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1 Introduction

In academia and industry, advanced techniques for sustainable
energy storage and conversion have received a lot of attention
due to the faster depletion of fossil fuels and accompanying
pollution. For cleaner power generation, fuel cells and metal
rechargeable air batteries are next-generation devices. However,
the cathodic oxygen reduction reaction (ORR) in these devices is
sluggish due to an exceptionally strong O=O bond energy of
498 kJ mol*.* To lower the energy barrier, it is necessary to use
electrocatalysts for bond activation and cleavage. Pt-based
catalysts are used commercially which is roughly one-third of
the device costs and are usually susceptible to fuel crossover
and suffer from poor stability, thus tremendously limiting the
massive applications.>® Consequently, for large-scale applica-
tions, it is of the utmost importance to develop highly active,
stable, and cost-effective ORR electrocatalysts. Specific surface
area, and number of active sites are the important factors which
affect ORR activity. Also, ORR activity is determined by the
overall activity of the catalyst and the exposed active sites.*
The non-precious (Mn, Fe, Co, and Ni-based),”® metal-
nitrogen-carbon,® hetero-atoms doped carbon materials,®*-
based electrocatalysts have gained attention due to sufficient
active sites, close to 4e” reduction pathway, and long-term
durability.”” Further, lignin-rich biomass-derived carbon has
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following close to 4e™ transfer process. The electrocatalytic activity is justified by electrochemical active
surface area, synergetic effect, and density functional theory calculations.

attracted attention to developing greener, economic biomass-
based electrocatalysts due to low-cost, high, and stable elec-
trocatalytic activity.'®**'* The cost-effective iron/nitrogen co-
doped carbon catalysts show good conductivity with higher
catalytic activity.” In a recent report, Ahmed et al. represented
Fe NPs inside metal-organic frameworks showing good ORR
performance and highly stable catalyst.’ J. Ren et al. synthe-
sized zeolitic-imidazolate-framework-derived Fe-NC catalysts
with good ORR activity.* Among biomass, bagasse is one of the
vital agri-waste due to easy availability, cheap, cellulose, hemi-
cellulose, and lignin-rich.*”*® To reach out the demands of ORR
electrocatalysts by tapping into the potential of biomass-derived
precursors, mainly bagasse. We target to synthesise ORR
catalysis by using biomass-derived precursors and a simple
innovative synthesis technique. In addition to experimentation
and electrochemical analysis, we also discussed the theoretical
aspects using density functional theory (DFT) calculations to
understand the mechanistic part.

Herein, we report an economical carbon-iron oxide
composite material using bagasse as a carbon source with
optimized Fe** concentration ions via the carbonization process
without any additional activation step. The only chemical used
in our synthesis is Fe** precursor, which is significantly cheap,
abundant, and non-toxic. We have rationally designed the
composite to use the coordinating ability of oxygen groups of
cellulose, sugar, and lignin moieties with Fe*" ions. The inter-
action of Fe** ions with oxygen functional groups results
homogeneously dispersed iron oxide nanoparticles in the
carbon matrix upon carbonization at 900 °C (10 °C min ) in N,
gas flow. We have synthesized nanocomposites by varying Fe
percentage, which is termed as CFe-0 (control), CFe-1, CFe-2,
and CFe-3 (carbon-iron oxide nanoparticles composites) and
electrochemical studies had been performed to check their ORR
activity.
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2 Materials & methods

2.1 Experiment

A known amount of fine powdered biowaste (Saccharum offici-
narum) was soaked in Fe(NO;);-9H,0 aq. solution with different
concentration of Fe** for 24 h in 1:4 (g mL™"). Three samples
were prepared by choosing 1, 2 and 8% (wt%) of Fe** concen-
tration (w.r.t. bio-waste weight). The prepared samples were
dried at 60 °C (12 h) followed by carbonization at 900 °C
(temperature required for graphitization in presence of transi-
tion metal) under controlled heating (10 °C min~") under N,
flow (20 mL min ") at 1 atm pressure. After an hour, the furnace
was allowed to cool to RT under N, flow. The control sample
CFe-0 was synthesized without Fe*"-precursor under identical
reaction condition. The iron-treated samples were referred as
CFe-1, CFe-2, and CFe-3, which represents the 1, 2 and 8% (wt%,
wrt initial bio-waste weight) of iron content respectively.

