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Abstract

Metal-nitrogen-carbons (M-N-Cs) as a reliable substitution for platinum-group-metals (PGMs) for
oxygen reduction reaction (ORR) are emerging candidates to rationalize the technology of fuel cells.
The development of M-N-Cs can further be economized by consuming waste biomass as an
inexpensive carbon source for the electrocatalyst support. Herein, we report the simple fabrication
and in-depth characterization of electrocatalysts using lignin-derived activated char. The activated
char (LAC) was functionalized with metal phthalocyanine (FePc and MnPc) via atmosphere-
controlled pyrolysis to produce monometallic M-N-Cs (L_Mn and L_Fe) and bimetallic M1-M2-N-
Cs (L_FeMn) electrocatalysts. Raman spectroscopy and transmission electron microscopy (TEM)
revealed a defect-rich architecture. XPS confirmed the coexistence of various nitrogen-containing
active moieties. L_Fe and L_FeMn demonstrated appreciable ORR in both acidic and alkaline
conditions whereas L_FeMn helped in restricting the peroxide yield, particularly in alkaline media.
L _Fe and L_FeMn demonstrated remarkable onset potential (Eonset) of ~0.942 V (vs RHE) with an



E12 0of 0.874 V (vs RHE) in 0.1 M KOH. In acid, L_FeMn had an Eonset 0f 0.817 V (vs RHE) and an
E1p of ~0.76 V (vs RHE). Finally, the L_FeMn as a cathode electrocatalyst was integrated and tested
in PEMFC and AEMFC. AEMFC demonstrated optimistic performance with a peak power density

of 261 mW cm2 at the current density of ~577 mA cm 2.
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1. Introduction

Low-temperature fuel cells (FCs) being capable of converting chemical energy into electrical energy
without contributing to planetary carbon footprints are one of the most paramount candidates to
sustainably address the global energy crises. Within the paradigm of advanced FCs, analogous
technologies of proton exchange membrane FCs (PEMFCs) and anion-exchange-membrane FCs
(AEMFCs) are capturing scientific attention owing to their unique merits. Both technologies with
different pH of electrolytic media realize the incessant translation of energy through hydrogen
oxidation reaction (HOR) at the anode and the oxygen reduction reaction (ORR) at the cathode,
leaving water as a green byproduct. However, even though FCs are having considerable commercial
success, the complex and lethargic ORR constitutes the key hindrance in their practical deployment
on a large scale since it is several orders of magnitude slower than the HOR [[1], [2], [3]]. Reduction
of oxygen follows multielectron transfer routes with sluggish kinetics, imposing much higher
overpotential and thus restricting the overall device efficiency. It is known in the scientific community
that ORR usually proceeds either in a bi-electronic or tetra-electronic fashion producing peroxide or
water, respectively [[4], [5], [6], [7], [8]]. From the perspective of FCs, the tetra-electronic pathway
is essentially important whereas the production of highly reactive peroxide during bi-electronic ORR
not only makes the system less energy efficient but also severely affects the integrity of membrane
electrode assembly (MEA) and stack architecture. To deal with the aforementioned challenges,
platinum group metals (PGMs) are typically employed which eventually make the application of FCs
economically impracticable. The use of scarce and expensive Pt in the fabrication of ORR
electrocatalysts accounts for more than 55% of the total cost of an FC stack [9,10]. Moreover, state-
of-the-art Pt-based electrocatalysts are also notorious for their undesired dissolution, nanoparticle
coalescence and poisoning with common contaminants which in turn gravely diminish the
electrocatalytic efficiency [10,11]. Therefore, it is an urgent need of the hour to cope with such

complications either by reducing the Pt content or by substituting with PGM-free electrocatalysts. In



the pursuit of PGM-free electrocatalysis, metal-nitrogen-carbons (M-N-Cs, M = Mn, Fe, Co, Ni etc.)
are emerging as a reliable competitor in which earth-abundant transition metals (TM) having
coordination with different nitrogen species (MNx) make active moieties for ORR within the porous
carbonaceous framework [6,[12], [13], [14], [15], [16], [17]].

In the search for an efficacious M-N-C electrocatalyst, various designing parameters must be

considered. First comes the porous nature of carbonaceous architecture. Carbon provides a conducive
platform for the whole electrochemical activity whereas a high surface area and mesoporous
environment boost the mass transport of gaseous reagents to the active sites [18]. Where the intrinsic
defects, ruptured facets and structural discontinuities in carbon facilitate the binding of oxygen [19],
the dangling bonds present in the unsaturated vacancies also contribute to the doping of secondary
elements i.e. nitrogen to generate the active moieties [20]. Furthermore, nitrogen doping breaks the
electro-neutrality of the carbon triggering the chemisorption of Oz [21] and due to enhanced Lewis
basicity, pyridinic-nitrogen effectively participates in ORR by subsequently reducing the peroxide
intermediate into water [22,23]. Over and above that, the selection of the transition metal is a strategic
task in electrocatalyst development as the electrons transfer from metal to oxygen is primarily dictated
by the redox potential of the central metal [16,[24], [25], [26]] and hence the plurality of redox sites

