeXK. The material is labelled as FeX.

was

Electrochemical measurements

The electrochemical tests were carried out in a potentiostat
Multi AUTOLAB m101 in O, (99.99998% BIP® Plus) and N,
(99.9998% Ultrapure Plus) using as electrolyte 0.1 M KOH
(99.995% suprapur). The electrolyte was poured into an
electrochemical cell with three electrodes: an Ag/AgCly, (3M
KCl) reference electrode, a glassy carbon rod as the counter
electrode, and a glassy carbon RRDE as the working electrode.
An ink, using 4 mg of material, 480 pg of isopropanol (99.5%
Honeywell™, Fisher Scientific), 480 pg of 18.2 MQ deionized
water, and 40 pg of 5 wt% Nafion® D-521 (5% w/w in water
and 1-propanol, Alfa Aesar) was prepared by bath ultra-
sonication (132 kHz ultrasonic cleaner, VWR) for 30 minutes
until the catalyst was well dispersed and 12.64 pL were drop-
casted onto the previously polished carbon part of the working
electrode. The catalyst loading was therefore 0.26 mgcacayst
em > The ink was dried under rotation (300 rpm) and
heating. The Ag/AgCl electrode was calibrated in 0.1 M KOH
with purging H, (1 bar) using a 3 mm Pt RDE tip (Metrohm) as
a working electrode. In the calibration process, the working
electrode was rotated at 1600 rpm. A series of five cyclic vol-
tammograms were recorded, spanning from —0.26 to —0.28
Vagiagal at a scan rate of 10 mV s~ '.** Before performing
electrochemical tests, the electrolyte was purged with either N,
or O, for 15 min. 10 cyclic voltammetry were recorded at
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50 mV s~ ' and 0 rpm in the potential range of 1.00 Vgyg to
0.05 Vgug, to precondition the catalyst and evaluate the capaci-
tive current. The catalyst performance was evaluated by record-
ing cyclic voltammograms in O, at 1600 rpm at 10 mV s ' in
the potential range 1.0 to 0.2 Vgye. The pseudocapacitance
was then corrected by subtracting the current obtained from
cyclic voltammetry in saturated N, recorded at 1600 rpm. The
ohmic drop was calculated for each measurement by means of
electrochemical impedance measurements from 107°-10"" Hz
(at open circuit potential) and by taking the first intercept of
the real impedance axis in the Nyquist plot (without equivalent
circuit fitting). Each potential value was then corrected with
the electrolyte resistance and the measured current.

The kinetic current densities (jii,) were calculated at 0.80
and/or 0.75 Vg, using the geometric disk current density ( jq)
and the limiting current density ( jjin) found at 0.3 Vgyg fol-
lowing eqn. (1):

(1)

where jii, represents the current at a particular potential in
the absence of mass-transport limitations.*® The kinetic mass
activity my, was then calculated employing eqn (2).

—Jkin

Myip = ————————
K"~ LOADINGcaraLyst

2)
where ji;, was previously calculated from eqn (1) and the
denominator is the catalyst loading on the working electrode
(mg cm™?). For analysing the selectivity of the reaction towards
the production of water (4 e~ pathway), the Pt ring in the
RRDE was set to 1.27 Vrygg. The number of transferred elec-
trons was calculated using eqn (3):

Ljr (3)
jd + ﬁ

c

n=4x

where jj is the geometric current density, j; is the ring current and
N_. is the collection efficiency which was measured as 21.67%.
The selectivity was evaluated through the %H,0, produced
employing eqn (4):
Je
H,0,% = 2 x —e_
. + _r
Jd Ne

x 100

(4)

