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A B S T R A C T   

The annual generation of coffee waste has overtaken 6 million metric tons, becoming a serious environmental 
problem. Herein, we report the fabrication of bimetallic electrocatalysts synthesized by 1) pyrolyzing spent 
coffee grounds (SCGs) at 400, 600, 800 and 1000 ◦C, 2) activating the as-obtained char with KOH and 3) 
functionalizing the activated carbon with iron(II) and manganese(II) phthalocyanine. The final electrocatalysts 
showed a high degree of amorphousness, defectivity (increasing with temperature) and high specific surface area 
(up to 1820 m2 g− 1). In half-cell compartment (0.1 M KOH electrolyte), the top-notch material in terms of oxygen 
reduction reaction (ORR) activity and selectivity was CFeMn_600, which showed the same half-wave potential 
(E1/2) compared to Pt/C standard along with a lower peroxide production. These outstanding results could be 
attributed to a high surface area, a Fe-Mn synergy, and an abundance of C-N defects. The performance of 
CFeMn_600 as a cathode material in alkaline exchange membrane fuel cells (AEMFC) showed an open circuit 
voltage (OCV) of 0.890 V and power density of 30 mW cm− 2. Notwithstanding, this research is one of few cases 
where a waste-derived electrocatalyst is tested in a real AEMFC, thus becoming a pioneer in the fuel cell study of 
waste-derived electrode materials.   

1. Introduction 

The consequences of the carbon emission associated with the 
excessive consumption of fossil fuels call for new avenues in the global 
energy supply. Fuel cell (FC) technology is emerging as a valid means to 
support the production of green energy from hydrogen since FCs exhibit 
high energy conversion efficiency, modular design, rapid load response 
and low chemical and acoustical pollution [1,2]. Among the different 
types of FCs, low-temperature FCs are gaining great attention due to 
their advantages compared to their high-temperature counterparts, 
which are mainly limited by the slow on/off process [3–6]. In the 
paramount of low-temperature FCs, alkaline anion exchange membrane 
fuel cells (AEMFCs) are devices that can attain high power densities and 
quite a long lifespan [7–9]. Although AEMFCs are experiencing notice
able success in the market of green technology, the sluggish kinetics of 
oxygen reduction reaction (ORR) compared to that of hydrogen oxida
tion reaction (HOR) still represents one of the main bottlenecks of 

AEMFCs working, which impedes their widespread commercialization 
[10]. ORR can essentially follow either a two-electron transfer or a 
four-electron pathway. The former gives rise to hydrogen peroxide 
(H2O2) in acid or peroxide ion HO2

− (in alkaline) while the latter pro
duces H2O in acid or OH− in alkaline [11]. Additionally, an indirect 
electron transfer, known as a 2 × 2-electron pathway, can take place 
during the ORR mechanism [12]. In this case, oxygen is firstly reduced 
to peroxide at higher cathodic potentials and this intermediate is sub
sequently reduced to H2O or OH− at lower cathodic potentials [13–16]. 
Pursuing a four-electron pathway is of paramount importance to guar
antee the correct functioning of the device since the peroxide species can 
severely damage the membrane integrated into the fuel cell system [11, 
17]. 

To face the aforementioned issues, platinum is usually nanodispersed 
on carbon supports within the cathodic catalyst layer to boost ORR [18, 
19]. However, the high price and scarcity of this raw material renders 
the application of fuel cells less competitive than the current fossil 
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fuel-based technology. The usage of Pt for boosting ORR kinetics ac
counts for more than 50 % of the stack cost [20]. The scientific com
munity has made strong efforts to find possible alternatives, known as 
platinum metal group-free (PGM-free) electrocatalysts [14,21–23]. 
Among them, TM-N-C single-site electrocatalysts containing 
earth-abundant transition metals (TMs) like Fe, Mn, Co, Ni, etc. have 
withdrawn the attention of scientists due to their low cost compared to 
PGMs and comparable activity in AEMFCs, where the higher ORR ki
netics and less corrosive electrolyte make the PGMs substitution more 
feasible than in fuel cell working in acidic environment [22,24–26]. 
From the structural point of view, the main active sites of MNCs are 
represented by MNx, where the metallic center is coordinated by x 
pyridinic nitrogen ligands (x = 2,3,4) on a defective carbon surface, thus 
bio-mimicking the enzymatic active sites for O2 reduction [12,27]. 

Many synthetic ways of TM-Nx-Cs production have been explored so 
far by mixing metal salts with organic precursors of nitrogen and carbon 
or by harnessing M-N4 metallic macrocyclic compounds such as metal 
phthalocyanines, porphyrins, and tetraazannulenes [28–33]. The metal 
center of these compounds could promote the cleavage of O=O and the 
subsequent reduction of oxygen, but the M-N4 macrocycles suffer from 
poor stability, low electronic conductivities, and environment-limited 
activities [28]. Therefore, a heat treatment method is compulsory to 
raise the electrocatalyst robustness and incorporate the M-Nx sites into a 
carbon backbone offering suitable electronic conductivity [30,33–35]. 
Moreover, high surface area and interconnected pores enabling mass 
transport of reactants toward the active sites represent essential pre
requisites to achieve an appreciable electrocatalytic activity [36]. 
Although some nitrogen metal-free moieties can participate in the ORR 
mechanism (e.g. pyridinic units), it should be mentioned that overall the 
M-Nx constitute the most boosterish sites [12,35]. In this context, the 
choice of metal plays a pivotal role in the ORR mechanism. Previous 
studies on transition metal phthalocyanines (TMPc) place the FePc on 
top of the Volcano plot, thus suggesting that Fe-Nx-Cs could be the most 
active non-PGM catalysts among the TM-N-Cs [37]. Such a tremendous 
activity is related to the electronic structure of the metal center which 
promotes the rupture O=O bond as well as the empty dz2 and filled dxy, 
dyz orbitals, which easily allow bonding with the π*-electrons of the O2 
molecule [28]. From the selectivity point of view, it should be empha
sized that FePc and MnPc promote the 4-electron ORR pathway due to 
their higher d-character while CoPc, NiPc, and CuPc enable the 2-elec
tron fashion due to their ring character in the interacting frontal 
orbital [38]. 

