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Abstract

As the world is heading towards a sustainable future, it is highly important to develop low-cost
electrocatalysts for energy generation devices. Herein, we report the synthesis of iron-carbon
hybrid (C@Fe;C/Fe304) nanocomposite for oxygen reduction reaction (ORR), synthesized
using bagasse as a carbon source material and Fe(III) precursor at 900 “C. The synthesized
C@Fe3C/Fe304 composite exhibits a high surface area of ~930 m?/g. The electrode material
has a 0.86 V overpotential vs RHE. Moreover, the electrocatalyst shows catalytic stability upto
18 h at the static potential of 0.25 V vs RHE at the rotation speed of 1600 rpm. Herein, the
electron transfer number is close to 4 which suggests that our electrocatalyst may have an

impact on efficient electrocatalyst designing for ORR in alkaline solution.



1. Introduction

The world's energy need is fuelled by fossil fuels, yet consumption is skyrocketing owing to
population growth. There has been growing upsurge towards upgradation of the renewable
energy technologies in order to counter the future energy crisis caused due to exponentially
increased populations. In this regards, regenerative fuel cells! ? and rechargeable metal-air
batteries> # are the most promising energy storage and conversion pathways that has potential
to fulfil required energy demands. Moreover, the oxygen reduction reactions (ORR) plays an
important role towards the energy efficiency of the fuel cells.> However, kinetics and feasibility
of electrochemical reactions during energy conversion in these devices has great impact to their
performances. ORR is an important half-cell reaction in energy devices but on contrary have
sluggish reaction kinetics due to strong O=0O bond. Acceleration of this reaction becomes a
question of optimizing reaction rates using different metals as electrocatalyst for driving the
reaction in the forward direction. To accelerate the kinetics, different metals must be used to
optimise reaction rates, as the reaction requires an additional electrocatalyst to drive it forward.
Platinum (Pt), Palladium (Pd) and Iridium (Ir)-based materials were extensively explored as
electrocatalysts due to its excellent catalytic performances since they were thought to be the
most effective electrocatalysts for ORR. The platinum percentage of commercial Pt/C catalysts
ranged from 10 to 60% by weight, with a Pt loading of 0.4 to 0.8 mg Pt/cm?. However, the
expensive cost of Pt and the limited durability of support materials impede commercialization.
Xiao et al. reported Pd based nanocatalyst with active sites which improves ORR performance
by tuning strain and particle size.®* However, Pd is very precious and is practically essential in
catalytic converters in automobiles.” Beermann et al. reported good stability of shape-
controlled Pt-Ni nanoparticles for ORR activity.® Although the catalyst meets good stability, it
does not meet an approach to sustainability or practical feasibility due to its high cost. Zhang

et al. reported single-atomic Ruthenium catalytic sites on nitrogen-doped graphene for ORR



activity. The catalyst showed onset potential of 0.89V vs RHE with remarkable durability.’

One possibility is to use transition metal-based and/or heteroatom-doped catalyst materials.

In the last decades, there have been several reports on non-precious electrocatalysts
such as inorganic nanoparticles,'%-!? transition metal-nitrogen-carbon catalysts,'3-! transition
metal oxides,'® '” non-metal (N, P, S, F etc) doped carbon materials,'3-?! CNT,?> 23 metal

2427 otc based electroactive materials have

organic framework (MOF) based porous carbon
gained significant attention in order to overcome the cost and sluggish reaction kinetics of

ORR. The carbon-based catalysts have attracted a greater attention because of its decent

catalytic activity, low capital consumption and longer durability.?®

Among several catalysts, non-precious metal catalysts (NMPCs) are ideal for ORR as
it satisfies the following crucial requirements: (i) enough active sites to enhance ORR kinetics
and comparable results noble-metal catalysts; (i) close to 4 e reduction pathway ; (iii) long
term stability and superior tolerance to methanol/CO poisoning compared to that of noble metal
catalysts?®. In particular, carbon-based catalysts with heteroatoms/transition metals (e.g. Fe
and/or Co) 3%-32 are the best alternatives as ORR catalysts. Nevertheless, further improvement
in view of synthetic feasibly, material cost and catalytic performances remains an exciting and

interesting cause for developing new electro-active materials towards ORR.