Subsequently, the double-layer capacitance Cq4 was calcu-
lated by plotting the difference between the anodic and catho-
dic current density at a certain potential (in a non-faradaic
region, at 0.50 Vgyg) versus different scan rates (in this work
20, 40, 60 and 80 mV s~').*° The tests were pursued in N,-satu-
rated KOH 0.1 M, at 0 rpm. The slope of this linear plot is Cy;
in F em™? by dividing this number by the total amount of
loaded catalyst, a normalized value of Cg; in F g™ is obtained.
The double-layer capacitance provides valuable insights into
the interfacial electrochemical behaviour and the extent to
which an electrocatalyst participates in ORR reactions. By
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being directly proportional to the ECSA (electrochemical
surface area), a higher Cq4 indicates a larger electrochemically
active surface area, often correlated with enhanced catalytic
performance.?’ The stability of the catalysts was evaluated
through accelerated stress tests through cyclic voltammetry
cycles at potentials between 0.8 and 0.4 Vgyg in O,, at 100 mV
s~'. The catalysts were then tested after 1000 and 8000 cycles
by recording a cyclic voltammetry in the potential range
1.00-0.20 Vgyg.

FeXK Gas Diffusion Electrodes (GDEs) were crafted in-
house using an airbrush set and an Iwata Smart Jet Pro
Airbrush compressor. The Pajarito PMFD14401 GDEs were
created with an Exactacoat ultrasonic spray coater on a 5 cm?
gas diffusion layer (Freudenberg H23C8). The catalyst loading
was 1.29mgrenc ¢m >, determined by pre- and post-weighing
the gas diffusion layer after spraying. Electrochemical
measurements were performed using a GDE setup filled with a
1 M KOH aqueous solution. The potentiostat PGSTAT204 with
FRA32M Module (Metrohm) was employed, along with galva-
nostatic steps coupled with Electrochemical Impedance
Spectroscopy (EIS). The detailed methodology, including ink
formulation and spray-coating specifics, is provided in the
ESL.T Procedures for all the material characterizations are also
included in the ESL.}

Results and discussion

Xylose-based, hydrothermal carbon spheres were obtained by
the HTC treatment of xylose at 220 °C in the presence and
absence of kayexalate (Scheme 1). Gong et al.*” hypothesized
that when incorporating kayexalate during the HTC of sugars,
the polymer binds to the produced hydrochar and owing to its
negative charge ensures that all the formed particles repel
each other preventing them from cross-linking. SEM confirms
the drastic decrease in the average diameter of the hydro-
thermal spheres produced with and without kayexalate
(Fig. S17). The particle sizes obtained with the usage of kayexa-
late are on average more than 10 times smaller (78 nm) com-
pared to when only xylose is used (865 nm, Fig. 1 and
Fig. S1}). Fourier Transformed Infrared Spectroscopy (FT-IR)
was carried out to elucidate whether the addition of kayexalate

a) Hydrothermal carbonization ‘
220°C,12h &
—_—

HO OH OH —
b)
n Hydrothermal carbonization
0
. HO/WO111 220°C,12h
HO OH OH

SO;Na

<80 nm

Scheme 1 Hydrothermal synthesis of carbon spheres from Xylose
without (a) and with (b) kayexalate.
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Fig. 1 SEM images of HTC-X (a and b) and HTC-XK (c and d).

modifies the chemical composition of the hydrothermal
carbons (Fig. S2t). Very similar bands can be observed for
both materials, namely C=O stretching vibration at
1698 cm™', C=C stretching vibration at 1610 cm™, C-H
stretching vibration at 1389 cm™ and C-O stretching
vibrations arising from furanic ethers (1216 cm™") and primary
alcohols (1020 ecm™). Bending vibrations corresponding to
C=C and C-H bonds can also be observed at lower wave-
lengths and, interestingly, no stretching vibrations arising
from a sulfonate bond are observed in HTC-XK probably due
to the low amount of kayexalate employed in the hydrothermal
carbonization. Consequently, FT-IR characterization suggests
minimal changes in chemical composition between both
hydrochars. HTC-X and air-activated HTC-XK were then
employed as carbon precursors for the synthesis of FeNC
materials by pyrolysis at 900 °C in the presence of melamine
and FeCl,. Nitrogen sorption measurements (Fig. 2a) show
minor hysteresis and confirm the significant improvement in
pore volume between the materials. FeXK exhibits a Brunauer-
Emmett-Teller (BET) specific surface area of 478 m* g™,
which is nearly four times greater than that of FeX (127 m?
g™ "). Besides the specific surface area, the pore size distri-
bution (Fig. 2b) demonstrates the increased micropore volume

a) 250 b) .
3 H =
% | Eoe :
200 H e
: - 291/l § 03
: FeXK, Sger =478 m°g" | Sos E
3 150 y s :
2 -
g iﬂiliifF'U"i‘HL- - 5 Ozz
: 502 2%
§100 o 3 :
< . FeX, Sger = 127 m? g™ g :
£ o ;0.1 wi
E ¥ .llllllllll Ll 3 g
g r= g :

o
)
o

0 0.2 0.4 0.6 0.8
Relative Pressure (p/p°)

