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Abstract

The growing global electricity demand requires the development of cost-effective energy
conversion and storage systems, integrating inexpensive, eco-friendly, and high-
efficiency catalysts. Oxygen reduction reaction (ORR) is considered crucial process to
achieve high-power-density fuel cells and Zn-air batteries (ZABs). The latter have
attracted the attention of scientific community due to its high theoretical energy density,
reliable safety and low-cost. However, several limitations must be overcome, designing
ORR catalysts thought versatile and economical synthetic routes. In this sense, the non-
noble iron-nitrogen-carbon materials (Fe-N-C) have been reported as the most potential
candidates for attaining superior activity toward ORR in substitution of the high-priced
commercial Pt-C catalysts. Herein, Diels-Alder surface adducts based on
dipyridylpyridazine units have been created along 2D surface of reduced graphene oxide
(rGO) nanosheets for the controlled generation of FeNas active sites at the edges through
successive solvent-free mechanochemical reactions and an additional thermal treatment.
The optimized catalyst provided high content of pyridinic-N, graphitic-N and Fe**
species, contributing to the excellent activity delivered as electrocatalyst for ORR
processes. In addition, a flooded ZAB assembled with this material as cathodic/air
electrode exhibited an excellent specific capacity of 141.1 A-h-g’!, improving the

catalytic performance obtained for the 10 wt.% Pt-C benchmark electrocatalyst.

Keywords: Reduced graphene oxide; Diels-Alder functionalization; FeNs active site;

oxygen reduction reaction; Zn-air battery.



1. Introduction

The world is facing an urgent need to transition from fossil fuel-based energy systems
towards more sustainable, and efficient energy sources [1-4]. Electrochemical devices
have emerged as promising alternatives to satisfy the growing global energetic demand
and mitigate the climate change reducing carbon emissions [5—8]. Over the recent years,
significant efforts have been made to implement a wide range of actions to advance this
cause. Notably, there has been a strong focus on the development of electric vehicles,
with considerable progress made in terms of technological advancements and widespread
adoption [9-11]. Furthermore, clean energy storage systems have been introduced,
seamlessly integrating intermittent solar/wind energy sources with electrochemical
energy storage technologies, providing a reliable and sustainable solution for the efficient
utilization of renewable energy [12,13]. The collective implementation of these initiatives
represents a crucial step forward in achieving a more environmentally friendly and
sustainable energy landscape. Among them, metal-air batteries and fuel cells have
garnered considerable attention due to their high energy density, ample resource
availability, impressive energy storage efficiency, integration with renewable energy
sources, decentralized power generation, viability of electric transportation at zero-
emissions, long durability and great flexibility and scalability [14—-18]. Prominent
examples include proton exchange membrane fuel cells (PEMFCs) [19], hydrogen fuel
cells [20], direct methanol fuel cells (DMFCs) [21], molten-carbonate fuel cells (MCFCs)
[22], solid oxide fuel cells (SOFCs) [23], zinc-air batteries [24], aluminum-air batteries
[25], iron-air batteries [26], lithium-air batteries [27], and sodium-air batteries [28],
among others.

Specifically, the Zn-air batteries (ZABs) have acquired significant attention as a
prospective system for next-generation energy storage devices due to its exceptional
safety, abundant resources, and high theoretical energy density (1086 W h kg'') to name
only a few [29-31]. Its versatility extends to various potential application fields, including
electric vehicles, distributed energy storage, flexible wearable electronics and
microcurrent devices [32,33]. However, efforts are underway to address some limitations
related with the slow recharge rate, cycle life, size and weight of the batteries, sensitivity
to environmental conditions, and overall usability [34]. Ongoing research focuses on
optimizing electrode designs, enhancing cycling stability, and developing new materials
and electrolyte solutions to overcome these challenges [35-40]. Generally, ZABs use zinc

as anode and oxygen from the air as cathode [41]. Regarding the oxygen reduction
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reaction (ORR) carried out in the positive electrode, certain constraints are currently
addressed [42—45], comprising: i) slow reaction kinetics leading to higher polarization
losses and reduced power output; ii) the high cost, degradation and low availability of
precious metal catalysts (i.e., platinum); iii) mass transport limitations to drive the
efficient diffusion of reactants (oxygen) and products (water) to and from the catalyst
surface; and iv) carbonation of the electrolyte due to reaction of carbon dioxide present
in the air with the alkaline electrolyte. Thus, the diligent exploration of alternative
materials functioning as cathode catalysts is of paramount importance in the pursuit of
achieving enhanced sustainability, economic impact and performance in Zn-air energy
systems [46].