Biomass-derived carbon is one of the previously stated support materials that has
recently attracted a lot of attention. 336 Lignin-rich biomass has been shown to be an excellent
precursor for high surface area carbon synthesis. The majority of agriculture-industry by-
products are traditionally burnt, so there is a compelling need to explore more efficient ways
to commodify numerous by-products. This could also aid in the replacement of precious
catalyst carriers in energy conversion systems with greener and less expensive biomass-based

materials with strong electrocatalytic activity.



To overcome all the challenges, herein, we report a simple and sustainable carbon-
transition metal oxide composite material using a waste agricultural, biomass material “bagasse
(Saccharum officinarum)” via carbonization process in N> atmosphere without any KOH
activation step. Bagasse is dry fibrous residue made up of 32-34% cellulose, 19-24%
hemicellulose, 25-32% lignin, 6-12% extractives, and 2-6% ash that remains after sugarcane
stalks are crushed to extract juice.’”-*® The oxygen moieties present in the bagasse coordinates
with Fe** ions and helps in homogenous distribution of iron oxides during the carbonization.
Interestingly, composite material showed an impressive overpotential of 0.86 V vs RHE in 0.1
M KOH. The composite shows the catalytic stability upto 18 h at the static potential of 0.25 V
vs RHE at rotation speed of 1600 rpm. The electron transfer number is close to 4 which suggest
that synthesized electrocatalyst might be prominent application. The present work provides

useful insight to design carbon based electrocatalyst.

2. Experimental section

2.1 Synthesis of the composite material

S5g of powdered bagasse was soaked in 20 mL Fe(NO3)3.9H,O solution with known
concentration of Fe3" for 24 h. Three samples were prepared by choosing 5%, 10 and 30%
(wt%) of Fe-precursor (w.r.t. bagasse weight). The iron treated bagasse were dried in hot air
oven at 60 “C for 12h followed by carbonization at 900 °C (heating rate of 10 °C/min) in a
quartz tube furnace under a continuous flow of N> at 1 atm pressure. After maintaining furnace
at 900 °C for an hour, the furnace was allowed to cool to RT under continuous N> flow. The
‘control” sample was also synthesized without Fe-precursor. The iron-treated samples were
referred to CF1, CF2 and CF3, which represents the 5, 10 and 30% (wt% wrt bagasse weight)
of iron precursor respectively. The mass percentages of iron in 5, 10 and 30% (wt%) samples

with respect to total mass (iron salt + bagasse) are is 0.66, 1.26, and 3.2%.



2.2 Material Characterization

The Brunauer-Emmett-Teller (BET) surface area analyzer was used to record nitrogen
sorption isotherms at 77 K. (Bellsorp Max, Japan). Pore size distribution plots were taken from
the desorption isotherms using the Barrett-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 ScientificTM TalosTM
F200S High-Resolution Transmission Electron Microscope 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) characterization. Raman spectra was
recorded using Horiba Jobin Yvon Xplora Plus V1.2 Multiline with 532 nm excitation
wavelength. Electrochemical characterization was performed using Origalys ElectroChem

multichannel workstation equipped with Autolab RRDE setup.

2.3 Electrochemically catalyzed ORR:

The ORR experiment was performed in a three-electrode system using an aqueous solution of
0.1 M KOH. Glassy carbon (GC) electrode was used as working electrode. Whereas, platinum
(Pt) and Hg/HgO electrode were served as counter and reference electrode, respectively.
Electrocatalytic ink was prepared by mixing of 1 mg active material with 1 mg volcan carbon
in the solvent mixture of water (200 ul) and isopropanol (200ul). Next, 6 ul of Nafion was
added which acts as a binder. The mixture was sonicated for 30 minutes in order to get fine
dispersion before using for electrocatalytic studies. Now, 4 ul of freshly prepared
electrocatalytic ink was drop casted over the GC electrode (working electrode) and allowed to
dry for 3h at ambient condition. This GC electrode coated with electrocatalyst was used for

electrochemical studies. All the 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
0. All the electrochemical data were plotted with respect to the reversible hydrogen electrode

(RHE).