10
Pore Width (nm)

Fig. 2 N, sorption isotherms, where solid and empty squares indicate
adsorption and desorption isotherms (a). Pore size distributions and
cumulative pore volumes determined using the 2D-NLDFT hetero-
geneous surface carbon model within SAIEUS software (b). Data for FeX
and FeXK.
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centered around 0.5 nm in FeXK versus FeX (0.179 and
0.045 cm?® g™, respectively, Table S17). These micropores con-
tribute to high ORR performance since it has been postulated
that micropores host active sites.”””*® We attribute this stark
difference in microporosity to the presence of kayexalate and
O, activation, which create micropores on the sphere
surface.”®?” Additionally, the mesopore size distribution in
FeXK (Fig. 2b) shows an increased mesopore volume for pore
widths >10 nm. Specifically, the mesopore pore volume in
FeXK increases to 0.138 em® g, from 0.037 cm® g™* in FeX
(Table S1t). The relative mesopore volume increase in FeXK is
similar to its micropore increase, meaning the percentage of
micropore volume in FeX (55%) remains unaffected following
the incorporation of kayexalate in FeXK (57%).

Finally, from the N, isotherm (Fig. 2a), the increased quan-
tity of N, adsorption at high relative pressure (P/P° > 0.9) in
FeXK indicates an increased macropore volume arising
between aggregates of FeXK sphere agglomerates.*? This poss-
ibly evolves from the smaller kayeaxalate-derived spheres
(Fig. S17). X-ray diffraction (XRD) analysis, conducted to study
the crystalline structure of the catalysts, suggests that the
change in the morphology of the hydrothermal precursor also
affects the chemical nature of the final catalysts (Fig. 3). FeXK
presents more accentuated peaks with higher intensity; the
sharp peak at 43.8° confirms the presence of Fe (111),
although this diffraction peak could point to the presence of
Fe;C, nevertheless the diffraction peak at 45°, arising from
Fe3C (110) unequivocally proves the formation of carbide
species. Additionally, at 51.2°, FeXK displays a Fe (0,2,0) peak.
The high intensity of these peaks might hide the presence of

FeX
z
2 FeXK
9
£

C(0,0,2)

C (1,0,0) | I C (1,0,1)

5 10 15 20 25 30 35 40 45 50 55 60
2-Theta (°)

Fig. 3 XRD patterns of FeX (a) and FeXK (b) (Iron (96-901-4057) and
Iron carbide (00-044-1292) and Carbon (01-075-1621)).
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the overlapping Iron-Nitrides-related signals, especially in the
region 43-44°, as shown in previous work.>® XRD data suggests
that the decreased size of HTC-XK versus HTC-X may favor the
formation of crystalline Fe-based species that stabilize ORR
reaction intermediates and improve the catalytic performance.
Further characterization of the materials was carried out using
Raman spectroscopy (Fig. S3 and S4t), which showed the pres-
ence of two dominant peaks in the first-order spectra. These
peaks are centered at approximately 1340 and 1585 cm™,
corresponding to the D and G bands respectively. The G band
indicates the presence of graphitic carbon and is present in all
graphitic materials, while the D band signifies disorder within
the carbon structure.