Despite displaying high intrinsic activity per metal site, mono
metallic TM-Nx-C electrocatalysts own a low site density which limits 
the overall activity and applications [39]. In recent years, 
bimetallic-nitrogen carbon electrocatalysts (TM1-TM2-Nx-C) have been 
extensively studied due to their superior activity and stability compared 
to monometallic TM-Nx-Cs [40–54]. For instance, it has been proven 
that the addition of Co in Fe-N-C catalysts can hasten up the durability of 
the electrocatalysts in both acid and alkaline electrolytes [40,42]. 
However, the addition of Co slightly decreases the activity of Fe-Nx-C 
electrocatalysts and, as a major drawback, it increases the production of 
unwanted peroxide species [42,55]. Furthermore, Co is rated as a crit
ical raw material (CRM) being fundamental for other applications, such 
as Li-ion batteries [56]. Unlike Co, the introduction of Mn in Fe-N-C 
electrocatalysts has beneficial effects on both the activity and selec
tivity. Kodali et al. prepared different TM1-TM2-Nx-Cs combining Co, 
Ni, Fe, and Mn and using 4-aminoantipyrine as a nitrogen-rich source to 
switch from the indirect 2 × 2-electron ORR transfer to the direct 4-elec
tron transfer in microbial fuel cells (MFCs) [55]. The best metal com
bination resulted from Fe and Mn, which displayed the highest activity, 
the lowest H2O2 production in neutral electrolyte, and showed great 
durability performance in a real MFC. A similar result was found by 
Muhyuddin et al., who functionalized lignin-derived activated char with 
Mn (II) and Fe (II) phthalocyanines. The addition of Mn did not increase 
the kinetics of the Fe-N-C catalysts prepared with the same conditions 

but enhanced the limiting current and minimized the production of 
peroxide in both acid and alkaline environments [57]. In another study, 
it was shown that the improved catalytic activity of Mn-Fe-Nx-C 
compared to Fe-Nx-C electrocatalyst can result from a synergic dual 
cascade mechanism where the *OH intermediate adsorbed by Fe is 
transferred to adjacent Mn active site, thus overcoming the weak *OH 
adsorption on single Fe site [43]. 

In addition to the substitution of the PGM with earth-abundant 
metals, the development of low-cost carbon support from readily 
available biomass waste has sparked the interest of scientists [58–64]. 
Indeed, global food waste generation has become a relevant environ
mental issue in the last few decades accounting for 1.3 billion metric 
tons [65]. The uncontrolled generation of food waste could be alleviated 
by dealing with a circular economy paradigm aiming at upcycling waste 
into value-added products at minimum cost [66]. Among biomass waste, 
spent coffee grounds (SCGs) are solid residues obtained after brewing 
milled coffee beans [67]. SCG generation has reached up to 6 million 
tons and the major fraction ends up in landfills [68–70]. However, the 
direct disposal of a high amount of SCGs in landfills can cause serious 
environmental problems since some organic compounds, such as 
caffeine, tannins, and polyphenols are ecotoxic [69,71]. With its abun
dance of caffeine and proteins, SCGs represent a promising source of 
nitrogen that can benefit the ORR performance of PGM-free electro
catalysts [72]. As a matter of fact, N is an electron-rich atom that can 
interact with the nearby sp2 carbon atoms via π - π interaction and 
donate electrons into graphene’s matrix, thus tuning the electronic 
conductivity and catalytic activity [73,74]. By exploiting nitrogen-rich 
sources, such as waste coffee, in situ nitrogen doping is achievable, 
without the need for any further nitrogen precursor, like melamine, 
urea, etc. [74]. Apart from nitrogen doping, carbon produced by SCGs 
can be produced with a tailored micro/mesoporous ratio thus enabling 
efficient mass transport [75,76]. This requires a thorough control of the 
pyrolysis parameters, such as the target temperature. It has been 
recently reported that an enhancement in pyrolysis temperature leads to 
an increase in specific surface area (SSA) for different biomass sources, 
including coffee waste [63]. Specifically, for SCGs, it was found that the 
pyrolysis at 800 ◦C can result in 372 m2 g− 1 of SSA while exceeding that 
temperature a sintering effect diminishes porosity [76]. However, this 
SSA value is not high enough to permit a good exposition of the active 
sites, especially in the case of single-site catalysts. Therefore, SCG-based 
char needs to be activated by chemical agents, such as KOH, to achieve 
higher surface area and better ORR results [77]. 