Single-atoms FeNa sites on carbon-based materials have garnered significant attention as
highly efficient catalysts for the ORR in ZABs [47]. Whilst carbon supports provide
excellent electrical conductivity, high surface area, remarkable stability and flexibility for
the introduction of heteroatoms such as nitrogen [48], the FeNs active sites offer several
important advantages, including exceptional catalytic activity, enhanced selectivity, and
improved durability [49-54]. More specifically, nitrogen-based functional groups
integrated into the graphitic substrate also have a crucial impact on the effectiveness and
electron conductivity of ORR electrocatalysis [55-57]. Pyridinic-N, for instance,
promotes a more favourable onset potential, while graphitic-N significantly enhances the
maximum current density achievable during ORR [58-60]. Additionally, the presence of
pyridinic-N groups facilitates the coordination of Fe atoms, resulting in the formation of
FeN4 bridging structures [61,62]. This, in combination with the synergistic effect of active
graphitic-N functional groups, further improves the O2 and CO: electroreduction
performance [63].

The synthesis of such carbon-based materials primarily relies on two distinct approaches:
the template-sacrifice method involving metal-organic frameworks [64—66] or silica
support [67,68], and the integration of FeNs active sites within a carbon matrix like carbon
nanotubes, graphene or activated carbon [69—72]. These procedures are based on
simultaneously heat-treating of iron salts, N-containing organic compounds and carbon
supports at high temperature giving rise to the generation of unpredictable N-type sites.
In addition, computational studies have demonstrated the key role of isolated FeNs sites
located at the edge superior to the one in plane in graphitic-like structures in the resulting
electrocatalytic properties [73,74]. In this sense, our group has corroborated this analysis

preparing atomically dispersed FeNs coordinated to surface dipyridilpyridazine Diels-
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Alder adducts situated at the edges of 3D multilayer graphene matrix by novel low-
temperature and solvent-free mechanochemical synthesis [75]. The material subjected to
thermal treatment at 240 °C under nitrogen atmosphere exhibited an unprecedented
electrocatalytic behaviour for ORR, considering this strategy a potential approach for the
production of efficient and low-cost electrocatalyst materials for renewable energy
technologies (metal-air batteries, water splitting or fuel cells).

Herein, we have extended the scope of our previous study using graphene oxide (GO) as
conducting support, which is a very interesting carbon-based material. GO contains
multiple available functional groups (such as alcohol, ether, epoxide, and carboxylic acid)
as well as is easily disperse in water, being highly processable. A solvent-free
mechanochemical reactions assisted by ball milling have been carried out for the
generation of Diels-Alder surface adducts of dipyridylpyridazine on the graphene sheets
and the subsequent coordination of iron atoms forming FeN4 active sites. In addition, this
material has shown excellent performance for ORR electrocatalysis and the application
in a real energy storage device such as ZABs. Hence, the findings have demonstrated that
this synthetic methodology can be expanded to encompass additional 2D substrates based

on graphene.