The intensity ratio of the D and G bands (Ip/Ig) is often
used as an indicator of the graphitization degree in carbon
materials. The Ip/Ig values of 1.03 and 1.15 (Table S27) dis-
played by FeX and FeXK suggest the presence of nanocrystal-
line graphitic domains, which is consistent with the broad
carbon peaks observed at approximately 26.2 and 44.4°20 in
XRD. For small graphitic crystallite sizes, the Ip/I; ratio is cor-
related to the crystallite size using the Ferrari-Robertson
model, which suggests that the Ip/Ig ratio increases with
increasing crystallite size up to a size of 2 nm.** Therefore, the
higher value of 1.15 displayed by FeXK suggests greater graphi-
tic ordering. Also, the variation of the Ip/I value measured at
25 different locations across the sample is greater for FeX
(standard deviation of 0.17 compared to 0.05 for FeXK,
Table S21) indicating the non-uniform nature of the carbon
structure, with some locations displaying higher graphitic
ordering, while other locations have a more disordered struc-
ture. The less variable Ip/I; values observed in the Raman
spectra of FeXK are likely related to the more uniform dis-
persion of small Fe-based particles throughout the carbon
structure. Scanning transmission electron microscopy imaging
was then employed to obtain further insights into the mor-
phology, dimensionality, and chemical composition of the Fe-
based particles. Fig. 4 and Fig. S5t display the HAADF-STEM
images and EDX elemental maps for FeXK and FeX, respect-
ively. Images of FeXK show spherical nanoparticles, approxi-
mately 100 nm in diameter, with EDS mapping revealing they
contain homogeneous distributions of N, C, O, and Fe. At high
magnification, Z-contrast HAADF-STEM imaging reveals bright
single atoms and atomic clusters (Fig. 4b), which can be
assigned to Fe as the only high atomic number element
present. Denser Fe-rich crystalline nanoparticles are also
observed with diameters of approximately 10 nm (Fig. 4c).
Selected area electron diffraction and Fast Fourier transform
(FFT) analysis of high-resolution images from these particles
reveals lattice spacings that can be ascribed to the Fe;C phase
and/or pure Fe phase (Fig. S61). FFT analysis along with XRD
characterization confirms the presence of both Fe and Fe3C
particles as observed in the diffraction peaks at 43.8 and 45 °C
(Fig. 3), as well as the Miller indices shown on Fig. S6.}

FeX is composed of much bigger spherical particles with
diameters around 1 um, which also contain N, C, O, and Fe.
The HAADF STEM and EDX elemental mapping reveals that
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Fig. 4 FeXK HAADF-STEM images showing Fe-based particles and
atomic Fe species (a—c) and EDX elemental maps for C (green), Fe (red),
and N (blue) (d).