Oxygen Reduction Reaction:

The reference electrode was calibrated with respect to the reversible hydrogen electrode (RHE).
All potentials were rescaled to the pH-independent reversible hydrogen electrode (RHE). The
long-term stability for ORR catalysis was evaluated by chronoamperometry, performed in 0.1
M KOH solution at a static potential of 0.25V. To avoid accumulation of gas bubbles on the
electrode surface, the electrode was maintained at a rotation of 1600 rpm during the
experiment. The number of electrons were calculated using K-L plot (see SI). Rotating ring
disk electrode (RRDE) voltammetry was used to calculate the number of electrons and the
amount of H>O, formed during ORR based on the ratio of the disk and the ring current (see

SI).

3. Results and discussion

Designing catalyst is one of the greatest challenge in any chemical reaction with understanding
of different factors. We had designed the composite by using the coordinating ability of oxygen
groups (methoxy, carboxyl, phenolic) from sugar and lignin moieties present in bagasse (a
typical bio waste from the sugar industry) with Fe** ions, to synthesize active material. The
Fe’" ions interacted with oxygen groups and present homogeneously in the bagasse. During the
carbonization process, iron oxide particles are evenly dispersed throughout the carbon
precursor. The synthesis process, Fe** binding with bagasse and electrocatalytic application

toward ORR is schematically represented in Figure 1 and further discussed.
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Figurel: Schematic representation for the synthesis of the functional composite material and

ORR application.

The surface area and the pore size distribution of CF2 was characterize using N>

adsorption-desorption at 77 K. The adsorption-desorption curves of CF-2 were ascribed to

typical type II profile (Figure 2a). The surface area of CF2 is ~930 m?g™! which is ~25% higher

compared to that of CFO (~740 m?g"). The maximal absorption of N> gas (77 K) by CF2 was

determined to be 344 cc/g at 1 atm pressure. The pore size distribution (PSD) for CF2 revealed

pore diameters in the range of 0.4-1.7 nm (Figure 2b), indicating micropore nature for the

material. Table 1 lists the detailed textural characteristics of control, CF1, CF2, and CF3. The

presence of nanoparticles on the carbon surface may plug the pores, resulting in decreased in

surface area as the iron content increases.

Table 1: Textural properties of Control, CF1, CF2 and CF3.



Surface area (m? g) 740 623 930 462
Total pore volume (cm® g) 0.330 0.319 0.533 0.505
Micropore size (nm) 1.2-1.8 1.0-1.5 0.4-1.7 1.0-1.5

PXRD analysis was performed to know the crystallinity and crystallographic structure
of the control and CF2. Sharp peaks in CF2 suggest the crystalline nature of the material (Figure
2¢). For CF-2, the sharp peaks at 20= 25.6°, 44.6" and 57.2° corresponds to the (002), (101)
and (004) planes of graphite.?® The lattice spacing corresponds to (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° corresponds to the (112) and (121) plane of FesC (ref. code 01-085-0871). The peaks at
26=30.2°, 35.6°, 45.7°, 53.6°, 62.7° corresponds to the (022), (131), (242) and (044) crystal
planes of Fe3;Os (ref. code 96-900-5839). On the basis of PXRD analysis, the structural
composition of CF2 could be written as C@Fe;C/Fe;O4 composite. The presence of graphitic
structure, Fe3O4 and FesC as a hybrid structure is also supported through HRTEM analysis
which is discussed later here. PXRD of control shows broad peaks at 20 = 23.2° and 43.6°
refers to the (002) and (100) planes suggesting the amorphous nature of control (Figure S1a).
The process of Fe;C synthesis and graphitization in CF2 is fascinating. Bagasse treated with
Fe** ions includes a considerable number of O atoms, which lead to the nucleation/formation
of iron oxide particles when heated to a higher temperature. These iron oxide particles now act
as a nucleation site and stimulate the development of a graphitized layer outward. Carbon has
temperature dependent solubility in iron. Carbon diffusion into iron oxide particles occurred
simultaneously with the synthesis of iron oxides at higher temperatures. Upon cooling, carbon