2. Experimental Section

2.1. Chemicals and Materials

Graphite powder extra fine (GP), potassium permanganate (KMnOs, ACS reagent,
>99.0%), hydrogen peroxide (H202, 30% (w/w) in H20, contains stabilizer), 2-
pyridinecarbonitrile (CéHaN2, 99%), hydrazine hydrate (reagent grade, N2H4 50-60 %),
acetic acid (CH3COOH, ReagentPlus, >99.99%), sodium nitrite (NaNO3, ACS reagent,
>97.0%), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ, 98%) and sulfuric acid
(H2SO04, ACS reagent, 95.0-98.0%) were purchased from Sigma Aldrich. Iron (IIT) nitrate
nonahydrate pure (Fe(NO3)3-9H20, 98%), nitric acid (HNO3, 69%) and hydrochloric
Acid (HCIL, 37%) was obtained from PanReac, AppliChem ITW reagents.
Dichloromethane (CH2Clz, anhydrous, >99.8%, contains 40-150 ppm amylene as
stabilizer), chloroform (CHCls, anhydrous, >99%, contains 0.5-1.0% ethanol as
stabilizer) and ethanol were purchased from Labbox Labware S.L. All the reagents and
solvents were used as received without further purification. Graphene oxide (GO) was

prepared following the modified Hummers method described in a previous research [76].
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3,6-Di(2-pyridyl)-1,2,4,5-tetrazine (dptz) was synthesized by a previously reported
procedure [77].

2.2. Synthesis of materials

2.2.1. Synthesis of rGO-dppz

The rGO-dppz material was prepared following a modified synthetic methodology based
on Diels-Alder reactions between dptz units and different graphene-derived materials
[75,78]. Then, 2 g of GO and 0.5 g (2 mmol) of dptz were reacted into a planetary ball
mill (Retsch PM100, Retsch GmbH, Haan, Germany) under dry conditions at 600 rpm
with reversal of rotation every 30 min during 24 h. The excess of unreacted dptz in the
resulting solid was removed by washing successively with 150 mL of CH2Cl2, three times
at room temperature and two twice at 40 °C. After that, the material was dried at 120 °C
under vacuum overnight. Subsequently, an aromatization process was carried out with
DDQ as dehydrogenation agent using a weight ratio of 4:1 solid:DDQ in 150 mL of
CHCIs for 24 h at room temperature. After washing many times with CHCI3 by successive
redispersions to eliminate excess of DDQ, the resulting material named rGO-dppz was

dried at 120 °C under vacuum overnight.

2.2.2. Synthesis of rGO-dppz@Fe

A dry ball milling process (Retsch PM100, Retsch GmbH, Haan, Germany) was
employed for the reaction of 2 g of rGO-dppz with an excess amount of Fe(NO3)3-9H20
(0.404 g, 1 mmol) at 600 rpm with reversal of rotation every 30 min over a 24-hour period.
Subsequently, the resulting solid was subjected to a washing step with a 0.1 M H2SO4
solution to eliminate any unreacted iron salt. The dispersion was then filtered and washed
multiple times with distilled water. Finally, the material was dried overnight under

vacuum at 120 °C affording rGO-dppz@Fe.

2.2.3. Synthesis of rGO-dppz(@Fe(240N2)

The rGO-dppz@Fe material (0.8 g) was thermally treated in a tubular furnace (Carbolite
Gero CTF, Parsons Lane, Hope Valley, UK) under a nitrogen atmosphere at 240 °C for 1
hour, using a heating ramp of 10 °C-min"'. The resulting solid was designated as rGO-

dppz@Fe(240N>).



2.3. Instrumental characterization techniques

The total content of carbon, hydrogen and nitrogen present in the samples (CHN analysis)
was determined in an elemental microanalyzer Thermo Finnigan Flash EA 1112 series
with a Micro TruSpec detection system from LECO. CHN analysis was carried out by
dynamic flash combustion of the samples and subsequent detection using a thermal
conductivity detector (TCD) after a separation step by Gas Chromatography.

Iron loadings were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) on a PerkinElmer NexION 350X spectrometer equipped with a sample-introducing
system, argon plasma ionization and ion detecting quadrupole detection. Prior to the
measurement, samples were digested in a Milestone ultraWAVE microwave system.
Raman spectra were acquired in a Renishaw Raman spectrometer (InVia Raman
Microscope) provided with a Leica microscope and a coupled charge dispositive detector
(CCD). Samples were excited with a 532 nm laser in a Raman shift range of 100-3500
cm™! whilst the signal-to-noise ratio of the spectra was adjusted by optimization of
different parameters. Then, a laser power of 10% over the maximum provided, 10 seconds
of exposure time and a total of 20 scans per spectrum were stablished.