Combining the benefits of a nitrogen-rich source like SCGs with the 
metallic synergy between Fe and Mn, in their atomically dispersed form, 
bimetallic SCG-derived electrocatalysts were herein designed by 
following a three-step synthesis: 1) pyrolysis of SCGs taken from Illycaffè 
S.p.A. at four different temperatures 400, 600, 800, 1000 ◦C, 2) acti
vation of the as-obtained char with KOH to uplift the surface area and 3) 
functionalization of the activated carbon with 10 wt.% of Fe(II) phtha
locyanine and 10 wt.% of Mn(II) phthalocyanine to create the ORR 
active sites within the carbon matrix. Even though SCGs have been 
already used to synthesize PGM-free materials for ORR [78,79], 
dual-site electrocatalysts with Fe and Mn prepared by mixing SCG-based 
carbon with Fe and Mn precursors have never been prepared. Moreover, 
the first pyrolysis temperature gives rise to carbon support possessing 
different morphological and chemical properties and therefore the 
electrochemical outcomes are expected to be different. Therefore, the 
effects of the first pyrolysis on the morphological properties and, most 
importantly, on the electrocatalytic performance in a cathodic 
semi-compartment via the rotating ring disk electrode (RRDE) technique 
was herein studied. Finally, the best-performing material was tested in a 
real membrane electrode assembly, as a proof of concept in the actual 
operation within AEMFC environment. 
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2. Experimental 

2.1. Synthesis 

SCGs were supplied by illycaffè S.p.A. company in Trieste, Italy. SCGs 
were sampled after espresso coffee brews prepared with 100 % Coffea 
arabica blend medium roasted by using a professional espresso coffee 
machine (Cimbali, Italy). SCGs were oven-dried at 103 ◦C up to com
plete dehydration. The SCG powder was poured into an alumina boat, 
which was put inside a quartz tube belonging to Naberthem®RSH 50/ 
500/13 tubular furnace. N2 gas was flushed for 30 min with a flow rate 
of 100 cm3 min− 1 to create an anoxic atmosphere. Afterward, the 
samples were pyrolyzed at the target temperature (400, 600, 800, 1000 
◦C) for 1 h by setting a rate of 5 ◦C min− 1 and keeping the N2 flux 
constant. The gravimetric yield of the process was calculated as the ratio 
between the output and input mass, and it varies upon the target tem
perature and the raw material. Thereafter, the obtained char was subject 
to chemical activation with a KOH/carbon weight ratio of 4:1. For this 
process, KOH was first dissolved in ethanol within a round bottom flask 
with two necks. After the dissolution of KOH, the char was added, and 
the mixture was stirred at room temperature for a period of time be
tween 12 and 24 h. Subsequently, the temperature was raised to 80 ◦C 
upon stirring and a constant nitrogen flux to allow the evaporation of the 
solvent under a dry atmosphere. The dried mixture was chopped into 
small pieces and poured into an alumina boat covered with Ni strips to 
prevent probable reactions between aluminum oxide and the KOH 
embedded into the carbon at high temperatures. For a similar reason, the 
quartz tube where the activation was conducted was internally covered 
with a stainless-steel foil. After creating an inert atmosphere, as previ
ously described, the temperature was brought to 700 ◦C with a ramp of 5 
◦C min− 1 and dwelled for 1 h upon a nitrogen flux of 100 cm3 min− 1. 
Thereupon, to completely remove KOH, the activated powder was acid 
washed in 1 M HCl and repeatedly rinsed with milli-Q water under 
vacuum filtration until pH 7 was reached. Subsequently, the washed 
sample was dried overnight in an oven. The functionalization step was 
performed by thoroughly mixing the activated char with 10 wt% of iron 
(II) phthalocyanine (FePc) and 10 wt% of manganese (II) phthalocya
nine (MnPc). Afterward, the obtained mixture was treated at 600 ◦C for 
1 h under the same conditions as the first pyrolysis. 

2.2. Morphological characterization 

To study the surface morphology of the final materials, a desktop 
scanning electron microscopy (SEM, Thermo Fisher Phenom G6, Eind
hoven, Netherlands) equipped with a thermoionic CeB6 source was 
used. The images were acquired in secondary electron (SE) mode. 

The crystallographic phases were investigated with X-ray diffraction 
(XRD, Rigaku Miniflex 600, Tokyo, Japan) owning a Cu source. The XRD 
patterns were acquired in the range of 10–80◦. 

Raman spectroscopy (Jobin Yvon, France) was carried out by 
employing a helium-neon laser source (632.8 nm of wavelength), a 
microscope (BX40, Olympus, Japan) equipped with an objective lens of 
50x magnification (0.6 N.A.) to focus the laser on the sample, and a 
silicon CCD detector operating at a 200 K to collect the scattered signal 
(Sincerity, Jobin Yvon, France). The ID/IG ratio was calculated by 
dividing the absolute band intensity of D at 1330 cm− 1 by that of G at 
1600 cm− 1. 

The qualitative inorganic elemental analysis was carried out with an 
X-rays fluorescence (XRF, Artax 200, Bruker, Billerica, MA, USA) pos
sessing a Mo anode. 

Elemental analysis was performed by using Elementar Vario Micro
cube Device. 

The surface chemistry of the as synthesized electrocatalysts was 
analyzed by Physical Electronics (PHI) 5800–01 X-ray photoelectron 
spectrometer, employing Alkα as a monochromatic X-ray source at a 
power of 350 W, as previously reported [80,81]. 