is one of the foremost prerequisites for O activation and the subsequent reduction [16].
MNy (x = 2,3,4) is undoubtedly the most electrocatalytically active site in which a central TM atom
has coordination with pyridinic nitrogen ligands on the distorted carbon surface and aptly bio-mimic
the natural enzyme to reduce oxygen [[27],[28], [29], [30]]. In addition to the conventional
exploitation of metal salts and organic precursors of nitrogen and carbon for the fabrication of M-N-
Cs, the use of metal macrocyclic compounds i.e. metal phthalocyanine (MPc) and porphyrins have
the preferred MNj4 sites. However, a thermomechanical treatment known as pyrolysis becomes
inevitably imperative to achieve the mandatory durability and robustness. This occurs by integrating
the MNy active sites onto the carbon backbone, favored by the high-temperature treatment. Although
such active sites can be generated using MPc of different first-row TM, Fe—Nj finds its place at the
that FePc and MnPc promote the tetra-electronic ORR by rupturing the O-O bond due to the
preferable ‘d character’. On the other hand, it was shown that CoPc, NiPc and CuPc tend to catalyze
the ORR in a bi-electronic manner, underlined by the high intermediate production [16,24,31,32].

Notwithstanding the fact that Fe—N-Cs are glossing in the arena of PGM-free electrocatalysis, their
performance is still inferior compared to PGM-based electrocatalysts, spurring extensive global
ventures to understand and improve the activity of Fe-N-Cs [[33], [34], [35], [36], [37], [38], [39]].
To mitigate the efficiency pitfalls, the introduction of a second TM could be useful [40]. Serov et al.




analyzed the influence of Fe interaction with a second TM by developing a series of electrocatalysts
using a sacrificial support method (SSM) and observed a substantial upturn in ORR activity after the
addition of a second TM [41]. At the present, some acknowledgeable efforts have been made to co-
doped Fe and Co [[42], [43], [44], [45], [46]]. However, again the usage of Co challenges the

economic rationalization of FCs since it is listed among critical raw materials [47,48] and also Co

holds the tendency of producing higher peroxide [17,49]. Moreover, as compared to Co, the
supplementation of Mn into Fe-carrying M-N-Cs clearly improves the electrocatalytic activity by
keeping the peroxide generation relatively lower which ultimately hastens up the cathodic
performance [[50], [51], [52]].

In parallel, a growing scientific interest has recently been witnessed in the development of ORR
electrocatalysts using waste biomasses [[53], [54], [55], [56], [57], [58], [59]] and plastics
[[60], [61], [62], [63], [64]] as a cheaper and readily available source of carbon and such initiatives

could circularly ensure ecological safety. Global agricultural waste generation is gigantically
increasing on annual basis [65] and hence, its transformation into innovative materials is rationally
justified considering the environmental gains of waste reduction [53]. As already mentioned, porosity
and high surface area are primarily required for providing accessibility to the active sites, biomasses
owing to trimodal structures efficiently fulfill this prerequisite and act as a tailorable pattern for novel
materials fabrication [55,66]. Among these biomass wastes, lignin derived from waste biomass is one
of the most produced agricultural wastes. According to an estimation, annual global harvesting of
biomass accounts for more than 170 billion metric tons [67] out of which lignin is present up to 25%
[68] whereas the pulp and paper industry generates up to 50—70 million tons per year [69,70] which
IS expected to surpass the figure of 225 million tons annually by the year 2030 [70,71].

Herein, within the core of the circular economy, we valorize real waste lignin and transform it through
pyrolysis and activation processes into high surface area char that is then functionalized with mono-
and bi-metallic phthalocyanine and tested as PGM-free electrocatalyst for oxygen reduction reaction
in acid and alkaline media. After a complete physio-chemical and electrochemical characterization,
the lignin-derived PGM-free electrocatalysts are integrated into cathode electrodes and tested in
PEMFC and AEMFC.

2. Materials and methods

2.1. Lignin derived activated char (LAC)

Lignin-derived activated char (LAC) was produced by adapting the process reported in Ref. [59]. The
raw lignin, a real solid waste of an anaerobic biodigester plant located in Bologna (Biotec Sys srl),



was washed with a water/ethanol mixture and then dispersed in an aqueous solution with a mild
activating agent, KHCOs for 24 h (1:2 of Lignin:KHCOs in ratio). The dried mold was kept in two
identical grids, placed in a tubular oven (ELITE TSH16/50/610-2216E) and pyrolyzed under N2 flux
by heating from room temperature to 850 °C and held for 1 h while keeping the heating and then left
to cool down. The biochar resulting from the two grids was mixed and sieved before proceeding with
a deashing with 3 M HCI for 8 h and washing with deionized water under a vacuum. In the end,
soxhlet extraction with water was performed. The produced LAC featured a specific surface area of
1367 m?g".

2.2. Electrocatalyst synthesis

The synthesis of electrocatalysts was carried out by functionalizing LAC with the metal(s)-
phthalocyanine (MPc) of interest. To begin with, 80 wt.% of LAC was thoroughly mixed with
20 wt.% MPc. Table 1 demonstrates the weight proportions of LAC and MPc set to fabricate
monometallic and bimetallic samples. The homogenized mixture obtained in the first step was then
transferred into a clean ceramic boat and subjected to a controlled atmosphere tube furnace
(Carbolite) for high-temperature pyrolysis. During the pyrolysis, the material was taken from room
temperature to 600 °C and held there for 1 h while keeping the heating and cooling ramp rates at 5 °C
min~'. Whereas the whole process was performed in 5 wt.% H> balanced with N2 at 100 cm® min™".
Afterward, the obtained electrocatalyst was rigorously homogenized by giving a round of ball milling
(Emax, Retsch Gmbh, Germany) at 400 rpm for 40 min using zirconia balls of 3 mm diameter.