X-ray diffraction (XRD) patterns were collected using a Bruker D8 discover equipped
with a monochromatic Cu-Ko radiation (40 kV and 30 mA, L = 1.5418 A) over an angular
range of 5 to 80 ° and a scan speed of 0.04° per step (1.05 s).

Textural properties of the synthesized solids were evaluated by gas physisorption of
nitrogen at liquid nitrogen temperature (—196 °C) using an Autosorb-iQ-2 MP/XR
equipment. Prior to analysis, samples were degassed overnight at 120 °C under vacuum.
Nitrogen adsorption-desorption isotherms were used to determine pore volumes (VT),
pore sizes (Dpore) and surface areas (Sser)

Morphological analyses were evaluated by Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM). TEM images were obtained with a JEOL JEM
1400 microscope operating at 300 kV. Samples were deposited by dropping a sonicated
dispersion of the solid in isopropanol over carbon-coated copper grids (Agar Scientific
Ltd). Moreover, TEM coupled energy-dispersive X-ray spectroscopy (EDX) was carried
out to determine the elemental distribution of the samples in different areas. Alternatively,
SEM images were obtained in a JEOL JSM 7800 F microscope.

XPS spectra were collected using SPECS PHOIBOS150MCD X-ray photoelectron
spectrometer, operated with a monochromatic Al Ka X-ray source (hv = 1486.7 V) at

300 W X-ray power, 12 kV of anode voltage and a multichannel detector. Pellets shape
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samples were degassed under ultra-high vacuum (Specs™ ultra-high vacuum (UHV)
multipurpose surface analysis system) before surface analysis. CasaXPS software was
employed for data curation. Charging phenomena were corrected by assigning to the
adventitious Cls peak a reference binding energy value of 284.8 eV. XPS spectra
deconvolutions were fitted according to Gaussian-Lorentzian functions. Peaks

background subtraction was accomplished using a Shirley-type baseline.

2.4. Oxygen evolution reaction (ORR) electrocatalysis

Electrochemical analyses were recorded using a PalmSens4 potentiostat/galvanostat from
PalmSens BV in a classical three-electrode cell at room temperature. A glassy carbon disk
(GCE, 5 mm in diameter, AFE3T050GC), an Ag/AgCl and a graphite rod electrode were
used as working, reference and counter electrodes, respectively. Rotating disk
electrochemical (RDE) analysis was performed employing a modulated speed rotator
(AFMSRCE model) from Pine Research Company. A 25 pL drop of different samples
with a concentration of 5 mg-mL™! was loaded onto the clean surface of the GCE working
electrode. In all cases the catalyst loading was 0.125 mg. N2- or Oz-saturated 0.5 M KOH
was used as electrolyte. Nernst equation was used to calibrate potentials according to the
reversible hydrogen electrode (RHE), as previously described [75,79]: Erug = 0.197 V +
Eagagci+ 0.059-pH (1)

ORR analyses were performed by cyclic voltammetry (CV). The number of electrons
transferred per O2 molecule was calculated by measuring CV curves at different rotation

rates from 250 to 2500 rpm and applying Koutecky-Levich (K-L) equations [75,79]:

1 1 1 1 1
— =yt (2)
J J, J¢ Ba"? J,
J, =nFKC, (3)
B=0.62nFC,D; V"* = B'n (4)

where J, Jk and JL are the measured current density, the kinetic and diffusion limiting
current densities, respectively; o is the electrode rotation rate, n is the overall number of
electrons transferred during oxygen reduction, F is the Faraday constant, Co is the bulk
concentration of oxygen dissolved in the electrolyte, Do is the oxygen diffusion
coefficient, v is the kinematic viscosity of the electrolyte, and k is the electron transfer
rate constant during the ORR. B* is a constant (2.76-10 A-cm™-rpm™'"?) that is the same

for all the performed experiments.