2.3. Electrochemical characterizations 

2.3.1. Rotating ring disk electrode (RRDE) tests 
The electrocatalytic performance was determined by exploiting the 

rotating ring disk electrode (RRDE) technique. This was performed in a 
Pine 250 mL glass cell assembled with an RRDE (Pine rotating electrode 
E6R2, USA), a saturated Ag/AgCl electrode and a graphite rod, func
tioning as working, reference and counter electrode, respectively. The 
electrodes were immersed in a 0.1 M KOH electrolyte and the experi
mental conditions were controlled by Pine WaveDriver 200 EIS Bipo
tentiostat/Galvanostat (USA) and Pine WaveVortex 10 rotator (USA). 
The RRDE used in this work was made of a concentric glassy carbon disk 
(0.2376 cm2 geometric area) and a Pt ring (0.2356 cm2 geometric area). 
Before using it, the RRDE was accurately polished with alumina paste on 
a cloth to achieve a flat flawless surface, followed by ultrasonication 
cleaning in milliQ water. The ink was prepared by suspending 5 mg of 
catalyst in a mixture of 985 μL isopropanol (Alfa Aesar, Ward Hill, MA, 
USA) and 15 μL of 5 wt% Nafion®D-520 (Alfa Aesar, USA), which was 
then sonicated with a probe sonicator for 10 min at 55 % pulse ampli
tude. Then, the RRDE was fabricated by drop-casting 28.5 μL of the ink 
containing the electrocatalyst with a final loading of 0.6 mg cm− 2. 
Before starting the measurements, the cell was bubbled with pure O2 for 
30 min. Subsequently, the electrocatalyst was activated by performing 
cyclic voltammetry at a scan rate of 100 mV s− 1 upon a potential win
dow ranging between +150 to − 1050 mV vs. Ag/AgCl (potential ring 
hold at +150 mV vs. Ag/AgCl) until a stable signal was obtained. After 
electrocatalyst activation, linear sweep voltammetry (LSV) was recor
ded with a rotating speed of 1600 rpm at a scan rate of 5 mV s− 1 within 
the same potential window. The measured potentials were thereafter 
reported vs reversible hydrogen electrode (RHE) using the following 
equation: 

E(vs. RHE) = E(vs. Ag /AgCl)+0.197+0.0591 pH. (Eq. (1)) 

In addition, the peroxide% and the number of transferred electrons 
were calculated according to the Eqs. (2) and 3 reported below: 

Peroxide% =
200 ⋅Iring

N

Idisk +
Iring
N

(Eq. (2))  

n =
4Idisk

Idisk +
Iring
N

(Eq. (3))  

where Idisk is the disk current, Iring is the ring current and N is the 
collection efficiency, which was 0.38 as reported by the supplier. To 
compare the electroactivity and selectivity with a PGM electrocatalyst, 
Pt/C (40 wt.% of Pt Alfa Aesar) 30 μgPt cm− 2 was deposited on glassy 
carbon and the measurements were performed as described above. 

The accelerated stability test (AST) was conducted with RRDE 
technique by setting 2000 cycles within the same potential window used 
for the linear sweep voltammetry at 1600 rpm and 50 mV s− 1 in O2 
saturated electrolyte. The catalyst loading was kept constant at 0.6 mg 
cm− 2. For comparison, two LSVs were recorded before and after the 
2000 cycles at 5 mV s− 1. 

2.3.2. AEMFC tests 

2.3.2.1. Electrodes and MEA preparation. The CFeMn_600 sample was 
used as a cathodic electrocatalyst, while a Pt/C (40 wt.% Alfa Aesar) as 
an anodic electrocatalyst. The catalytic inks were prepared by mixing in 
an ultrasonic bath the electrocatalysts with FAA3 ionomer by main
taining the electrocatalyst/ionomer ratio of 80/20 wt.%, as elsewhere 
reported [82,83]. The ink was deposited by a spray coating technique 
onto a Sigracet 25-BC gas diffusion layer (SGL). A CFeMn_600 loading of 
4 mg cm− 2, and a Pt loading of 0.5 mg cm− 2 were used for cathode and 
anode respectively. A Fumasep® FAA3–50 membrane (FuMa-Tech), 
previously exchanged for 1 h in 1 M KOH solution to obtain the 
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hydroxide form, was used as the electrolyte [84,85]. A cold press pro
cedure was used to realize the membrane-electrode assemblies (MEAs) 
[86]. 

2.3.2.2. . MEA characterization. The prepared MEA was tested in a 5 
cm2 single cell, connected to a commercial test station (Fuel Cell Tech.) 
equipped with an electronic load. The AEMFC electrochemical tests in 
terms of polarisation and power density curves were performed at 60 ◦C, 
by feeding the cell with fully humidified H2/O2 with a flow rate of 1.5 
and 2 times the stoichiometric value at each imposed current intensity. 

3. Results and discussion 

Fig. 1 reports the main steps of the bimetallic SCG-derived electro
catalysts, i.e. i) pyrolysis conducted at different temperatures, ii) KOH 
activation to create a 3D interconnected pore network and iii) func
tionalization with Fe(II)Pc and Mn(II)Pc to provide the electroactive 
sites. Regarding the first step, one of the most important features of 
biomass pyrolysis is the gravimetric yield obtained after the treatment, 
which was calculated as explained in Section 3.1. It should be noted that, 
even if this parameter refers only to the first stage of the electrocatalyst 
synthesis, yield is fundamental to figure out the scalability of the syn
thetic process at first glance and evaluate how much pristine waste 
material is transformed in solid biochar. The values reported in Table S1 
show a descendent trend with temperature, as already observed in other 
works [76], but remain higher than 20 %, thus suggesting a possible 
scalability of the carbon material preparation from SCGs. 

3.1. Morphological characterizations 

Considering the final electrocatalysts, the morphological properties 
were thoroughly analyzed starting from the images acquired through 
scanning electron microscopy (SEM) (Fig. S1). All the samples are 
constituted of singular or aggregated particles displaying irregular 
shapes. The surface of these particles depicts an elevated degree of 
roughness and it is delimited by sharp and jagged edges. 

The crystallographic structure of the as-synthesized electrocatalysts 
was analyzed via X-ray diffraction (XRD) and the results are depicted in 
Fig. 2a. All the spectra show one broad peak centered at ca. 23–24◦

arising from (002) graphitic carbon planes. In the case of CFeMn_400, a 
more visible broad hump at ca. 41–44◦ corresponding to (110) graphitic 
planes can be detected while for the other samples appear as a damp 
peak. 