Sample Names LAC (Wt. %) FePc (Wt. %) MnPc (Wt. %)
LAC 100 — -
L_Fe 80 20 -

L_Mn 80 - 20



Sample Names LAC (Wt. %) FePc (Wt. %) MnPc (Wt. %)

L _FeMn 80 10 10

Table 1. Description of the samples studied.

2.3. Structural and morphological characterization

The textural properties of the LAC were evaluated by nitrogen adsorption porosimetry measurements
that were carried out at 77 K with an ASAP 2020 system (Micromeritics) after a drying step for 24 h
at 413 K. The Brunauer-Emmett-Teller (BET) and density functional (DFT) theories were used to
analyze N2 adsorption isotherm, in order to obtain specific surface area (Seer) and pores size
distribution (PSD), respectively.

Thermogravimetry analysis (TGA) was conducted using TA Instrument TGA Q50 analyzer in the
oxygen atmosphere, in order to evaluate the ash content of the LAC produced. The analysis was
performed by applying a temperature ramp of 10 °C/min from room temperature to 850 °C.

Energy-dispersive X-ray fluorescence (XRF) having an X-ray tube with a molybdenum anode
(Bruker Artax 200 spectrometer) was utilized to perform qualitative elemental analysis. For the
crystal structure evaluation, X-ray diffraction (XRD, Rigaku Miniflex 600) with a copper source was
employed in the 20 range of 10-90°. To investigate the carbonaceous structure of as-developed
electrocatalysts, Raman spectroscopy (LabRam, Jobin Yvon, France) was utilized where helium-neon
laser (A =632.8 nm) as an excitation source was focused on the sample with the help of BX40
microscope (Olympus, Japan) while a silicon-based CCD system (Sincerity, Jobin Yvon, France) was

used to collect the signals.

X-ray photoelectron spectroscopy (XPS) was carried out using a Nexsa spectrometer (England)
equipped with a monochromatic, micro-focused, lower Al Ka X-ray (photon energy 1486.6 eV).
Survey and high-resolution spectra were acquired at pass energy of 200 eV and 50 eV, respectively.
The source power was normally 72 W. All elements’ binding energies were recalibrated by setting
the CC/CH component of the adventitious carbon 1st peak at 285 eV. The measurements were carried
out under UHV conditions, at a base pressure of 5 x 107 torr (and no higher than 3 x 10~ torr). Data
analysis was performed using AVANTAGE software. Linear background subtraction was used for
all spectra. High-Resolution Transmission electron microscopy (HRTEM) measurements were done
using, JEOL JEM 2100, LaB6 filament, 200 kV.

2.4. Electrochemical analysis



The kinetic parameters of the developed electrocatalysts were investigated through the rotating ring
disk electrode (RRDE) methodology (Pine Wave Vortex RDE connected with a Pine bipotentiostat).
For the preparation of inks, 5 mg of the synthesized electrocatalyst was suspended in a solution
containing 985 pL of isopropanol (Alfa Aesar) and 15 uL of 5 wt% Nafion® D-520 (Alfa Aesar).
The inks were homogenized by probe sonication for 10 min followed by ultrasonic bath sonication
for the next 30 min at ambient temperature. E6R2 series RRDE electrode was used to fabricate the
working electrode with 0.2 mgcm2and 0.6 mg cm2 loadings of each electrocatalyst. In-house
prepared 0.5 M H2SO4 and 0.1 M KOH solutions were used as the electrolytic media in Oz-saturated
circumstances to simulate ORR activity in acidic and alkaline conditions, respectively. The
experiments were run in a three-electrode configuration encompassing a Pt-based counter electrode,
saturated calomel electrode (SCE) as a reference and RRDE working electrode while 85% IR
compensations were made using SP-100 Biologic® potentiostat. In this study, all the potentials are
presented with respect to reversible hydrogen potential (RHE) after adding a factor of 0.241 + pH x
0.0591 into the measured potentials which were originally referenced to SCE. Linear sweep
voltammetry (LSV) was executed to acquire polarization curves at 5 mV s™! between 1200 and 0 mV
vs RHE while maintaining the ring potential ~1200 mV vs RHE. ORR measurements were performed
by rotating the RRDE at 1600 rpm. Before getting the actual LSV curves, the electrocatalyst was
conditioned with multiple cyclic voltammograms until a stable current was achieved. The peroxide
yield and number of electron transfers (n) during ORR were estimated by monitoring the disk current
(ldisk) and ring current (lring) using the following
equations:(1)Peroxide(%)=200xIringNIdisk+IringN(2)n=41disklIdisk+IringN

The electrochemical stability was analyzed by applying 5000 cycles in the potential range between
1100 and 300 mV vs RHE at 50 mV s in the O,-saturated electrolytes by rotating the RRDE (with
0.6 mg cm~2 electrocatalyst loading) at 1600 rpm. For making a comparison, ORR polarization

curves were obtained again at 5 mV s ..