gets precipitated out as disordered graphitized structure and iron carbide. The schematic



presentation of mechanism is shown in Figure 2d. Thus it follows ‘solution-dissolution’

mechanism.

Comparative Raman spectra of control and CF2 are shown in Figure 2e. The G band for control
and CF2 are positioned at 1605 and 1593 cm™! respectively. The D band of control and CF2 are
positioned at 1350 and 1343 ¢cm™!. The FWHM of D-band of CF2 is 114 cm™ as compared to
173 cm! of control. The formation of ordered structure causes the decrease in FWHM of the
D-band, indicating the presence of graphitized structure. The presence of graphitized carbon
structure, which is missing in control, is confirmed by a new peak at 2685 cm-1 matching to
the 2D band that appears in CF2. PXRD and HRTEM analysis show that CF2 graphitization is

likewise consistent.

In order to understand the chemical composition of CF2 material, X-ray photoelectron
spectroscopy (XPS) was performed. The high-resolution Fe 2p spectrum of CF2 shows two
broad peaks at 710.6 and 725.5 eV which are separated by split spin-orbit components of 14.9
eV (Figure 2f). The peak at 710.6 eV corresponds to Fe 2p3» which is in accordance with the
previous report. *° The broad nature of peak at 710.6 ¢V might be due to the combine 2p3» peak
of Fe304 and FesC (708.3 €V) #!. The nature and peak position of high resolution O1s spectrum
shows the peak maxima at 529 eV (Figure 2g) which is well matched with the literature report
of Fe304. % The iron-content in CF2 is 1.82 at% as quantified by XPS which is in well
agreement with the EDS analysis. The quantification of C, N, O and Fe has been tabulated in

Table S1.
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Figure 2: (a) N> adsorption-desorption (inset: magnified N> adsorption-desorption ), (b) Pore
size distribution, (¢) PXRD of CF2, (d) Graphitization mechanism, (¢) Raman spectra, XPS

spectra (f) Fe 2p, (g) O 1s of CF2.

FESEM and HRTEM analysis were carried out to study the surface morphology of the
composite. FESEM of control show irregular morphology whereas CF1, CF2 and CF3
confirms the presence of Fe3O4/FesC particles embedded in the carbon structure. (Figure 3a-
d). HRTEM analysis of control reveals the porous layered carbon structure (Figure 3e) which
1s amorphous in nature as suggested by diffuse ring SAED pattern of control material (Figure
S1b). The amorphous nature and absence of graphitized carbon in control is supported by broad
PXRD peaks (Figure S1a). Low and high magnification HRTEM of CF2 is shown in Figure 3
g,h. Figure 3g suggests that Fe;O4 nanoparticles (high contrast) are embedded homogeneously

in the thin layer carbon matrix. The dense contrast area in Figure 3g is Fe3O4, whereas yellow