To gain insightful information on the carbonaceous structure of the 
electrocatalysts Raman spectroscopy was performed and the spectra are 
depicted in Fig. 2b. At first glance, every sample shows the appearance 
of two bands at ca.1326 cm− 1 and 1576 cm− 1, called D and G bands, 
respectively. G band arises from the E2g vibrational mode associated 
with the sp2 C motions of the perfect graphitic lattice basal plane. The in- 
plane vibrations of carbon atoms near defects having A1g symmetry set 
off the D band, as an indicator of a defective graphitic structure [87]. In 
the case of a high proportion of amorphous carbon, the two bands tend 

to overlap between 1400 and 1500 cm− 1 leading to a valley V in the 
middle of the two bands, which indicates the occurrence of amorphous 
carbon [88]. As a conventional practice, the defectivity of carbon ma
terials is determined with the ID/IG ratio. An ID/IG close to one indicates 
a high carbon structure defectivity. Interestingly, a linear correlation 
between the ID/IG ratio and the temperature of the first pyrolysis was 
found and reported in Fig. S2: the higher the temperature the higher the 
ID/IG indicating a higher level of graphitization. This result could indi
cate an enhancement in defectivity by increasing temperature [89]. 

To qualitatively assess the presence of the catalytic metallic centers, 
i.e. Fe and Mn, XRF spectra were acquired and reported in Fig. S3. The 
incorporation of Fe and Mn was ascertained by intense and sharp signals 
at 5.9, 6.4 KeV. The former is associated with the Kα transition in Mn 
atoms whereas the latter arises from the superimposition between Kβ 
transition of Mn and the Kα transition of Fe atoms. No impurities were 
detected in CFeMn_400. On the contrary, some K traces were identified 
in the other samples as well as Ni and Cr impurities in CFeMn_1000. 
Potassium comes as the major impurity resulting from the KOH activa
tion while Cr and Ni might derive from the furnace setup. 

The quantification of the main elements in the final electrocatalysts, 
i.e. C, N, H and S, was performed by elemental analysis. The results 
displayed in Table S2 show the effect of the temperature on the 
composition. At 400 ◦C the amount of carbon is just above 71 % and it 
dramatically increases up to 80 % at 600 ◦C and its value almost stabi
lizes above this temperature. On the contrary, the amount of H decreases 
with temperature, especially between 400 and 600 ◦C. The content of 
nitrogen spans the interval 3.6–4.36 % and it does not show a precise 
trend. This element partially comes from the biomass source containing 
N-rich compounds and the addition of metal phthalocyanines. 

The Fe and Mn content within functionalized samples was quantified 
by ICP-MS analysis and the results were reported in Table S3. The 
amount of the two metals shows dissimilarities among the samples being 
higher in CFeMn_800, where Mn and Fe are 3.94 and 2.75 wt%, 
respectively. CFeMn_600 shows slightly lower values, i.e. 3.29 and 2.52 
wt% of Mn and Fe, while CFeMn_400 and CFeMn_1000 possess the least 
amount of metals, i.e. ≤ 1. 

The surface of the nitrogen-enriched bimetallic samples derived from 
SCGs was analyzed by N1s and C1s high-resolution spectra. For N1s, the 
signals of 5 different nitrogen species were considered: imine at 397.5 ±
0.1 eV, pyridinic-N at 398.4 ± 0.1 eV, Nx− M (M=Fe, Mn) at 399.7 ± 0.1 
eV, pyrrolic-N at 400.8 ± 0.1 eV, and graphitic-N at 402.3 ± 0.1 eV, as 
reported in the literature [80,81,90,91]. Fig. 3 and Table 1 show the 
deconvolution spectra and a summary of nitrogen speciation, respec
tively. The pyridinic/pyrrolic ratio is about 6.1 for CFeMn_400; whereas 
it is between 1.4 and 2.9 for the other catalysts. The most significative 
interaction between N-moieties and the metals (Fe, Mn) is encountered 
for CFeMn_800 with a relative percentage of 42.9 %, followed by 
CFeMn_400 and CFeMn_600. These interactions decrease for the catalyst 
treated at the highest temperature (CFeMn_1000). 

As reported in the literature [91,92], the electrochemical activity in 
an alkaline environment of ORR is not strictly correlated to the chem
istry of nitrogen. In contrast, the investigation of carbon speciation 

Fig. 1. Sketch of the main synthetic steps: pyrolysis of SCGs, KOH activation and functionalization with Mn(II)Pc and Fe(II)Pc.  
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becomes the most important analysis for the correlation of performance 
to the surface characteristics. The considered binding energy, for C1s 
deconvolution reported in Fig. 4, corresponds to 284.3 eV for graphitic 
carbon, 285.0 eV for secondary carbons coordinated to carbon-nitrogen 
or carbon-oxides, 286.2 eV for CNx defects, 287.1 eV for alcohol and 
ether groups (C-OH/C-OC), 288.1 eV for ketones or aldehydes (C=O) 

and 289.5 eV for carboxy species (COOH). CFeMn_1000 and CFeMn_400 
have the largest content of graphitic carbon, whereas CFeMn_600 and 
CFeMn_800 have a significant content of C-N defects, more than double 
compared to the other two catalysts, as depicted in the histograms of 
Fig. S4. Among the different catalysts, there are no relevant changes in 
the composition of the oxidized species. 

Fig. 2. (a) XRD patterns and (b) Raman spectra of the functionalized samples.  

Fig. 3. Comparison of XPS N1s signals for the CFeMn electrocatalysts treated at (a) 400 ◦C, (b) 600 ◦C, (c) 800 ◦C and (d) 1000 ◦C.  

Table 1 
Nitrogen speciation from N1s deconvolution spectra.  