these particles contain Fe-rich nanoparticles of approximately
10 nm diameter, distributed evenly throughout the N, O, C
and Fe-containing matrix. High-resolution HAADF-STEM also
reveals atomically dispersed Fe species, although these are
more difficult to resolve due to the matrix particles’ greater
thickness. The atomically dispersed species could be FeN,
sites or clusters of Fe,O,. Due to the small size of the particles
and the invisibility of both N and O species relative to the C, O
and N support, it is difficult to ascertain the true atomic Fe
coordination. These can only be distinguished with certainty
via cryo °’Fe Mossbauer spectroscopy.** The local environment
of Fe within FeX was studied by Feng et al.*® by means of X-ray
Absorption Spectroscopy where Fe;C was observed, which is in
agreement with nanoparticles seen in the HAADF-STEM and
XRD data here. The HAADF STEM images of FeX (Fig. S5%),
along with its low specific surface area, suggest most of the
observed Fe;C nanoparticles are internal to the C-N-O matrix,
indicating very low accessibility for the Fe-based species. In
contrast, the substantially smaller size of the C-N-O-Fe matrix
particles and higher BET surface area of FeXK indicates more
efficient exposure of the Fe-based active sites. X-ray photo-
electron spectroscopy was employed to provide further insights
on the elemental composition of the surface of the prepared
catalysts. Carbon, nitrogen, oxygen, and iron were observed in
both FeX and FeXK. In terms of chemical composition, sub-
stantial differences can be observed between the catalysts
(Table S31). FeX displays a much higher N1s, O1s, and Fe2p
surface content than FeXK suggesting a lower electrical con-
ductivity and confirming the presence of Fe-based aggregates.
We hypothesize that the higher porosity of FeXK may be
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responsible for the relatively easier release of nitrogen and
oxygen functional groups particularly during the pyrolysis. C1s
spectra of both materials display binding energies corres-
ponding to C-C, C-N, and C-O species, while FeX displays an
additional chemical species that suggests a higher degree of
oxidation in the framework despite the lack of activation step
in the O, atmosphere (Fig. S7t). N1s spectra display four peaks
for both materials at 402.2, 400.8, 399.5, and 398.1 eV, indicat-
ing the presence of graphitic, pyrrolic, iron-nitrogen, and pyri-
dinic bonds respectively (Fig. S8). The higher atomic percen-
tage of the pyridinic contribution indicates a pyridinic coordi-
nation of the Fe sites within the material, in agreement
Fellinger and coworkers who observed that pyridinic active
sites are more thermodynamically stable than pyrrolic, which
are kinetically preferred above 900 °C.*” Additionally, the
amount of Fe in FeXK is 1.46 in wt% (0.32 at%, Fig. S6 and
S9t), which is very similar to the Fe content obtained by
ICP-MS (1.29 wt%), suggesting that the high porosity of the
material exposes most of the Fe with the material resulting in
a very similar content in the surface and in the bulk. In con-
trast, FeX exhibits a higher iron content (3.11 wt%, 0.71 at%
according to XPS analysis). As for the nitrogen content, FeX
and FeXK yield values of 10.39 wt% and 3.13 wt%, respectively.
Such elevated nitrogen content in FeX could be attributed to
the retention of C-N based fragments (arising from melamine
decomposition) upon pyrolysis.*® We hypothesize that owing
to the larger particle diameter and lower porosity of FeX, C-N
based fragments are retained in the structure. Meanwhile in
the case of FeXK, the smaller particle diameter and higher
porosity results in shorter pathways for the release of N-based
species during pyrolysis. The lower N and O content within
FeXK may entail a higher electrical conductivity, which con-
tributes to an enhanced electrocatalytic activity. While rela-
tively small amounts of nitrogen within a carbon material can
increase the electrical conductivity,”” elevated nitrogen con-
tents result in the formation of semiconducting materials,
which are not suitable for electrocatalysis. Carbon nitrides for
instance, with a predicted stoichiometry of C3;N,, display a
band gap of 2.7 eV which translates in a low electrical conduc-
tivity (between 107°-1077 S e¢m™');*® C,N covalent organic
materials display a band gap of 1.7-1.9 eV,*® and overall nitro-
gen contents over 20 at% results in negligible electrocatalytic
performances even with the presence of Fe single sites.>
Despite the higher levels of N and Fe in FeX, the presence of
visible inhomogeneity in the HAADF-STEM images (Fig. S5t)
suggests that a significantly higher portion of the iron formed
crystalline nanoparticles instead of single atoms sites. Ols
spectra suggests that the activation in air employed in the syn-
thesis of FeXK slightly modifies the nature of the functional
groups in the surface of the materials (Fig. S10 and Table S4+).
Both materials display three different chemical binding ener-
gies corresponding to C=0O bonds, C-O-C/COOH bonds and
C-OH groups.” However, the atomic contribution of C-O-C/
COOH bonds in FeXK is substantially higher than in FeX,
suggesting that, despite the lower oxygen content within FeXK,
the oxygen species change upon air activation. From this

This journal is © The Royal Society of Chemistry 2024
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characterization, we conclude that the smaller sphere size
obtained in the kayexalate-mediated hydrothermal synthesis of
xylose-based carbon frameworks strongly determines the
physical and chemical properties of the FeNC materials. The
higher BET surface area, homogeneous distribution of Fe-
based species and suitable N and O content suggest a higher
electrocatalytic performance of FeXK compared to FeX. To elu-
cidate whether the increase in surface area translates into
more exposed active sites during electrochemical measure-
ments, we determined the double-layer capacitance, denoted
as Cqp, from the slopes observed in cyclic voltammograms
obtained at different scan rates. This parameter is in fact
directly proportional to the electrochemically active surface
area. As illustrated in Fig. S117 the Cq4; of FeXK surpasses that
of FeX by more than twofold (181.1 mF cm > vs. 84.5 mF
cm™?), underscoring the efficacy of kayexalate as a porogen for
tailoring the surface area of carbon-based electrocatalysts.