2.5. Fuel cell fabrication and testing

2.5.1. AEMFC

All AEMFC electrodes used in this work were prepared as described in detail in our previous
publications [72,73]. In brief, the electrocatalyst powder (80 wt.%) was mixed with the ETFE-based
anion exchange ionomer powder (20 wt.%) containing benzyl trimethylammonium (BTMA)
functional groups in 10 mL of distilled water and 2 propyl alcohol (1:1) solution. The resulting ink

was homogenized by 30 min of ultrasound treatment (45 kHz, 100 W) and then sprayed using an



Iwata® spray gun onto the gas diffusion layer TGP-H-60 carbon paper 10% PTFE purchased by Alfa
Aesar. The catalyst spray was suspended every once in a while to dry the electrode for 10 s on an
80 °C hot plate and subsequently weighed to control the electrocatalyst correct loading. The anode
loading was ca. 0.4 mgpwru cM 2, the cathode coating was 0.8 MQelectrocatalyst CM 2.

The anion exchange membrane (AEM) preparation procedure has previously been described in Ref.
[74] and consists of a 10 uM HDPE sheet functionalized with vinylbenzyl chloride monomer by
electron-beam radiation grafting (100 kGy absorbed dose). The membrane was subjected to
amination treatment with aqueous TMA (45 wt.%). The AEM and the electrodes were immersed in
1M KOH aqueous solution for 1h before assembly into a 5cm?fuel cell fixture (Scribner
Associates) using a 5 N m torque. The AEMFC was tested with a Scribner Associates 850e fuel cell
test station setting the cell temperature at 60 °C. The anode was fed with pure hydrogen at 54 °C
(75% relative humidity) at 0.3 L min~! flow rate and the cathode was fed with pure oxygen at 60 °C
(100% relative humidity) at 0.6 L min~'. The cell was characterized by consecutive 20 scan voltage

experiments from OCV to 0.3 V applying a 10 mV s! linear sweep.

2.5.2. PEMFC

The electrocatalyst (L_FeMn) was also tested in a PEM-FC. 152 mg of Nafion solution (D1021),
0.566 mL of isopropanol and 0.477 mL of water were added to 26 mg of the electrocatalyst. The ink
was sonicated for 1.5 h in ice. The electrocatalyst was sprayed on the Sigracet 29BC gas diffusion
layer (GDL) using the airbrush. The final loading was ~4.4 mg cm~2. A commercial gas diffusion
electrode (GDE) (Fuel Cells Etc., CST-GDE-01) of 0.2 mg cm2 of pt Pt/C was used at the anode
side. The anode GDE was hot pressed with NR-211 Nafion membrane (130 °C) for 5 min. Then, the
cathode GDE was assembled without hot pressing the MEA. The cell was tightened up to 10 Nm.

The cell was operated at 80 °C. For testing the MEA, hydrogen (0.5 L min™!) and air (0.7 L min™")
were used at the anode and cathode sides, respectively (both at 80 °C). Break-in was performed by
holding the cell at 0.15 mA cm™2 until the cell voltage was stabilized (~5 min). Then, the voltage was
scanned between 0.0 and 0.7 V (0.025 A/point, 30 s) and from 0.7 VV to 0.2 V (0.05 A/point, 30 s).

3. Results and discussion

3.1. Initial characterization of lignin derived activated char

Black char was formed after the pyrolysis of the waste lignin. Importantly, initial screening evaluating
the BET surface area (Sget) and the ash content was conducted.



The evaluation of the surface area and pore size distribution was carried out by analyzing the
N> adsorption/desorption isotherms at 77 K which is reported in Fig. 1a. At low pressures, the
isotherm branch of the LAC sample illustrated sharp adsorption inflection which is indicative of type
I and materials containing micropores. However, at higher relative pressures of 0.45 < P/Py < 1.0, the
presence of an H4 hysteresis loop indicates that LAC is a complex material containing interconnected

micropores and mesopores (type 1V).
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Fig. 1. N2 adsorption-desorption isotherms (a), pore size distribution (b) and

thermogravimetric analysis (c) of LAC.

These observations are confirmed by the DFT pore size distribution that is reported in terms of
incremental pore volume in Fig. 1b. The micropore volume (Vmicro), mesopore volume (Vmeso) and
total pore volume (Viotal) Of the sample are charted in Table 2 along with the BET surface area (Sger).
The Sget is 1367 = 1 m? g!. Such high value is mainly related to micropores and small mesopores
(<3 nm). Indeed, Vmicro (0.40 cm® g™!) accounts for the 70% Vit (0.57 cm® g™'). Larger pores are
almost equally distributed from 3 nm up to more than 100 nm, and contribute with only the 20% to
Viotal (Vmeso = 0.12 cm® g1).

Sample Vmicro (<2 nm) Vmeso (2_ Viotal cm?® g_l Seet m? g_l Ash
cmig! 50 nm) cm? g! content
(%)
LAC 0.40 0.12 0.57 1367 1 19
(<137 nm)

Table 2. DFT micropore volume (Vmicro), mesopore volume (Vmeso) and total pore volume (Viota),

BET-specific surface area (Sger) and ash content of LAC.