2.2 Characterization

Material characterization. The Brunauer-Emmett-Teller
(BET) surface area analyzer was used to record nitrogen sorption
isotherms at 77 K (Belsorp Max, Japan). Pore size distribution
plots were taken from the desorption isotherms using the Bar-
rett-Joyner-Halenda (BJH) model. The samples were degassed
for 12 hours at 200 °C under vacuum before to measurement.
Powder X-ray diffraction (PXRD) with Cu-K, radiation was
recorded across a range of 5-80° with a scan speed of 3° min "
(Rigaku X-ray diffraction ultima-IV, Japan). Thermo Scientific™
Talos™ F200S High-Resolution Transmission Electron Micro-
scope was used to examine the surface morphology of the
samples (HRTEM). The PHI 5000 Versa Probll, FEI Inc., was
used to perform X-ray photoelectron spectroscopic (XPS) char-
acterization. Raman spectra was recorded using Horiba Jobin
Yvon Xplora Plus V1.2 Multiline with 532 nm excitation wave-
length. Electrochemical characterization was performed using
OrigaLys ElectroChem multichannel workstation equipped with
Autolab RRDE setup. Inductively coupled plasma - optical
emission spectrometry (ICP-OES) analysis has been performed
using Optima 5300 DV, PerkinElmer, USA.

Electrochemical measurements. Electrocatalytic ink was
prepared by mixing of active material and vulcan carbon (1 : 1 w/
w) in the solvent mixture of water and isopropanol (200 pl each).
Next, 6 pl of Nafion (5 wt% in IPA) was added to the mixture
followed by sonication for 30 minutes to get fine dispersion.
Now, 4 ul of freshly prepared electrocatalytic ink was drop
casted over the GC electrode (working electrode, diameter 3
mm) and allowed to dry for 30 min at ambient condition. This
GC electrode coated with electrocatalyst was used for electro-
chemical studies.

The ORR experiment was performed in a three-electrode
system using rotating ring disc electrode (RRDE) in an
aqueous solution of 0.1 M KOH. Glassy carbon (GC) electrode
was used as working electrode, whereas platinum (Pt) electrode
and Hg/HgO electrodes were served as counter and reference
electrode, respectively. All potentials were converted with
respect to reversible hydrogen electrode (RHE). All the
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electrochemical experiments were performed at the scan rate of
5 mV s~ ". Cyclic voltammetry (CV) experiments were done at
static conditions whereas, linear sweep voltammetry (LSV) was
performed at different rotation speeds in continuous flow of O,.
The EIS measurements were carried out at potential of —0.5 V
vs. RHE under continuous O, flow over the electrolyte at and
rotating speed of 1600 rpm. The EIS spectra were recorded in
the frequency range of 0.1 to 10°> Hz with an amplitude of 5 mV.
The long-term stability for ORR catalysis was evaluated by
chronoamperometry, performed in 0.1 M KOH solution at
a static potential of 0.25 V. To avoid accumulation of gas
bubbles on the electrode surface, the electrode was maintained
at a fixed rotation during the experiment. The number of elec-
trons were calculated using K-L plot. Rotating ring disk elec-
trode (RRDE) voltammetry was used to calculate the number of
electrons and the amount of H,0, formed during ORR is based
on the ratio of the disk and the ring current.