The electrocatalytic activity for the ORR was then screened
in alkaline electrolyte (0.1 M KOH) and compared to that of a
commercial FeNC material (Pajarito Powder PMFD14401). The
coexistence of Fe-N, and Fe;C has been found to significantly
enhance the catalytic performance of the ORR, as shown in
several studies.”*>* The theoretical research (DFT) conducted
by Reda et al.’® showed that the presence of Fe;C not only
stabilizes the intermediates involved in the ORR but also
enhances the catalytic performance in alkaline media owing to
its electron-donating nature. As illustrated in Fig. 5a, FeXK out-
performed FeX across all parameters, including onset potential
Eonset (potential at 0.1 mA cm™2, 0.84 and 0.90 V for FeX and
FeXK, respectively), half-wave potential E;,, (0.70 V and 0.80 V)
and limiting current density Jiim (—3.68 and —5.36 mA cm™2).
The relative performance improvement was substantial across
the entire potential range. The addition of kayexalate led to a
higher catalytic activity, with FeXK reaching a kinetic current
density Jiin of —3.71 mA ecm™> at 0.8 V vs. RHE and a corre-
spondent kinetic mass activity m, of 14.30 A g”'. On the
other side, FeX only showed values of —0.36 mA cm™> and 1.45
A g~'. Subsequently, a comparison was made between FeXK
and PMFD14401, a commercial FeNC material prepared by
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Fig. 5 (a) Third cathodic scan RRDE measurements of FeXK, FeX and
PMFD14401 in KOH 0.1 M, at 1600 rpm, 10 mV s~%; loading 0.26 MQcatalyst
cm™2, corrected for capacitive background (subtraction of equivalent
measurement under N,) and iR-compensation (from EIS). Error in FeXK
represent two repeat measurements. (b) Electron Transfer Number and
H>O, production of FeXK, FeX and PMFD14401. Pt ring was biased at
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means of SiO, templating and acid etching. PMF D14401 dis-
played a higher electrocatalytic activity reaching Ji, of
—15.7 mA ecm > and my, of 60.4 A g”" at 0.8 Viggree vS. RHE
(Table S5t). However, FeXK displayed a higher current density
at more cathodic potentials suggesting improved mass trans-
port to the active site, possibly arising from the higher specific
area compared to FeX. While FeXK possesses a lower ORR my,,
than PMFD14401, it ranks well in terms of biomass-derived
catalysts in the literature (Fig. S12, S13 and Table S67).

FeXK exhibited high selectivity towards the four electron
ORR, as evidenced by the average electron transfer number n =
3.95 (Fig. 5b and Fig. S147), which remains very similar to that
of PMFD14401 in a wide potential range. The selectivity of FeX
to four electron ORR was lower, with an average value of the
electron transfer number of 3.76. The observed high selectivity
of FeXK towards the four electron ORR pathway can be attribu-
ted to its greater porosity and BET specific surface area, which
led to a greater density of four electron selective active sites
and (or) tortuosity changes. As discussed earlier, micropores
have previously been proposed to host active FeN, sites;>”®
therefore, a higher micropore volume should lend itself to a
higher density of four electron selective sites. Additionally, a
greater porosity within FeXK could lead to a higher tortuosity
in the catalyst layer, providing a longer residence time for
H,0, generated in the catalyst to be further reduced, resulting
in an observed increase in four electron selectivity.