arrows indicate the graphitized carbon layers in the CF2. The yellow and red coloured dotted
area in Figure 3g is magnified and shown as Figure 3h and 3i respectively. The two different
type of lattice-spacing 2.39 A and 3.7 A could be seen at the middle and edges of CF2 (Figure
3h). The lattice spacing of 2.39 A corresponds to the (121) plane of FesC (ref code 96-901-
6232). The graphitic layers could be easily seen at the top-right corner adjacent to Fe3C (Figure
3h). The 3.7 A lattice spacing of graphitic layers corresponds to the (002) plane which is further
corroborated with PXRD (Figure 2c). The lattice spacing is slightly higher than standard
interlayer graphite distance (3.4 A) suggests that graphitic layers in CF2 are defected. The
presence of FesC and graphitic layer together confirms the “solution-dissolution” based growth
mechanism as discussed and represented in Figure 2d. The blue color marked area of Figure 31
1s shown as Figure 3j where lattice fringes could be clearly visible suggested high crystallinity
of the particle. The lattice spacing of 2.9 A corresponds to the (022) plane of Fe;O4 (ref. code
96-900-5839). The graphitization of CF2 as per discussed ‘solution-dissolution” mechanism is
also confirmed by presence of the graphitized layers in the other regions as show in Figure 3k.
The SAED pattern of CF2 exhibits characteristic diffraction spots for different planes of Fe3Os,
FesC, and graphitized carbon, confirming that the CF2 structure may be represented as
C@Fe3C/Fe304 composite. (Figure 31). Energy-dispersive X-ray spectroscopy (EDS) analysis
was also performed to quantify the C, N, O and Fe content in control and CF2. (Table S1). The
iron content in control and CF2 are 0% and 1.3% (at.%) which is in well agreement with XPS

data.



Figure 3: FESEM image of (a) control (b) CF1 (c¢) CF2 (d) CF3. HRTEM images of (e) control
(f-k) CF2. (1) SAED pattern of CF2. Scale bar: (a-d) 100 nm, (¢) 10 nm (f) 50 nm (g) 10 nm

(h) 1 nm (i-k) I nm (I) 5 1/nm.

Electrochemical studies:

The electrochemical activity of synthesized carbons (control, CF1, CF2 and CF3) is first
evaluated by cyclic voltammetry in O> saturated solution (Figure S3). All the samples show
reduction peak at 0.61 V suggesting that the all the synthesized materials are electrochemically
active. The current density increases with increase in the iron loading. The CV of CF2 recorded
in the oxygen saturated electrolyte shows an intense reduction peak at 0.61 V vs RHE (Figure
4a). Notably, this peak is absent in the nitrogen saturated solution which unambiguously
showed the potential of CF2 towards catalyzing the oxygen reduction reaction. To confirm the
activity of synthesized active materials toward ORR, we had performed LSV of all the
synthesized material at 1600 rpm. Among all the samples, CF2 shows highest current density

of -7.7 mA/cm? as compared with the control (-3.2 mA/cm?), CF1 (-5.5 mA/cm?) and CF3 (-



4.5 mA/cm?) (Figure 4b). The highest current density of CF2 suggests its superior
electrocatalytic performance towards ORR and thus CF2 sample is used for further detailed
electrochemical analysis. Further, LSV of CF2 was performed at different rotation speed. The
LSV shows that limiting current increases with increasing rotation rate (Figure 4c). The LSV
data of control, CF1, CF2 and CF3 is tubulised in Table 2. The current density at the highest
rotation speed of 3600 rpm was found to be -9.1 mA/cm?. The high current density values
might be due to the abundant O dissolution and diffusion in the electrolyte by continuous flow
of 0. *> Importantly, the onset potential to initiate the ORR for CF2 was found to 0.86V vs
RHE which is comparable to the recent literature reports (Table 3). reference At the same time,
overpotential for catalyzing ORR would be 140 mV for the CF2. Notably, overpotential
required for ORR and obtained current density for CF2 is comparable and in fact better than
some of the reported electrocatalyst materials. Add some more > Further, Koutecky-Levich
(K-L) plot was derived from LSV plot in order to understand the kinetics of the ORR process.
Notably, linearity of Koutecky-Levich (K-L) plot between j!' and w-!?is indicative for the first
order reaction kinetics (Figure 4d). Further, the electron transfer number was also calculated
by K-L plot which was found to be 3.73-3.76 in the potential range of 0.3-0.5 V vs RHE (Figure
4d). Typically, the benchmark electrocatalyst for ORR such as Pt/C utilized direct 4e- pathway
[O2 + 2H2O + 4e” «» 40H'(aq)] which does not proceed via formation of a peroxide
intermediate. ¥ Herein, the electron transfer number is close to 4 which suggest that our
electrocatalyst can be a potential alternate to expensive Pt/C. This has further validated by the
rotating ring and disc electrode (RRDE) experiment (Figure 4e). The number of electrons
calculated between the potential range 0.3-0.5 V through RRDE experiment was found to be
3.73-3.76 (Figure 4f). Both, K-L plot and RRDE plot has clearly indicated that the ORR process
catalyzed by CF2 is a four-electron process and therefore, water is expected to be the end