2.3 Number of electrons calculation

From K-L plot. The number of electrons involved in the
reduction process was calculated using the Koutecky-Levich (K-
L) equation:**

1 1 1 1 1

J o E:Bwl/z JK

B = 0.62nFCo(Dg)* vV
jK = anC()

where, j is the measured current density, jx and jx are the kinetic
and diffusion-limited current densities, w is the angular
frequency of the RDE in radians per second, n is the number of
electrons involved in the reaction, F is the Faraday constant (96
485 C mol ™ "), D, is the diffusion coefficient of O, in the elec-
trolyte (1.93 x 107> em® s "), v is the kinetic viscosity of the
electrolyte (1.01 x 10~2 cm?® s~ %), C, is the concentration of O,
in the electrolyte (1.26 x 107> mol I™") and £ is electron transfer
rate constant.

RRDE. Rotating ring disk electrode (RRDE) voltammetry was
used to calculate the number of electrons and the amount of
H,0, formed during ORR based on the ratio of the disk and the
ring current as shown in the equations given below. For the
RRDE experiments, the ring electrode was held at a potential of
1.5 V (vs. RHE) to oxidize H,0,.

L 4D
e = T
ID+NR
Ix

% H,0, = N[ x 200
Ip+—
N

where, N = 0.2678 is the collection efficiency, I, is the faradaic
disk current, and I is the faradaic ring current.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DFT calculations. The Vienna ab initio simulation package
(VASP) was used for all spin-polarized density functional theory
(DFT) calculations.>®** The revised Perdew-Burke-Ernzerhof
(RPBE) functional was employed to model the electronic
exchange and correlations, while the Tkatchenko-Scheffler (TS)
method was used to consider the dispersion correction with
specified parameters.>** The projector-augmented wave (PAW)
method was employed to describe the electron-ion interac-
tions.”* A plane-wave basis set with a kinetic energy cutoff of
500 eV was applied to expand the wavefunctions. The Brillouin
zone was sampled using the Monkhorst-pack 5 x 5 x 1 k-point
mesh. To prevent the interactions and influential force of
periodic boundary, a large enough vacuum of 20 A in the z-
direction was set for all calculations. The electronic and
geometry optimization of the structures were continued until
both the energy difference and residual force between two
consecutive iterations on each atom were below 10> eV and
0.01 eV A", respectively. The computational hydrogen elec-
trode (CHE) method, under standard conditions as developed
by Nerskov, was used to calculate the Gibbs free energy change
(AG) of the reaction intermediates. The AG was calculated using
AG = AE + AZPE — TAS, where AE, AZPE, and AS represent the
reaction energy of intermediates, change in zero-point energy,
and entropy, respectively. The thermodynamic corrections
caused by the solvent effect on adsorbent and adsorbate were
investigated using VASPsol,*® with a water medium represented
by a dielectric constant of 80.

3 Results and discussion
3.1 Morphology characterization

FESEM analysis was carried out to study the surface morphology
of the composites. FESEM of CFe-0 shows irregular sheet
morphology (Fig. 1a and b). The FESEM image of iron doped
composites, CFe-1, CFe-2, and CFe-3 are shown in Fig. 1c-h. The

Overlay
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5

Fig.1 FESEM image of (a and b) CFe-0; (c and d) CFe-1; (e and f) CFe-
2; (g and h) CFe-3. Elemental mapping of (i) CFe-1, (j) CFe-2, (k) CFe-3

samples (scale bar (a, ¢, e and g) 1 um; (b, d, f and h) 100 nm; (i-k) 2

pum).
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high magnification FESEM images of CFe-1, CFe-2, and CFe-3
confirm sheet type morphology with embedded nanoparticles.
To confirm the elemental distribution, elemental mapping has
been performed for CFe-1, CFe-2 and CFe-3 and shown in
respective columns (Fig. 1i-k). The FESEM image taken during
elemental mapping suggested the particles are distributed on
the surface. The Fe density in the elemental mapping has
gradually increased from CFe-1 to CFe-3 as Fe percentage
increases in the composite. The O element concentration has
also increased as suggested by elemental mapping from CFe-1,
CFe-2, and CFe-3. The particles shown in the SEM image (first
column) are clearly visible in Fe and O mapping confirms them
as iron oxides nanoparticles which are in corroboration with
PXRD analysis, discussed later. Further, the electrochemical
performance of these synthesized composite materials has been
analysed in alkaline medium (0.1 M KOH).