Durability test: To evaluate the stability of rGO-dppz@Fe(240N2) as an effective ORR
electrocatalyst, an accelerated aging test (AAT) was carried out. AAT consisted of
performing 1000 CV scans in Oz-saturated 0.5 M KOH solution at scan rate of 0.1 V-s!
in static conditions (i. e. at 0 rpm of rotation rate), and subsequently a RDE curve in the
same electrolyte at a scan rate of 0.01 V-s! and a rotation rate of 2500 rpm.

Methanol resistance test: A chronoamperometric (CA) curve under a constant voltage of
0.45 V (vs. RHE) in Oz-saturated 0.5 M KOH solution for 30 minutes was carried out,

being 3M methanol injected after 5 minutes (once CA was started).

2.5. Zinc-air (Zn-air) battery device

A battery cycler BioLogic BCS-810 was used to perform the galvanostatic discharge
analysis. rGO-dppz@Fe(240N2) and 10 wt.% Pt-C (from Sigma Aldrich) were used to
prepare the positive electrodes, which were tested in a Zn/KOH-ZnO/air battery. A 45 pL
drop of different samples with a concentration of 12.5 mg-mL™! and 5 pL of Nafion
solution 5 wt.% (0.563 mg of catalyst) were loaded drop by drop onto a carbon cloth gas
diffusion layer (GDL ELAT LT1400W from Fuel Cells Store). A KOH-ZnO (6 M KOH
and 0.1 M ZnO) aqueous solution as liquid electrolyte with a final volume of 1 mL, and
a Zn plate was used as anode. Nickel meshes were used as current collectors, and the
electrode/electrolyte contact areas were always 0.63 cm?. Galvanostatic discharge curves

were carried out at -5 mA.

3. Results and discussion

3.1. Synthesis and characterization of GO-dppz based materials.

Ball-milling synthetic procedure has been considered a sustainable mechanochemical
approach to prepare dipyridylpyridazine derived multilayer graphene from Diels-Alder
cycloaddition reaction of GP (dienophile) and dptz (diene) [75,78]. The
dipyridylpyridazine adducts preferentially located at the edge of the graphene sheets have
the ability to serve as ligands for metal coordination similarly to bipyridine-like ligands
[77,78,80-82]. Specifically, atomically dispersed edge-enriched FeN4 active sites can be
generated on the graphene-like structure [75]. In this work, GO has been firstly obtained
from a graphite powder by the conventional Hummers method following a previously
reported procedure [76]. The next step consisted in the Diels-Alder cycloaddition between
dptz compound, acting as an electron-deficient diene, and the carbon-carbon double

bonds located on the periphery of the GO sheets, acting as dienophiles. Subsequently, the

9



initial adduct underwent a retro-Diels-Alder reaction, liberating N2 and leading to the
formation of a dihydropyridazine adducts. This surface adducts were further aromatized
to yield the corresponding pyridazine by using DDQ as oxidizing agent, affording the
sample rGO-dppz. The coordination of iron metal centers into dppz adducts through an
additional ball-milling process gave rise to rGO-dppz@Fe. An additional oxidative
cyclodehydrogenation reaction promoted by heating at 240 °C under nitrogen atmosphere
was performed to originate higher proportion of the graphitic-N contributions
(quaternary-N) and reduced Fe?* species related to FeN4 tetracoordinate sites obtaining
the resulting material rGO-dppz@Fe(240N>) [75,83]. The tentative structures have been
proposed in Figure 1 according to the reactions carried out and the results of
characterization (vide infra) and the analogy with iron-bipyridine complexes commonly
employed for the activation of dioxygen in oxidation reactions of unsaturated
hydrocarbons [84,85]. Moreover, the reduction of GO to rGO is predicted to occur due to
the mechanochemical processes and the pyrolysis step as previously reported in other

studies [86—88].

Hummers

method 1) Ball-milling

2y Aromatization
step with DIDQ

00C

rGO-dppz
1) Fe(NO,),,
ball-milling
2) Washing step
(H,S0,, 0.1 M)

Pyrolysis treatment
240 °C,
N, atmosphere

rGO-dppzaFe(240N,) rGO-dppzaFe

Figure 1. Schematic diagram depicting the synthetic pathway for the preparation of GO-
dppz@Fe(240N2) along with the corresponding proposed structures in each step.