Finally, Fig. 1c reports the thermogravimetric analysis of the LAC produced. The ash content
evaluated is reported in Table 2 and is about 19%. This result may depend on the natural origin of the

raw material.

3.2. Structural and morphological investigations

Soon after the functionalization of the LAC with the MPc of interest, qualitative elemental analysis
was carried out using XRF (Fig. S1). Each sample showed clear peaks of the metal of interest i.e. Fe
and/or Mn, justifying the effectiveness of the synthesis process. However, pristine LAC (Fig. S1a)
contained a few traces of Fe, Cu and Ni, which probably were present in the raw material or got
introduced as contamination during the processing and therefore were minutely present in every
sample. Since the relative presence of impurities was too low they were not considered contributors
to ORR and were unheeded. Moreover, XRD was employed with the aim of phase identification and
two broader peaks that emerged nearly at 25° and 43.5° were indexed to (002) and (101) planes of
carbon, respectively, portending the distorted nature of the graphitic matrix [75,76] (Fig. 2a). Only,
sample L_Mn demonstrated very tiny peaks of MnO at ~34.9°, ~40.5° and ~58°, consistent with
JPDS# 01-089-4835. Kumar et al. also experienced such tiny MnO peaks in the XRD pattern of
bimetallic ORR electrocatalysts fabricated by dual functionalization of carbon nanotubes with FePc
and MnPc [40]. However, quite interestingly, L_Fe and L_FeMn demonstrated only the diffraction
peaks of carbon, giving an impression of the homogenized distribution of Fe and Mn-based species
in the carbon matrix without forming coarser crystalline nanoparticles [[76], [77], [78], [79]]. In our

case, the usage of MPc in a relatively smaller proportion might have restricted the excessive
coalescence of metallic species into coarser nanoparticles. Moreover, appreciable prevention of metal
nanoclustering up to a pyrolysis temperature of 600 °C has already been witnessed [80]. The
carbonaceous structure of the resultant electrocatalysts was further examined by the way of Raman
spectroscopy as demonstrated in Fig. 2b. All the samples revealed typical G (nearly at 1590 cm™')
and D (nearly at 1330 cm™!) bands, due to in-plane stretching of the sp?carbon atom with
E2g symmetry and breathing mode of Aig symmetry, respectively [81,82]. LAC and L_Mn also
exhibited a D’ band in the vicinity of 1613 ¢cm™'. The G band is conventionally ascribed to
graphitization content while the D and D’ band emerge because of the structural disruption and

induced defects in the original lattice [[81], [82], [83], [84], [85]]. It is worth mentioning that every

sample had a higher D peak indicating a greater extent of disorders and defects in the carbon
architecture, which could substantially participate in enhancing the ORR activity due to modified
electronic and chemical characteristics of the disrupted carbons [76,86,87]. As it is well known, the



ratio of D to G band intensity (Ip/lc) manifests the degree of disorder in carbon-based materials.
Io/lc remained always higher than unity where this intensity ratio reached the maximum value of 1.27
for L_Fe followed by 1.18 for L_FeMn which indicates the occurrence of a very high defect density.
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Fig. 2. XRD patterns (a) and Raman spectra (b) of the as-developed samples.

3.3. Surface chemistry and morphology

It was shown that the surface chemistry of the electrocatalysts plays a crucial role in the
electrocatalytic activity and the mechanisms that are taking place [88,89]. Therefore, XPS was used
to identify the surface composition. The acquired full survey scans provided in Fig. S2 indicate the
prevalence of carbon, nitrogen and oxygen as major constituents where silicon is present as an
impurity element. In the metal functionalized samples i.e. L_Mn, L_Fe and L_FeMn tiny peaks
belonging to Mn and/or Fe can be appreciated while the high-resolution 2p spectra of Mn and Fe in
the corresponding samples are additionally displayed in Fig. S3. The intensities of both Mn2p and
Fe2p spectra came out to be very low and thus agreed with the XRD findings, suggesting the
homogenous presence of metallic content in traces. Li and coworkers also experienced such kind of
structure while developing trace bimetallic ORR electrocatalysts [51]. Table S1 summarizes the
elemental composition as well as the relative proportion of the nitrogen-based species present in the
samples.

As afore discussed in detail, nitrogen is an important ingredient of M-N-Cs and helps in specifying
the route of ORR, N 1s high-resolution spectra of the derived samples (Fig. 3) were thoroughly
analyzed. Deconvolution of N 1s peak of LAC indicated the occurrence of various nitrogen species

such as imine N, pyridinic N, hydrogenated N, graphitic/protonated N, and NOy, emerging in the



vicinity of their typical binding energies [21,[90], [91], [92], [93], [94], [95]]. Interestingly the metal
functionalized sample also demonstrated the presence of M-Nx. Whereas pyridinic N (0.5 at.%) was