Composition of N (relative%) 

Electrocatalysts N (at.%) Imine 
(397.5 eV) 

Pyridinic 
(398.4 eV) 

N-M (M=Fe, Mn) 
(399.7 eV) 

Pyrrolic 
(400.8 eV) 

Graphitic 
(402.3 eV) 

CFeMn_400 5.6 10.8 40.0 41.7 6.5 1.1 
CFeMn_600 2.8 – 34.5 36.1 25.4 4.0 
CFeMn_800 3.4 4.5 34.3 42.9 11.8 6.5 
CFeMn_1000 5.2 1.4 46.6 28.6 18.9 4.5  
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Fig. 5 shows the N2 adsorption/desorption curves and the pore size 
distribution on the adsorbed volume of the electrocatalyst materials. 
Type I isotherms, displayed in Fig. 5a, are characteristics of microporous 
solids in which adsorption takes place even at low relative pressure for 
the strong interactions between the pore walls and the adsorbate. For all 
the catalysts, the pore filling occurs at a very low p/p◦ value (< 0.2) 
without capillary condensation. Furthermore, the low gaps between the 
absorption/desorption values suggest a hysteresis of type H4 where 
planar particles are agglomerated with a heterogeneous distribution. 
The Langmuir surface areas, normally employed as the reference for 
microporous structure, are very high for all the SCG-based bimetallic 
electrocatalysts. The values range from 968 to 1820 m2/g. Fig. 5b shows 
the pore size distribution calculated by the Horvath-Kawazoe (HK) 
theory confirming the predominant microporous structure of the four 

investigated catalysts with pore size centered at around 0.5 nm and a 
few mesopores larger than 2.0 nm. 

3.2. Electrochemical results 

To clarify the responsiveness of the SCG-derived electrocatalysts 
towards ORR, RRDE tests were performed in 0.1 M KOH alkaline elec
trolyte by recording linear sweep voltammetry (LSV) curves of both disk 
and ring electrode under a rotation speed of 1600 rpm and a scan rate of 
5 mV s− 1. Onset potential (Eon), and half-wave potential (E1/2) are 
extrapolated by the LSV of disk current (Jdisk) and used as key perfor
mance indicators. Herein, Eon, which is defined as the potential needed 
to trigger the ORR, was estimated at − 0.1 mA cm− 2 while E1/2 was 
determined by the maximum of the first derivative of Jdisk curve, as 

Fig. 4. Comparison of XPS C1s signals for the CFeMn catalysts treated at (a) 400 ◦C, (b) 600 ◦C, (c) 800 ◦C and (d) 1000 ◦C.  

Fig. 5. (a) N2 adsorption/desorption isotherms and (b) pore size distribution for CFeMn treated at different temperatures (400, 600, 800, and 1000 ◦C).  
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reported in other ORR protocols [93]. Additionally, the electrocatalyst 
can reach a current plateau called limiting current (Jlim). Upon the po
tential scan, peroxide can form according to the electrocatalyst selec
tivity and its generation can be assessed by using Eq. (2) (Section 2.3.1), 
which includes both the disk and the ring current (Iring). Depending on 
the amount of peroxide produced, it is possible to discern whether ORR 
preferentially proceeds with a 2-electron or 4-electron pathway. As 
explained above, even the intermediate 2 × 2 mechanism can occur 
when O2 is firstly reduced to HO2

− and this one is further reduced to 
OH− . This can be confirmed by monitoring the peroxide trend while 
scanning the potential. 

3.2.1. Electrochemical results of the bimetallic SCG-derived electrocatalysts 
The alkaline environment favors the ORR kinetics, compared to the 

acidic and neutral one, and sometimes the electrocatalytic activity of the 
PGM-free electrocatalysts can overcome that of Pt/C materials, 
rendering the AEMFCs more cost-effective. Hence, the electrocatalytic 
activity of the prepared electrocatalysts was compared with a Pt/C 
standard containing 40 wt.% of Pt. The Jdisk and Iring curves are illus
trated in Fig. 6a and b, respectively, while the peroxide% and the 
number of transferred electrons (n) are displayed in Fig. 6c and d, 
respectively. At first glance, both CFeMn_600 and CFeMn_800 reach a 
Jlim of 4.1 and 3.4 mA cm− 2 at 0.2 V vs RHE, respectively, thus dis
playing the typical LSV with a sigmoidal shape obtained upon rotation. 
On the contrary, CFeMn_400 and CFeMn_1000 do not reach a limiting 
current plateau within the set potential window, meaning that the 
electrochemical process is under the mixed kinetics-diffusion control 
even at low potentials. The kinetic parameters of the tested electro
catalysts, i.e. E1/2 and Eon, are reported in Table 2. The values of E1/2 
follow this trend, i.e. CFeMn_600 ≈ CFeMn_800 > CFeMn_1000 >

CFeMn_400, similarly to those of Eon, i.e. CFeMn_600 ≈ CFeMn_800 >
CFeMn_400 > CFeMn_1000. Although CFeMn_600 and CFeMn_800 
display the same E1/2 and Eon, the CFeMn_600 develops higher currents 
at potentials < 0.8 V vs RHE, thus enlightening that CFeMn_600 is the 
most active electrocatalyst. Importantly, the E1/2 of CFeMn_600 and 
CFeMn_800 is 0.866 V vs RHE, which is the same of Pt/C, whereas the 
Eon is 0.946 V vs RHE and thus lower than that of Pt/C (0.970 V vs RHE). 
This implies that the ORR kinetics of these PGM-free catalysts is com
parable to that of Pt/C, thus spurring the replacement of Pt-based ma
terials in AEMFCs. While CFeMn_600 and CFeMn_800 achieve similar 
results to Pt/C, the remaining electrocatalysts, i.e. CFeMn_400 and 
CFeMn_1000, depict lower currents upon the entire potential scan, thus 
highlighting a worse performance. The lowest activity of CFeMn_1000 
could be attributed to the much lower relative content of M-Nx units 
present in the electrocatalysts, i.e. 28.1 % vs > 35 % for the other 
electrocatalysts (Table 4). As a matter of fact Nx-M units represent the 
most active sites of ORR and therefore a lack of these units can easily 
lead to poor catalytic performance [12]. On the other hand, the low 
currents achieved by CFeMn_400 could be due to the lower surface area, 

Fig. 6. RRDE results of the functionalized samples in 0.1 M KOH: (a) Disk current density and (b) Ring current recorded at 1600 rpm and 5 mV s− 1; (c) Peroxide% 
and (d) number of transferred electrons (n). 