The structural modifications occurred along the synthetic route were examined by XRD

and Raman spectroscopy. The XRD patterns of the starting graphite, GO, rGO-dppz,

rGO-dppz@Fe and rGO-dppz@Fe(240N2) are illustrated in Figure 2A. XRD spectra of
10



the starting graphite revealed the characteristic strong peak at ca. 26.5° (20) related to the
(002) graphite reflection plane and two weak peaks over 44.1° and 54.6° attributed to the
(100) and (004) reflections, respectively [89]. Conversely, the (002) diffraction peak was
displaced to lower angles up to ca. 12° (20) and the lower intensity reflections due to the
graphite phase disappeared as a consequence of obtaining GO that increases the interlayer
spacing [87]. After the two ball-milling steps for the synthesis of rGO-dppz and rGO-
dppz@Fe, the (002) reflection plane underwent some substantial changes. Whilst the
reappearance of the diffraction peak at ca. 26.5° (20) was observed, the decrease in the
intensity of the peak at ca. 12° was noted. These alterations were ascribed to the partial
reduction of GO to rGO due to mechanochemical reactions [86]. The pyrolysis process at
240 °C produced the complete exfoliation and reduction of the GO to rGO and the
diffraction patterns of rGO-dppz@Fe(240N2) exhibited a very broad and low intensity
peaks, typical of a graphite-like structure at 26=26.5° and 44.1° corresponding to the plane
(002) and (100), respectively, while the reflection at ca. 12° attributed to GO based
materials was completely absent [76]. The displacement of the peak (002) back to 26.5°
resulted from the removal of several oxygenated functional groups, thus decreasing the
interlayer spacing [87]. Likewise, the significant broadening of diffraction planes was
associated with high disorder in the stacking of reduced graphene sheets [76,88,90].
Moreover, the absence of additional peaks excluded the formation of iron nanoparticles
or iron oxides species during the synthetic procedure [63,66].

Further information was obtained from Raman spectroscopy (Figure 2B). The starting
graphite spectrum exhibits the characteristic D and G bands at 1340 and 1580 ¢cm’,
respectively. The presence of D-peak in graphite-based materials is associated with the
breathing modes of sp? carbon rings whose intensity varies depending on the C-sp
defects, thus indicating the degree of structural disorder [89] which can be promoted by
the following aspects: 1) defects in the crystalline structure of the graphene sheets, ii) the
discontinuities at the boundaries of the graphitic planes, and iii) the modifications
occurring on the sp? carbon bonds through functionalization reactions [75]. Likewise, G-
band is related to the in-plane vibrational modes attributed to the stretching of sp?
hybridised carbon bonds in both rings and chains [87]. Additionally, the spectrum showed
the 2D peak as an overtone of the D peak. The position, the profile of the curve and the
intensity of the band enable determine the number of layers in high-quality graphene-
based materials [91]. The intensity ratio of the D and G peaks (In/Ic) offers a quantitative

assessment of the structural irregularity of these materials, uncovering the structural
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modifications that have occurred during each stage of synthesis route. The In/Ic values
increased remarkably from 0.24 for the starting graphite to 0.94 for the GO and 1.01 for
the rGO-dppz@Fe(240N2) due to the increase of the structural disorder and the lower
graphitization degree in each material throughout the synthetic process, thus
demonstrating the decrease in the average size of the sp? domains [76]. The generation of
further defects was associated to the chemical treatment for the GO synthesis and
subsequent exfoliation and reduction processes produced by the mechanochemical
treatments for the obtention of rGO [92]. Therefore, the transformation of graphite to GO
and rGO resulted in a notable decrease in the intensity of the 2D and G bands, while

significantly enhancing the intensity of the D band [88].

A (002) GP B G GP
I = 0.24 .
(100) (004) 0 |

©o1) GO GO
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rGO-dppz@Fe rGO-dppz@Fe

GO-d Fe(240N
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Figure 2. (A) XRD patterns and (B) Raman spectra of the different materials.