maximum in LAC with a total nitrogen content of 1.87 at.%. Nitrogen came out to be the highest in
L_Fe (3.4 at.%) with the predominance of M-Nx, hydrogenated N-H and graphitic N whereas
pyridinic N remained 0.36-38 at.% in all three metal functionalized samples. It is worth mentioning
that the co-occurrence of various active sites can be advantageous since each of them performs
particular tasks during ORR [52]. Generally, pyridinic N is considered essential for completing the
electro-reduction of oxygen, especially as a secondary active site [21]. However, Okada et al. also
experienced superior activity of graphitic N owing to lower defect density [96]. Lai et al. experienced
the dependency of limiting current density on graphitic N while pyridine N predicted the onset
potential [97]. On the other hand, Kabir et al. revealed that hydrogenated N (including pyrrolic and
Pyridinic N—H) not only uplifts the reaction kinetics but also acts as key active sites for the 2 + 2
e—transfer mechanism ORR in both alkaline and acidic media while pyridinic N being secondary
active site can be helpful in further reducing the peroxide in the alkaline environment [94]. In addition
to metal-free nitrogen-based moieties, M-Nx is expected to carry out the direct tetra-electronic
reduction of oxygen into water [98]. Moreover, the reactivity of such active sites is also governed by
the nature of the electrolyte to which they are exposed and their roles alter as the pH of the electrolyte
changes [35]. Shifting from acidic to alkaline conditions switches pyridinic N-H to deprotonated
pyridinic N~ which is a preferential adsorption site for O2 due to enhanced Lewis basicity [35,99].
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Fig. 3. XPS high-resolution N 1s spectra of the as-developed samples.

The morphological features of the derived samples were studied by the means of TEM. Obtained
micrographs are illustrated in Fig. 4. LAC demonstrated a well-developed porous structure. Such
aspects of the microstructure were sustained in the MPc functionalized samples as well.
Microstructural features could be relatable to the outcomes of Raman spectroscopy and XRD that
highlighted the presence of structural defects and disorders. In a high-resolution image of L_Fe (Fig.
4f) a few broken graphitic domains could be appreciated. Interestingly, TEM micrographs of
functionalized electrocatalysts didn't show substantial agglomeration or nanoparticle formation of
metallic species which further validates the impression of atomically dispersed metallic moieties in a
homogenous fashion [100]. EDS presented in Fig. S4 further confirms the elements of interest i.e. Fe

and Mn in the corresponding samples whereas peaks of Cu belong to the TEM sample holder and Si

is an impurity artifact.

(d)

(9) (h)y

Fig. 4. TEM images of LAC (a, b), L_Mn (c, d), L_Fe (e, f) and L_FeMn (g, h).

3.4. Electrochemical activity

To elucidate the electrocatalytic aptitude of the developed electrocatalysts, RRDE measurements
were carried out. Changing the nature of working electrolytes not only modifies the reaction
mechanism but different active sites respond to ORR activity differently [101,102]. For that reason,
ORR measurements were obtained in alkaline and acidic media, to ensure the utility of the developed
electrocatalyst for AEMFC and PEMFCs, respectively. Onset potential (Eonset), half-wave potential
(E12) and limiting current density (liimit) are the common performance indicator acquired from RRDE
while the electrocatalyst loading on the disk of RRDE may affect the peroxide formation. Therefore,



two different loadings of 0.2 mgcm™2and 0.6 mg cm 2 were individually utilized to analyze the

electrochemical aspects of the studied electrocatalysts.

3.4.1. ORR performance in alkaline media

Fig. 5 demonstrates the ORR activity in O»-saturated 0.1 M KOH with electrocatalysts loading of
0.6 mgcm~2while the performance with one-third loading is additionally presented

in Supplementary Fig. S5. Polarization curves attained at a 5 mV s~! scan rate highlighted the active

nature of the developed electrocatalysts, however, the pristine LAC came out to be the least efficient
with a higher overpotential. Remarkably, the functionalization of LAC with MPc categorically
improved the kinetics. Among all the counterparts, L_Fe and L_FeMn exhibited the highest Eonset Of
~0.94V (vs RHE) with an outstanding Ei of 0.87 V (vs RHE). lLimit remained maximum for
L_FeMn. LAC and L_Mn showed E1 of ~0.75 V (vs RHE) and 0.85 V (vs RHE) respectively, with
0.6 mg cm 2 catalyst loadings. Peroxide production showed interesting trends where the
electrocatalyst loading also contributed to diminishing the yield of unwanted OH>". A threefold
increment in the electrocatalyst loading resulted in a slight positive shift of the E1» along with a
subsequent drop in the peroxide yield. Actually, with higher loading, the produced peroxide gets
scavenged and then reduced within the denser layer of the electrocatalyst [[103], [104], [105], [106]].

LAC and L_Mn initially came out to be peroxide-producing electrocatalysts at lower overpotential
however a definite decline in the peroxide production can be seen as the applied potential increases.
This speculation endorses the probability of a 2 + 2 electrons reduction pathway where the generated
peroxide is afterward reduced at the secondary sites. On the other hand, L_Fe and L_FeMn tended to
restrict the peroxide formation in a nearly tetra-electronic fashion. In the case of L_FeMn, peroxide
yield remained confined to a maximum of ~16% and 8.7% while the electron transfer number was
above 3.68 and 3.83 with 0.2 and 0.6 mg cm 2 loading, respectively. Overall superior electrocatalytic
activity is essentially credited to the dual-doping of Fe and Mn due to which electro-reduction of

oxygen was synergistically boosted [40,[50], [51], [52]].
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Fig. 5. RRDE measurements of the developed electrocatalysts in Oz-saturated 0.1 M KOH
at 1600 rpm with electrocatalyst loading of 0.6 mg cm 2. ORR LSVs obtained at
5mV s~/ (a), ring current densities (b), peroxide yield (c) and the number of electrons (d)

transferred during ORR.