The surface area and the pore size distribution of materials
had characterized using N, adsorption-desorption at 77 K to
know the surface area and pore size. The adsorption-desorption
curves of CF-2 were ascribed to typical type IV profile (Fig. Siet).
The surface area of CFe-2 is ~930 m”® g~ which is ~25% higher
compared to that of CFe-0 (~740 m* g~ ). The pore size distri-
bution (PSD) for CFe-2 revealed pore diameters in the range of
0.4-1.7 nm (Fig. S1ff). The porous structure is advantageous
because of its large surface area and easy accessibility of
surface-active sites. The N, adsorption-desorption, pore-size
distribution plots and textural properties for CFe-0, CFe-1,
CFe-2 and CFe-3 are tabulated (Table 1 and Fig. S1%). It is
noteworthy here that, electrochemical property of any material
is also dependent upon the electrochemically active surface area
(ECSA) rather than only physical surface area which is explained
further.

Further, PXRD analysis was performed to determine crys-
tallographic structure. CFe-0 shows broad peaks for (002) and
(100) for amorphous carbon (Fig. 2a). The sharp peaks in PXRD
of CFe-1, CFe-2 and CFe-3 confirm the crystalline nature of the
samples (Fig. 2b-d). The sharp peaks in PXRD are marked for
the corresponding planes of carbon and Fe;O,. For instance,
CFe-2 PXRD shows the sharp peaks at 26 = 25.6°, 44.6°, and
57.2° corresponding to the (002), (101), and (004) planes of
graphite (Fig. 2¢).>® The lattice spacing calculated for the (002)
plane is 3.5 A which is very close to the lattice spacing observed
by HRTEM (3.7 A). The peaks at 20 = 37.6° and 43.1° corre-
sponds to the (112) and (121) plane of Fe;C (ref. code 01-085-
0871). The peaks at 26 = 30.2°, 35.6°, 45.7°, 53.6°, 62.7° corre-
sponds to the (022), (131), (242), and (044) crystal planes of
Fe;0, (ref. code 96-900-5839). The presence of graphitic struc-
ture, Fe;O0,, and Fe;C as a hybrid structure is also supported

Table 1 Textural properties of CFe-0, CFe-1, CFe-2, and CFe-3

Textural properties CFe-0 CFe-1 CFe-2 CFe-3
Surface area (m> g7*) 740 623 930 462
Total pore volume (cm® g ™) 0.33 0.32 0.53 0.50

RSC Adv, 2024, 14,12171-12178 | 12173
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Fig. 2 PXRD and Raman of (a and e) CFe-0, (b and f) CFe-1, (c and g)
CFe-2 and (d and h) CFe-3, (i) graphitization scheme.

through HRTEM analysis. Fe;C synthesis and graphitization
process in CFe-2 is fascinating and explained further.