product in the ORR process. Further, H>O; formed during ORR was found to be 6-7% in the



potential range 0.3-0.5 V (Figure 4f). Further, the catalytic stability test was performed for 18
h at the static potential of 0.25 V vs RHE at the rotation speed of 1600 rpm (Figure S4). After
stabilizing the current in initial hours, the catalytic performance was found to be stable for 18
hrs which demonstrates excellent catalytic stability towards ORR process. The presence of
graphitized carbon in CF2 is noteworthy that is expected to enhance the stability of the ORR

catalysts. 40
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Figure 4: (a) CV of CF2 in N> and O»-saturated solution; scan rate: 5 mV/s, (b) LSV of
different samples at 1600 rpm. Electrochemical studies of CF2 (¢) LSV at different scan speed,
(d) K-L plots, (¢) RRDE measurement in O;-saturated solution (rotation speed: 1600 rpm), (f)
Plot showing the average % of H>O> production and number of electron transferred. All studies

were performed at 0.1 M KOH solution.

Table 2: Current density of different active material @ 1600 rpm.

Comparative analysis of active material @1600 rpm

Active material Control CF1 CF2 CF3

current density (mA/cm?) -3.2 -5.5 -7.7 -4.6

Current density of CF2 @ different rpm




rpm 100

400

900

1600

2500

3600

mA/cm’?

4. Conclusion

The synergy between a strong catalytic chemistry of metal oxide composite materials and the
sustainable carbon material gives a path towards low cost, earth abundant, renewable, and well-
being electrocatalysts. The successfully synthesised carbon-metal composite (C@Fe3C/FezO4)
via carbonization method shows uniform distribution Fe3C/Fe3O4 nanoparticles on the partially
graphitized layered carbon surface. Due to the synergetic effect between heterosystem, the
C@Fe3C/Fe304 also shows an impressive catalytic performance toward the ORR and catalytic

stability up to 18 h. The 4e" reaction (less H2O> formation) suggests that our electrocatalyst

may have an impact on efficient electrocatalyst designing for ORR in alkaline solution.

Table 3: Comparative ORR performance for Iron based active material.

Onset Limiting
Active material potential Cgent n (¢) | Electrolyte | Reference
density
(Vvs RHE) | (mA cm?)
Fe/FeN@N-C-2-800 0.87 6.04 ~4 0.1 M KOH 47
ZnCl-Fe/C/N@bio-C 0.89 6.20 4 0.1 M KOH 48
Fe-Nx-C-2 0.92 6.50 ~4 | 0.1 M KOH 9
Fe/S-NC 1.00 4.30 3.92 | 0.1 M KOH %0
mFe;0,@C NPs -0.05 5.22 ~4 1 0.1 M KOH !
Fe-N-C/Fe;C/C-S-C
1.08 5.80 4.03 | 0.1 M KOH >
nanohybrid
FesN/Fe-N-C 0.85 5.99 ~4 | 0.1 M KOH >




Fe/N-C 0.81 5.43 3.98 | 50 mM PBS 4

Fe;04/Fe;C@C 0.86 9.1 3.7-3.8 | 0.1 M KOH This work
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