Table 2 
Electrochemical data of the functionalized samples compared with Pt/C stan
dard: [a] Eon stands for onset potential; [b] E1/2 stands for half-wave potential.  

Sample Eon
[a] 

[V vs RHE] 
E1/2

[b] 

[V vs RHE] 

Pt/C 0.970 0.866 
CFeMn_400 0.945 0.786 
CFeMn_600 0.946 0.866 
CFeMn_800 0.946 0.866 
CFeMn_1000 0.926 0.766  
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which is less than 1000 m2 g− 1 and higher for the other electrocatalysts 
[94]. 

From the selectivity point of view, the peroxide% stays lower than 20 
% and n does not go below 3.50. The peroxide% trend, the single-step 
shaped Jdisk curve and the absence of the Iring peak at 0.9 V vs RHE 
point out that a direct 4-electron transfer occurs on the surface of the 
synthesized electrocatalysts (especially CFeMn_600 and CFeMn_800), 
bypassing the formation of HO2

− intermediate [95–97]. The minimized 
peroxide production (below 5 %) and the maximized n (> 3.85) make 
CFeMn_600 the most selective electrocatalyst, thus suggesting 
CFeMn_600 as the most eligible candidate for AEMFCs cathode. To the 
best of our knowledge, the highest activity and selectivity of CFeMn_600 
and CFeMn_800 toward the 4-electron pathway could be due to the 
higher content of C-N defects compared to CFeMn_400 and 
CFeMn_1000, which showed a higher content of graphitic carbon, as 
depicted in Fig. S4. Although the electroactivity is mostly related to the 
amount of M-Nx moieties, the intrinsic defects in sp2 carbon, created by 
electron-rich nitrogen atoms, can activate the carbon π electrons by 
conjugating with the lone-pair electrons from N dopants [98]. There
fore, the C atoms adjacent to N atoms become more active for ORR than 
the C atoms, thus explaining why electrocatalysts with more C-N defects 
result to be more performing than the ones with higher graphitic con
tent. Another reason explaining the highest activity of CFeMn_600 and 
CFeMn_800 over CFeMn_400 and CFeMn_1000 might be the higher 
amount of metals (i.e. Mn and Fe), which is at least 2 wt% units higher in 
CFeMn_600 and CFeMn_800 than CFeMn_400 and CFeMn_1000. 

3.2.2. Electrochemical results of the only pyrolyzed and activated SCG- 
derived carbons 

For the sake of comparison, the results of the only pyrolyzed and 
activated SCG-based carbons are reported in Supplementary material 
(Table S4 and Figs. S5, S6). The catalytic performance of the pyrolyzed 
and activated samples is not comparable with that of the functionalized 
bimetallic electrocatalyst as it can be deduced by the values reported in 
Table S4. The activity in terms of E1/2 and Eon improves after the acti
vation due to the enhancement of porosity, which favors the pore 
accessibility to oxygen molecules. The functionalization of carbon with 
Fe and Mn phthalocyanine boosts the activity performance of the carbon 
electrocatalyst and minimizes the production of peroxide species due to 
the introduction of Fe-Nx and Mn-Nx electroactive centers. Comparing 
the activated carbons, it can be observed that E1/2 and Eon range be
tween 0.776 – 0.791 V vs RHE and 0.831 – 0.851 V vs RHE respectively 
(Table S4). Considering the values in Table S4, the electrocatalytic ac
tivity follows this trend: CA_600 ≈ CA_800 > CA_400 > CA_1000. The 
peroxide% production (Fig. S5c) shows a maximum between 0.6 – 0.7 V 
vs RHE and then it decreases monotonically at lower potentials reaching 
up to 30 % ca. at 0 V vs RHE for all catalysts apart from CA_600 where it 
plummets to 15 % at the same potential. The opposite trend was 
observed for the number of transferred electrons where the electro
catalysts reached the minimum value of 2.75 ca. (Fig. S5d). From these 
results and the two-step Jdisk curves (Fig. S5a), it can be inferred that the 
mechanism is mainly 2 × 2-electron, meaning that oxygen is reduced to 
HO2

− at higher potentials and then to H2O at lower potentials. The 
comparison of the only pyrolyzed samples shows the following trend in 
the electrocatalytic activity: C_1000 > C_800 > C_600 > C_400, as it can 
be deduced by the E1/2 and Eon numbers of Table S4, ranging between 
0.631 and 0.771 V vs RHE and 0.581 – 0.671 V vs RHE respectively. 
These values are by far lower than those recorded for the activated and 
functionalized samples. In addition, the limiting current densities of Jdisk 
are < 1.5 mA cm− 2 (Fig. S6a) and therefore extremely lower compared 
to those of the functionalized samples, proving that the only pyrolyzed 
samples are poorly electroactive materials. Moreover, the only pyro
lyzed samples are not suitable for fuel cell application since the amount 
of peroxide is too high. Indeed, peroxide% remains at values higher than 
50 % throughout the potential window for all catalysts (Fig. S6c) and n 
stay below 3 (Fig. S6d), thus confirming a predominant 2-electron 