The stability of the catalysts was then tested by recording
the electrochemical performance after 1000 and 8000 cyclic
voltammetry recorded between 0.8 and 0.4 Vgyg in O,, at
100 mV s~ and with an applied potential of 1.27 Vgyg for the
Pt ring (Fig. S15a and bf}). The kinetic mass activity of FeXK
showed a 50% and 84% decrease respectively after 1000 and
8000 cycles, while PMFD14401 showed a decrease of 25% and
46%, respectively (Fig. S15ct). However, the rate of loss of
kinetic mass activity at 0.8 V vs. RHE was comparable between
FeXK and PMFD14401 from 0-1000 cycles (8.7 and 9.3 mA
2 'renc cycle™) and from 1000-8000 cycles (0.5 and 1.1 mA
¢ 'renc cycle™). This suggests a similar degradation mecha-
nism for both FeNC. FeNC can degrade through several path-
ways, including carbon corrosion,>® reactive oxygen species,””
and active Fe species agglomeration®® or dissolution.>® Due to
the low upper potential limit (0.8 Vgyg) and room temperature
conditions for the accelerated stress test, carbon corrosion
should not play a factor®® on the FeNC degradation here.
Additionally, reactive oxygen species generated via Fenton reac-
tions have been found to possess short lifetimes in alkaline
environments,”” indicating this should not be the main degra-
dation pathway here. Fe agglomeration has previously been
mainly observed at 7' > 60 °C.>® The observed degradation rate
in FeXK and PMFD14401 may therefore arise from Fe dis-
solution, which are known to be dependent on the FeNC
preparation method® and chemical environment and location
of the FeN, sites (e.g. in micropores).*!

To test the material under the practical high current
density conditions of a fuel cell, we employed a GDE setup.®?
The previously benchmarked GDE measurement protocol,®?
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which coupled galvanostatic steps and electrochemical impe-
dance spectroscopy is used in a small area gas-diffusion-elec-
trode cell.®* Fig. 6 shows the GDE results obtained for FeXK
and PMFD14401. As can be seen, the performance of the FeXK
operates at 47 + 35 and 57 + 12 mV below state-of-the-art com-
mercial PMFD14401 at 0.25 and 2 A cm >, respectively. While
the results obtained with iR-correction and normalized per
mass are very similar, the uncorrected performance of FeXK
decreases compared with that of PMFD14401 which may arise
from the unoptimized N and O content within the catalyst,
leading to low electronic conductivity and high charge transfer
resistance. Still, FeXK demonstrates the ability to operate at
practical current densities (-2 A em™?), holding promise as a
suitable xylose-derived catalyst in AEMFCs.

Conclusions

In summary, we have prepared microporous, xylose-derived
FeNC oxygen reduction electrocatalysts by introducing small
amounts of polystyrene sulfonate (kayexalate) during the
hydrothermal carbonization and its subsequent activation and
pyrolysis. The negatively charged additive prevents particle
self-aggregation, resulting in a 10-fold reduction in particle
size. Air activation led to a specific surface area four times
higher after high-temperature pyrolysis in the presence of mel-
amine and FeCl, (478 m”> ¢”' vs. 126 m> g '). The decreased
size of HTC-XK carbon spheres versus HTC-X promotes the for-
mation of crystalline Fe-based species, as confirmed by XRD,
Raman and STEM, which could enhance the stabilization of
ORR intermediates and catalytic performance. Owing to the
high porosity, FeXK outperforms FeX across all electrocatalytic
performance parameters, achieving a kinetic mass activity
(M) of 14.30 A g7 " at 0.8 V vs. RHE compared to 1.45 A g~*
for FeX, along with high selectivity towards the four-electron
O, reduction (n = 3.96) using an RRDE setup. Evaluation with
a Gas Diffusion Electrode suggests a performance not too
distant from that of the commercial PMFD14401, made by
silica templating. While the literature reports catalysts with
superior performance derived from biomass, they often involve
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complex activating or templating agents, limiting scalability.
This work provides a sustainable, scalable, alternative for the
preparation of microporous FeNC catalysts using biomass
resources and abundant nitrogen and iron sources, without
the need for alkaline activating agents. While currently the
ORR performance of FeXK is limited by the relatively small
surface area and the presence of Fe-based aggregates, future
efforts will focus on: (1) optimizing the type and content of
nitrogen, and employing different C-N building blocks, such
as phenanthroline. (2) The utilization of alternative biomass
resources such as lignin, haemoglobin or fructose. (3) The
screening of different activation processes alternative to air
pyrolysis, such as CO, or steam activation.
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