Further Raman spectroscopy was performed to investigate
the carbon structure. Raman spectra of all the samples show D
and G band corresponding to disorder and sp® hybridized
carbon (Fig. 2e-h). The D- and G-bands are positioned at an
average value of 1343 and 1590 cm ™', respectively. The presence
of graphitized structure is confirmed by the appearance of a new
band at 2685 cm ™' corresponds to the 2D band that appears in
CFe-1, CFe-2, and CFe-3. The D- and G-bands are well separated
as Fe-content is increased from CFe-1 to CFe-3, suggesting
increase in graphitized nature of the sample. Fe is a well-known
catalyst for multi-walled carbon nanotubes, graphene growth at
900 °C or higher temperature.””** The growth mechanism of
MWCNT and graphene could be explained based upon the
“solution-dissolution” mechanism based on the temperature-
dependent carbon diffusion in iron (Fig. 2i). A considerable
number of O atoms lead to the nucleation of Fe*" ions and
further formation of Fe;O, particles at a higher temperature. At
a high temperature, the carbon diffuses into the Fe;0, particles
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and, upon cooling, carbon precipitates out as a disordered
graphitized structure due to its -catalytic activity and
temperature-dependent solubility. The presence of graphitized
carbon is noteworthy that might be expected to enhance the
stability of the ORR catalysts.** The traces of iron carbide are
also formed due to the soluble carbon, which couldn't precipi-
tate out upon cooling.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface chemical composition of CFe-2. The
survey spectrum clearly shows the presence of Fe, C, and O in
synthesized material (Fig. 3a). The intensity of the Fe 2p peak is
rather low compared to the peak intensity of C 1s ascribed to the
minimal amount of Fe;O, nanoparticle decoration on carbon
support. The high-resolution Fe 2p spectrum of CFe-2 shows
two broad peaks at 710.6 and 725.5 eV which are separated by
split spin-orbit components of 14.9 eV (Fig. 3). The spectrum is
deconvoluted into six peaks. It is well known that an increased
valence state leads to an increment in the binding energy of the
element. The intense peaks at 710.6 eV and 723.8 eV correspond
to bivalent iron (Fe*") of 2p,,, and 2p;», respectively while peaks
at 712.8 and 725.8 eV are ascribed to trivalent iron (Fe*") of 2p;/,
and 2p;/,. The remaining two peaks are located at 718.1 and
725.6 could be attributed to satellite peaks. The high-resolution
C 1s and O 1s spectra are shown in Fig. 3c and d. The high
intense peak at 284.5 eV corresponds to graphitic carbon and
the small peak at 286.3 eV corresponds to singly bonded C-O
(Fig. 3c). The O 1s spectral band is further deconvoluted into
three peaks at a binding energy of 530.8 eV, 532.1 eV, and
533.4 eV as shown in Fig. 3d. These peaks respectively corre-
spond to surface-adsorbed H,O, hydroxide (OH™), and oxygen
anion (O,") in Fe;0,.

ORR electrocatalytic study. The ORR activity of synthesized
composite materials (CFe-0, CFe-1, CFe-2, and CFe-3) are first
evaluated by cyclic voltammetry (CV) and linear scan voltam-
metry (LSV) in O, saturated electrolyte solution. All the samples
show reduction peak at 0.61 V suggesting that all the composite
materials are electrochemically active toward ORR (Fig. 4a).

(a) [—Suvey spoctrum (b)[Fe 2p 2
Cits P32
= E]
= s #®w
> E’ 5"' FQ:'
3 ® 4 :
c S \
S z : ‘ \
. £ -\

S 2 o .

| Sateliite peaks *

800 600 400 200 736 730 725 720 716 710 705

Binding Energy (eV) Binding Energy (eV)

s
=

Cis

Intensity (a.u.)
Intensity (a.u.)

296 294 292 290 288 286 284 282 280 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Fig. 3 XPS spectra of CFe-2 (a) survey spectrum (b) Fe 2p (c) C 1s and
(d) O 1s.
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0.453 V vs. RHE) vs. scan rate slope (e) and (f) ECSA bar graph for
different electrocatalysts.