Elemental analysis of the four samples (GO, rGO-dppz, rGO-dppz@Fe and rGO-
dppz@Fe(240N2)) provided the C, H and N contents. Conversely, the amount of Fe
coordinated on the dppz surface adducts was quantified by ICP-MS (Table 1). The

percentage of C increased successively from 49.7 % to 69.4 % as a consequence of the
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progressive reduction of GO to rGO in each stage. The N content of the rGO-
dppz@Fe(240N2) was 3 wt.% whereas the Fe content was 1 wt.%. Hence, the molar ratio
of N/Fe was approximately 12, indicating that in addition to the coordination of one Fe
atom to two dipyridylpyridazine units at the edges of distinct graphene sheets to form

FeNuy-like sites (Figure 1), there were also coordination free dppz surface adducts.

Table 1. Elemental composition of synthesized GO and rGO-dppz materials and N/Fe

molar ratio.

Samples wt.% wt.% wt.% wt.% N/Fe molar
C H N Fe ratio
GO 49.67 3.12 0.02 0.03 -
rGO-dppz 61.02 2.00 4.52 0.04 -
rGO-dppz@Fe 61.30 1.80 2.90 0.77 14.8
rGO-dppz@Fe(240N2) 69.39 1.25 3.02 0.97 11.9

Textural properties of graphene-based materials were analyzed by N2
adsorption/desorption isotherms (Figure 3A).#A combination of type I and IV isotherms
according to the Brunauer-Deming-Deming-Teller (BDDT) classification was obtained
for all materials characteristic of macroporous and mesoporous solids, respectively. The
acquisition of a mesoporous structure has been demonstrated to be beneficial for the
accessibility to large amount of active sites and the enhancement of the mass-transport
properties [93]. Brunauer-Emmett-Teller (BET) surface area, pore volume and pore
diameter are exposed in Table 2. A decrease in the surface area and pore volume was
shown as a consequence of the formation of the Diels-Alder surface adduct in the GO
sheets, while an increase of pore diameter was produced due to creation of structural
defects in the porous structure (Figure 3B). Thereafter, the coordination of Fe atoms gave
rise to the increase in surface area (ca. 50 m*-g™!), pore volume (ca. 0.1 cm?-g!) and pore
diameter (ca. 6.5 nm) attributed to the porous structure generated by the co-formation of

rGO material and FeNs active sites [75,94,95].
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Figure 3. (A) N2 adsorption/desorption isotherms and (B) pore size distribution of GO
and rGO-dppz materials.

Table 2. Textural data of GO and rGO-dppz materials.

Samples Sger (m?-g™) Vr (em3-g™) Dyore (Nm)
GO 145 0.150 2.1
rGO-dppz 32 0.085 5.3
rGO-dppz@Fe 55 0.104 2.7
rGO-dppz@Fe(240N>) 49 0.095 6.5

The morphology of the rGO-dppz@Fe(240N2) sample was investigated by SEM and
TEM as reported in Figure 4. A micrometric and 3D porous network of randomly-
oriented wrinkled graphene sheets was evidenced (Figures 4A and 4B) as a consequence
of the exfoliation and assembly processes of the GO sheets by the ball-milling steps [76].
TEM micrograph of rGO-dppz@Fe(240N2) revealed few randomly oriented transparent
sheets with wide and flat shapes showing few surface wrinkles (Figures 4C and 4D)
[96,97]. The edges of the exfoliated sheets appeared smooth, thus acting as active binding

sites for the coordination of Fe atoms between adjacent sheets of rGO.
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Figure 4. SEM (A, B) and TEM (C, D) representative images of rGO-dppz@Fe(240N>)
at different magnifications.