transfer. 
To validate the importance of KOH activation in the electroactivity of 

the electrocatalyst, C_600 was directly blended with 10 wt% of FePc and 
10 wt% of MnPc and the mixture was heat treated at 600 ◦C for 1 h. The 
resulting material was labeled as CFeMn_noA_600 and its performance 
was compared with CFeMn_600 in Fig. S7, reported in the Supporting 
Information. From the LSV curve (Fig. S7a), the peroxide production 
(Fig. S7c) and transferred electrons (Fig. S7d), CFeMn_noA_600 shows 
very low performance compared to CFeMn_600. Indeed, the current 
developed by CFeMn_noA_600 is much lower than CFeMn _600 and the 
peroxide production of CFeMn_noA_600 is twice as CFeMn _600, 
meaning that CFeMn_noA_600 exhibits much lower activity and selec
tivity for 4-electron route than CFeMn _600. This outcome could be 
related to the lower surface area of the non-activated carbon and 
therefore confirms the importance of performing KOH activation to 
achieve high electroactivity of the material. 

3.2.3. Stability test 
Along with activity and selectivity, durability is a fundamental 

requirement for its implementation in fuel cell devices. Therefore, an 
accelerated stability test of 2000 cycles at 50 mV s− 1 in the potential 
range 1.0 V to 0 V vs RHE was performed on the topmost material, i.e. 
CFeMn_600, and the results are illustrated in Fig. S8. Although some 
changes were detected in the Jdisk limiting current (Fig. S8a), in the 
peroxide% (Fig. S8c) and in the number of transferred electrons 
(Fig. S8d), the electrocatalytic activity is retained after 2000 cycles as 
the E1/2 and Eon show a slight shift of ca. 5 mV towards less positive 
values. This finding confirms the kinetic robustness of this electro
catalyst upon cycling even though the stability of the mass transfer zone 
should be improved. 

3.2.4. Fuel cell test 
Fig. 7 shows the I–V and power density curves obtained when the 

sample CFeMn-600 was assembled at the cathode side of the AEMFC. 
The test was carried out by feeding the cell with H2 and O2 at 60 ◦C and 
100 % of relative humidity (RH). The open circuit voltage (OCV) value 
of 0.890 V is slightly lower than that normally obtained under these 
conditions when Pt (1.00 V) or non-PGM carbon-based materials (0.920 
V) were used as a cathodic electrocatalyst. A maximum power density of 
30 mWcm− 2 was reached. Comparing the performance with other syn
thesized TM-N-C catalysts, reported in literature [82,99–105], assem
bled with FUMASEP® FAA-3–50 membrane, the CFeMn_600 sample 
shows lower power density values. It is worth noting that this material 
derives from a natural source such as SCGs and not from lab synthesis, 
making it a promising innovative biomaterial. A comparison between 
CFeMn_600 and a few biomass-based PGM-free electrocatalysts tested in 
similar conditions was reported in Table S5. Our best-performing ma
terial showed similar or even better results compared to some tested 

Fig. 7. I-V and power density curves for CFeMn-600 catalysts at 60 ◦C for an 
AEMFC fed with H2 and O2 (1.0 bar abs, 100 % RH). 
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electrocatalysts but did not reach the highest achieved performance in 
terms of maximum power density. It should be noted that SCG-based 
electrocatalysts have never been tested in AEMFCs. Therefore, further 
studies should be done to optimize the material properties of 
SCG-carbon materials, such as the electronic conductivity of the 
carbonaceous platform. 

4. Conclusion 

Four bimetallic electrocatalysts were prepared by pyrolyzing spent 
coffee grounds, as a carbon and nitrogen source, at 400, 600, 800, and 
1000 ◦C. The subsequent activation with KOH and functionalization 
with the simultaneous addition of FePc and MnPc lead to microporous, 
amorphous and carbon-defective structures. An outstanding perfor
mance was achieved in half-cell compartment by CFeMn_600 which 
displayed an E1/2 of 0.866 V vs RHE and Jlim comparable to that of Pt/C 
containing a 40 wt.% of Pt. From the selectivity point of view, 
CFeMn_600 showed the lowest production of peroxide (< 5 %) and the 
highest number of transferred electrons (3.9), thus making this elec
trocatalyst more selective compared to the Pt counterpart. These 
splendid outcomes resulted from a trade-off between its morphology and 
surface chemistry. Indeed, it possesses a surface area larger than 1000 
m2 g− 1, and from the chemistry point of view the synergistic action of Fe 
and Mn and the occurrence of C-N defects inside the carbon structure 
contributed to an excellent RRDE performance. From the durability 
point of view, the electrocatalyst showed a limiting current shift but it 
retained E1/2 and Eon. This is an appreciable result, but more work 
should be done in order to prevent any current shift in the mass transport 
region. Despite the successful results in half-cell compartment, the OCV 
and the peak of power density reached in AEFMC are not comparable 
with the best state-of-art PGM-free electrocatalysts. In any case, the 
analysis of fuel cell performance has never been reported for PGM-free 
electrocatalysts derived from SCG waste and these results can be 
considered as a pretext to ameliorate the performance of electrocatalysts 
to match the market needs. 
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P. Paiste, A. Kikas, A. Treshchalov, J. Aruväli, A. Zitolo, J. Leis, A. Tamm, 
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J. Leis, A. Kikas, A. Treshchalov, M. Otsus, J. Aruväli, V. Kisand, A. Tamm, 
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[49] A. Sokka, M. Mooste, M. Käärik, V. Gudkova, J. Kozlova, A. Kikas, V. Kisand, 
A. Treshchalov, A. Tamm, P. Paiste, J. Aruväli, J. Leis, A. Krumme, S. Holdcroft, 
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