Further to confirm the ORR activity order of the synthesized
composites, linear scan voltammetry (LSV) has been performed.
CFe-2 shows the highest ORR activity supported by the current
density at 1600 rpm (Fig. 4b). Superior ORR activity of CFe-2 was
supported by comparative electrochemically active surface area
(ECSA) and Tafel slope. Comparatively, CFe-2 shows highest
current density of —7.7 mA em > as compared with the CFe-
0 (—3.2 mA cm™?), CFe-1 (—5.5 mA cm ™ ?) and CFe-3 (—4.5 mA
cm %) at 1600 rpm. To study the O, reduction kinetics, Tafel
slope was plotted (Fig. 4c). Impressively, the slope of CFe-2 is
86 mV dec™ ', which is lower than CFe-0 (123 mV dec™ '), CFe-1
(92 mV dec™") and CFe-3 (121 mV dec™ ). This illustrates that
the CFe-2 composite could enhance the process of mass trans-
port indicating a favourable kinetic activity which is essential
for ORR. Thus CFe-2 has been chosen for further detailed
structural and electrochemical analysis. In order to understand
comparative excellent ORR performance of CFe-2, the EIS and
electrochemically active surface area (ECSA) were performed.*
The EIS was performed to investigate the interfacial charge
transfer phenomenon at the electrode/electrolyte interface. The
EIS spectra for all the electrocatalyst are shown in Fig. 4d. All the
electrocatalysts showed semicircular arc. The inset of Fig. 4d
shows the fitted equivalent circuit. The measured charge
transfer resistance (R.) values for CFe-0, CFe-1, CFe-2, and CFe-
3 are 1448 Q, 630 Q, 307 Q, and 912 Q, respectively. The R
values follows the same trend as the ORR activity order of
synthesized electrocatalysts. The lower R, value of CFe-2 indi-
cates the better charge transfer property which leads to
improved electrocatalytic activity. The ECSAis another impor-
tant parameter which plays a crucial role towards the electro-
chemical performance. The ECSA of catalyst is calculated using
formula ECSA = Cy)/Cs where Cyq; and Cy signifies the double
layer capacitance and capacitance of an atomically smooth
planar surface of the catalyst per unit area under identical
electrolyte conditions respectively.*® The CV measurements
were carried out at various scan rates (5 to 40 mV s~ ') in the
region of 0.2-0.6 V (vs. RHE). A linear trend is observed (Fig. 4e)
by plotting the difference in anodic and cathodic current
densities at a potential of 0.453 V (vs. RHE). It is noteworthy that

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

View Article Online

RSC Advances

CFe-2 catalyst endures larger Cq (0.133 mF cm ™ 2) than that of
CFe-1 (0.099 mF cm™?), CFe-3 (0.057 mF cm ™) and CFe-0 (0.019
mF cm?) suggesting that CFe-2 has more exposed active sites
and thus showing exceptional electrochemical activity. Further
the CFe-2 shows highest ECSA (3.325 cm?) followed by CFe-1
(2.475 cm?), CFe-3 (1.425 cm?) and CFe-0 (0.475 cm?®), which
supports the trend towards electrocatalytic activity towards
oxygen reduction reaction (Fig. 4f). The ECSA order of electro-
catalysts is corroborated with the BET surface area calculated
using N, adsorption-desorption.

The CFe-2 cyclic voltammogram recorded in the O, saturated
electrolyte shows a reduction peak at 0.61 V vs. RHE (Fig. 5a),
which is absent in the N,-atmosphere, unambiguously suggests
CFe-2 potential to catalyse ORR. Further, LSV of CFe-2 was
performed at 100-2500 rpm rotation speeds that didn't reach to
limiting current with increasing rotation speed (Fig. 5b) and
LSV of ring and disc current is given as Fig. 5c. This increasing
trend in LSV suggests that the ORR process is still under mixed
kinetics and diffusion despite the large overpotentials applied.
It could be related to prepared carbon composite's intrinsic
catalytic activity and porosity.** The maximum current density
at the highest rotation speed might be due to the abundant O,
dissolution and diffusion in the electrolyte by the continuous
flow of 0,.%*