3.4.2. ORR performance in acid media

The efficacy of the developed electrocatalysts was additionally probed in acidic conditions
comprising of Oz-rich 0.5 M H2SO4, again using two different loadings of 0.6 mg cm2 (Fig. 6) and
0.2 mg cm2 (Fig._S6). In acidic conditions, L_Fe with 0.6 mg cm2 loading exhibited Eonset and
Eir at 0.84 V (vs RHE) and 0.77 V (vs RHE), respectively, while the limit came out to be relatively
lower. Whereas L_FeMn with an Eonset 0f 0.82 V (vs RHE) showed the maximum limit. Again L_Mn
demonstrated the least activity among the MPc functionalized samples, confirming the inevitability
of Fe for carrying out ORR with superior kinetics. Electron transfer number and peroxide yield
remained nearly the same for both L_Fe and L_FeMn. Both yielded peroxide ~11-12% while
maintaining the nearly tetra-electronic pathway where the electrons transfer came out to be above
3.75. Similar to alkaline situations, a positive influence of electrocatalyst loading on the ORR
performance was observed and again higher loading not only improved the Kinetics but also
effectively decreased the peroxide yield.
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Fig. 6. RRDE measurements of the developed electrocatalysts in O-saturated
0.5 M H2S04 at 1600 rpm with electrocatalyst loading of 0.6 mg cm™2. ORR LSVs obtained
at 5mV s~/ (a), ring current densities (b), peroxide yield (c) and the number of electrons (d)

transferred during ORR.

3.4.3. Electrochemical stability

Overall electrocatalytic activity of the L_Fe and L_FeMn turn out to be comparable where L_FeMn
exhibited relatively lower peroxide yield, particularly in alkaline media. While comparing different
sorts of monometallic and bimetallic M-N-Cs, Lilloja et al. also experienced the best performance
exhibited by Fe-containing monometallic and FeMn bimetallic electrocatalysts [52]. Electrocatalytic
activity of L_Fe and L_FeMn could be attributed to structural defects as revealed by Raman, porous
carbonaceous architecture visible in TEM micrograph along with the coexistence of different nitrogen
moieties confirmed by XPS. Furthermore, microstructural analysis negated the possible
agglomeration or nanoparticle formation of metallic species in both samples and endorsed the
homogeneous distribution at the atomic level. Moreover, lower production of peroxide with

satisfactory Kinetics of L_FeMn can be accredited to the synergic effect of Fe and Mn

[40,41,[50], [51], [52]].



Along with favorable kinetics and desired selectivity, operational durability is an essential criterion
to be fulfilled by the electrocatalysts. For this reason, accelerated stability tests for L_Fe and L_FeMn
have been performed over 5000 continuous cycles at 50 mV s . From Fig. 7, in an alkaline
environment, reasonable stability of E1 for both electrocatalysts can be acknowledged, however, a
negative shift in limit can be clearly seen. At the potential of 0.4 V, limit of L_Fe was diminished by
0.59 mA cm 2 while limit of L_FeMn was lowered from 3.97 to 3.17 mA cm2 by the 5000th cycle
but still remained categorically higher than that of L_Fe. The obvious impact of this observation can
be speculated on the peroxide yield and the number of electrons transferred during ORR. In the case
of L_Fe, peroxide production was increased from 10.1% to 20.12% whereas in L_FeMn the
undesirable increment in peroxide was restricted to 18.5% at 0.4 V. However, both electrocatalysts
demonstrated nearly tetra-electronic reduction of oxygen where electron transfer number persisted
above 3.5. Overall, the durability aspects of both electrocatalysts remained more or less the same
however, L_FeMn demonstrated a relatively higher limit and slightly lesser uplift in the yield of
peroxide over continuous cycling. The satisfactory robustness of L_FeMn encouraged the execution
of stability measurements additionally in the acidic conditions i.e. O-saturated 0.5 M H>SO4 and
achieved trends are illustrated in Fig. S7. In the acidic electrolyte, the electrocatalyst didn't exhibit
appreciable durability where both E12 and himit were considerably affected as the cycles proceeded.
By the end of the stability test, L_FeMn was left with insufficient electrocatalytic activity. The
instability of PGM-free electrocatalysts in electrocatalytic media is known and there could be various
complex factors damaging the durability including demetalation, deterioration of active moieties,
carbon oxidation and so on [107,108]. However, analyzing the exact mechanism behind the limited

stability in acidic conditions is somehow beyond the scope of the current study.
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Fig. 7. lllustrates the stability trends over the 5000 cycles in Oz-saturated 0.1 M KOH with
0.6 mg cm ™ loading of L_Fe and L_FeMn on RRDE. ORR LSVs obtained at 5 mV s~/ (a),
ring current densities (b), peroxide yield (c) and the number of electrons (d) transferred
during ORR.