Importantly, the onset potential (E,nser, the potential at
which the current density reaches to —0.1 mA cm™?) and half
wave potential (E;/,, the potential corresponding to half of the
maximum current density value) to catalyze ORR is 0.82 V vs.
RHE and 0.65 V vs. RHE respectively for the CFe-2 compared
with the literature (Table S17). The higher activity of CFe-2 is
due to the synergistic effect of Fe;O, and Fe;C nanoparticles
with carbon matrix, which is further proven by comparative LSV
analysis of Fe;O, and carbon layer separately. Note that the
formation of Fe;C was in a trace quantity, so its role in elec-
trocatalytic behaviour is not very clear at the present stage. The
maximum current density obtained for CFe-0 (only carbon) and
Fe;0, (Sigma Aldrich, India) are —3.2 mA ecm™> (Fig. 4b) and
—1.8 mA cm ™ (Fig. S21), respectively, which are less than that
of CFe-2. The highest current density of CFe-2 compared to its
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Fig. 5 CFe-2 (a) CV in N, and O,-saturated 0.1 M KOH; scan rate:
5 mV s~ (b) LSV at different scan speeds, (c) LSV of ring and disc
current (d) K-L plots, () number of electrons transferred and average
peroxide production, (f) chronoamperometric response of CFe-2 at
0.25 V vs. RHE over 40 h.
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single components confirms that the CFe-2 ORR performance is
due to the synergistic effect of Fe;0, and the carbon layer.
Further, the linearity of the K-L plot between j~* and w™*?
indicates the first-order reaction kinetics (Fig. 5d). Typically, the
benchmark electrocatalyst for ORR, such as Pt/C, utilized
a direct 4e~ pathway which does not proceed via the formation
of peroxide intermediate.** This has been further validated by
the RRDE experiment. The number of electrons calculated
between the potential range 0.3-0.5 V through the RRDE
experiment was found to be 3.7-3.9 (Fig. 5e), which is in good
agreement with K-L plot. The K-L and RRDE plots indicated
that the ORR process catalyzed by CFe-2 is a close 4e” process;
therefore, water is the primary product in the ORR process. As
estimated, H,0, formed during ORR was found to be 3.1-8.6%
in the potential range of 0.3-0.5 V (Fig. 5f). Mechanistically, the
0, molecule in transition metal oxides gets adsorbed (eqn (2)),
followed by a reduction step (eqn (3)). Then it forms HO,™ (eqn
(4)), which further reduces into OH™ (eqn (5)).>***” So the overall
reaction follows 4 e~ pathways. The mechanism for ORR can be
explained based on the following steps. Further, the catalytic
stability test was performed up to 40 h at the static potential of
0.25 V vs. RHE at 1600 rpm (Fig. 5f). The CFe-2 demonstrates
good catalytic stability even after 40 h during the ORR process.

Fe’* + e o Fe** (1)

Oz = On.ads (2)

Fe* + 0,45 = Fe"0p0as~ 3)
0,45 +H,O+e — HO, + OH™ (4)
HO,™ + H,O + 2¢~ — 30H~ (5)

Overall reaction O, + 2H,0 + 4e~ — 40H™

To gain a deeper understanding of the extraordinary catalytic
performance of CFe-2, the active sites and four-electron
pathway mechanism of ORR is studied through theoretical
calculations based on density functional theory (DFT) (Fig. S3
and S47). Herein, we investigated the mechanism for ORR
under alkaline conditions, as shown in Fig. 6¢. The calculated
reaction free energy diagram at 0 V depicts that each electron
transfer step maintains the downhill direction, indicating
a spontaneous ORR reaction. The fourth elementary step, which
involves the desorption of OH* is identified as the potential
limiting step, corresponding to an overpotential of 0.39 V
(Fig. 6a). The results demonstrate that ORR catalytic activity is
limited due to the strong binding of OH on Fe center. As the
oxygen adsorption on the surface is significantly influenced by
the electronic structure and density of states of the catalyst, we
calculated the projected density of states (PDOS), for O-
adsorbed CFe-2 (Fig. 6b). The presence of occupied d-
electrons near the Fermi level facilitates the transfer of charge
from partially filled d-orbitals to the 7,,« orbital of O atom. To
determine the charge transfer between the active Fe site and
adsorbed O atom, Bader charge and charge density difference
(CDD) analysis are carried out (Fig. 6d). It is observed that the
active Fe site loses approximately 0.96|e|, while the adsorbed
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Calculated PDOS for O-adsorbed CFe-2 substrate, Fermi level is set to
zero. (c) Schematic mechanistic pathway for ORR (d) charge density
difference, the charge accumulation and depletion are in yellow and
cyan colors, respectively.

oxygen gains approximately 0.79)e|. Consistent with Bader
charge analysis, the CDD also indicates that electrons are
transferred from Fe to the O atom (ESIY).

As CFe-2 shows the best activity, we have performed the
detailed surface morphology characterization of CFe-2 using
low and high-magnification TEM (Fig. 7a-e). Fig. 7a suggests
that Fe;O0, nanoparticles (high contrast) are embedded homo-
geneously in the thin layer carbon matrix. The dense contrast
area is Fe;0,, whereas yellow arrows indicate the graphitized
carbon layers in the CFe-2 (Fig. 7b). The yellow and red colored
dotted area in Fig. 7b is magnified further in Fig. 6c and d,
respectively. The two different types of lattice-spacing, 2.39 A
and 3.7 A could be seen at the near edge and edges of CFe-2
(Fig. 7c). The lattice spacing of 2.39 A corresponds to the (121)
plane of Fe;C (ref code 96-901-6232). The graphitic layers can be
easily seen at the top-right corner adjacent to Fe;C (Fig. 7c). The
3.7 A lattice spacing corresponds to the (002) graphite plane,
further corroborated by PXRD and Raman. The lattice spacing is
slightly higher than the standard 3.4 A, suggesting the

Fig.7 HRTEM images of (a—e) CFe-2. (h) SAED pattern of CFe-2. Scale
bar: (a) 50 nm (b) 10 nm (c—e) 1 nm (f) 5 nm™~*.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01264j

Open Access Article. Published on 16 April 2024. Downloaded on 10/23/2025 7:21:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

formation of disordered graphitic layers in CFe-2. Fe;C and
graphitic layer together confirm the “solution-dissolution”
growth mechanism and are schematically represented in
Fig. 7c. The blue color marked area in Fig. 7d is further
magnified in Fig. 7e, where lattice fringes could be visible,
suggesting the high crystallinity of the particle. The lattice
spacing of 2.9 A corresponds to the (022) plane of Fe;0, (ref.
code 96-900-5839). The SAED pattern of CFe-2 exhibits charac-
teristic diffraction spots for different planes of Fe;O,4, Fe;C, and
graphitized carbon (Fig. 7f). Energy-dispersive X-ray spectros-
copy (EDS) analysis was performed to quantify the C, N, O, and
Fe content in CFe-2. (Fig. S5 and Table S27). The iron content in
CFe-2 is 1.3% (at%), which agrees with XPS data. However, EDS
is a short-range analysis, while XPS is surface-sensitive. To
quantify the total iron content in CFe-2, ICP-OES analysis has
been performed as per standard protocol. The total iron content
in CFe-2 is 8.41 at%. Element analysis has been performed to
quantify the carbon, nitrogen, and hydrogen in CFe-0, CFe-1,
CFe-2, and CFe-3 samples (Table S27).

4 Conclusions

In brief, we have synthesized an iron oxide-carbon composite
using agri-waste as a carbon precursor. Moreover, no activation
step is involved in the composite synthesis process, which helps
reduce synthesis costs. Electrochemically active surface area
(ECSA = 3.325 cm?), double layer capacitance (Cgq; = 0.133 mF
ecm?), and Tafel slope (86 mV dec™') reveal the good ORR
activity of the catalyst. The near to 4 electron transfer process
and H,O as primary product suggests that the synthesized
electrocatalyst will impact efficient electrocatalyst designing for
ORR in alkaline solution.
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