3.4.4. Fuel cell testing

Owing to appreciable electro-kinetics and stability demonstrated by L _FeMn during the RRDE
measurements, the sample was finally configured as a cathode electrocatalyst to perform ORR in the
running FCs. Full device characterizations were implemented to affirm the practicality of L_FeMn
for cathode applications in both AEMFC and PEMFC. From Fig. 8a, the performance of AEMFC
configured with L_FeMn containing cathode can be acknowledged. AEMFC operating with a feed
of pure O (0.6 L min™!) at 60 °C delivered an open circuit voltage (OCV) of 0.893 V. A peak power
density (Pmax) of 261 mW cm~2 was observed at the current density of ~577 mA cm2. On the other
hand, when L_FeMn was integrated as an ORR electrocatalyst in the cathodic configuration of
PEMFC the performance was not as good as that of AEMFC, indicating that these electrocatalysts
can be better employed in the alkaline environment rather than acidic environment. PEMFC was

assembled with NR-211 Nafion membrane where the air was fed at the cathode operating at 80 °C.



As can be seen in Fig. 8b, PEMFC exhibited OCV of 0.88 V with Pmax of ~72 mW cm™2 at the current
density of ~292 mA cm™2.
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Fig. 8. Full device characterization using L_FeMn as cathode electrocatalyst to perform
ORR in (a) AEMFC and (b) PEMFC.

Reasonable outcomes in AEMFC are consistent with the outstanding ORR activity of L_FeMn in the
alkaline media during the half-cell testing, confirming the utility of waste biomass-derived
electrocatalysts for FC applications. In spite of the fact that a true comparison with previously
reported results is a bit difficult task due to variations in the designing parameters of materials and
operating conditions [[109], [110], [111]], the obtained AEMFC performance with L_FeMn is

comparable to some earlier reports. Very recently, Teppor and coworkers utilized decomposed peat
as a carbon precursor for synthesizing PGM-free ORR electrocatalyst and obtained Pmax of
51 mW cm2 when deployed as a cathode catalyst in AEMFC [112]. Not long ago, Lilloja et al.
reported Fe—-N-C electrocatalyst prepared using VariPore™ method by Pajarito Powder which
demonstrated Pmax 0f 220 mW cm ™2 when applied in AEMFC containing HMT-PMBI membrane
[113]. Similarly, Hao et al. prepared multiple metals and heteroatom self-doped biomass-derived
electrocatalyst which performed outstandingly during the half-cell analyses in both acidic and
alkaline media, however, while used as an air-breathing PEMFC cathode it delivered
17.6 mW cm2 with an OCV of 0.966 V [114]. Moreover, by the virtue of high-temperature pyrolysis,
Lilloja et al. produced various monometallic and bimetallic M-N-C for ORR activity in AEMFCs.
They observed identical behavior of monometallic Fe-N-MPC and bimetallic FeMn—-N-MPC during
the RRDE measurements together with outstanding Pmax of 473 and 474 mW cm ™2, respectively, in
AEMFC.

Although our full device performances are still inferior to what could be obtained using state-of-the-
art electrocatalysts as indicated in the literature
[110,[115], [116], [117], [118], [119], [120], [121], [122], [123]], the usage of waste biomass for the




fabrication of cost-effective and efficient electrocatalysts presents a novel pathway under the
framework of the circular economy. Despite the promising performance of advanced ORR
electrocatalysts, their realistic employment for mass-scale FC applications is limited due to the
involvement of the high cost and synthetic complexity of carbon-based materials i.e. carbon
nanotubes and graphene-based materials [124]. Whereas the pyrolysis of largely available waste
biomass not only provides a sustainable alternative for the cost-effective development of carbon-
based electrocatalysts for green energy storage applications but also presents an effective strategy for

waste recycling and environmental safety.

4. Conclusion

Lignin, being waste biomass of negligible economical worth, was used to first produce activated char
containing networked porosity. Afterward, it was functionalized with FePc and MnPc through a
simplistic pyrolysis process in order to fabricate monometallic and bimetallic electrocatalysts. The
developed electrocatalysts demonstrated defect-rich porous structures without any substitutional
agglomeration in the form of metallic nanoparticles. XPS confirmed the presence of a variety of
nitrogen-containing active moieties. RRDE measurements in both alkaline and acidic media with two
different loading of 0.2 mgcm2and 0.6 mgcm2 validated the active nature of the derived
electrocatalysts. In alkaline media, L_Fe and L_FeMn showed outstanding Eonset Of ~0.942 V
together with an E1» of 0.874 V. L_FeMn showed decidedly lower peroxide yield with a clear tetra-
electronic electro-reduction of Ozin 0.1 M KOH and also qualified for operational stability.
Electrocatalytic performance L_Fe can be linked to the favorable morphological attributes and
coexistence of desired nitrogen moieties. While the subsequent reduction in peroxide yield could be
additionally attributed synergistic of Fe and Mn. On the other hand, under acidic conditions, L_FeMn
had a slightly lower Eonset (0.817 V) than that of L_Fe (0.837 V). Contrary to 0.1 M KOH, the
durability of L_FeMn was severely affected in 0.5 M H2SO4 over the 5000 cycles. Finally, to affirm
the realistic utility of L_FeMn for ORR in FCs it was configured as a cathode electrocatalyst in both
PEMFC and AEMFC which delivered Pmax of ~72 mW cm™ (at 292 mA cm2) and 261 mW cm 2 (at
~577 mA cm™?), respectively. Last but not the least, this works signposts the new avenues for the

cost-effective development of waste-derived M-N-Cs for lethargic ORR in a circular way.
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