TEM-EDX mapping was performed to study the elemental distribution throughout rGO-
dppz@Fe(240N2) material. Then, Figure 5 showed the incorporation of N and Fe atoms
homogeneously distributed across the analysed sample without observing colloidal iron
oxide particles. Moreover, the overlapping of Fe in N elemental map specially in the
central area of the images was evidenced, supporting that the Fe coordination occurred
on N atoms of the dppz surface Diels-Alder adducts at the surface and edges of graphene
flakes during the post-synthetic metalation reaction with the Fe salt. SEM-EDS images at
greater length scale (10 um) demonstrate the homogeneity of highly dispersed Fe atoms
throughout the sample (Figure S1), thus corroborating the results obtained in the
elemental TEM-EDX mapping for the rGO-dppz@Fe(240N2) at higher magnification
(Figure 5).
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Figure 5. TEM-EDX elemental mapping for the rGO-dppz@Fe(240N2>).

700nm

X-ray photoelectron spectroscopy (XPS) was carried out for the study of the surface
chemical structure of the materials in each step of the synthesis route (Figure 6). Cls
high-resolution XPS spectra of the starting GP and GO were deconvoluted into five
components associated with C=C/C-C (sp*/sp’centers), C-O, C=0, O-C=0 and m-r*
transitions located at ca. 284.8, 286.7, 288.0, 289.1 and 291.0 eV, respectively (Figure
6A). However, the contribution percentages of each curve were significantly different
comparing both materials (Table S1 and S2). Whilst GP exhibited the main peak of the
C=C/C-C bonds (80.6 %), GO showed an important increase of the carbon-oxygen
functional groups, obtaining a contribution of 58.5 % compared with that of 14.4 %
calculated for the GP as a result of the oxidation process. After Diels-Alder reaction, a
partial reduction of GO to rGO was occurred due to the ball-milling process, experiencing
a prominent decrease of the oxygenated carbon contributions (Figure 6A and Table S3).
Additional components assigned to C-N and C=N bonds from pyridinic, pyridazinic and
graphitic-N/quaternary-N species were located at 285.8 and 289.1 eV, respectively. The
HR-XPS spectra of Nls (Figure 6B) of rGO-dppz material revealed the characteristic
contribution of nitrogen belonging to the pyridine and pyridazine rings centered at 399.4

eV. Previous studies have shown that both species produced by Diels-Alder reaction
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between graphite-based materials and dipyridyl-tetrazine derivates presented the same
signal [78,98]. Moreover, an intense contribution associated to quaternary-N species at
401.4 eV was obtained, possibly as a consequence of the protonation of the N-containing
rings by carboxylic acids or from the nucleophilic attack of pyridine molecules on epoxide
groups (epoxide ring-opening reactions) [99] of the GO surface forming pyridinium
cations. The incorporation of Fe atoms in rGO-dppz material gave rise to a further
reduction of GO revealed by the slight decrease in the oxygenated groups with respect to
those obtained in the previous stage (Figure 6A, Table S3). The Nls signal of rGO-
dppz@Fe displayed two new components related to N-oxide groups (403.7 eV) and m-r*
transitions (406.1 eV) from aromatic rings and unsaturated bonds [100,101]. An
important reduction in the contribution of graphitic-N species was observed due to the
breakdown of the ionic interaction between GO and adsorbed dptz units by the successive
washing steps with dilute acid aqueous solution (Figure 6B). The decrease in N content
by ca. 1.6% (Table 1) compared to the previous step demonstrated these changes in the
chemical structure of rGO-dppz@Fe. However, the formation of quaternary-N was
evidenced under the experimental conditions established in this stage of the synthesis
route, obtaining a peak contribution of 24.3% (Table S4). This behavior, at least in the
same extension, was apparently not observed in dppz functionalized multilayer graphene
where analogous reaction conditions were used [75]. Therefore, the higher degree of
structural disorder and the rich surface chemistry of GO play a key role in the resulting
reactivity of these materials, which promoted anticipated oxidative cyclodehydrogenation
reactions between bipyridine moieties and graphene sheets [83]. The
cyclodehydrogenation processes were even more evident with the heat treatment at 240
°C under inert atmosphere, which produced an increase in the graphitic-N contribution in
rGO-dppz@Fe(240N2) up to 29.2%, anticipating an improvement of the limiting current
density for ORR (Figure 6B, Table 3). In addition, the high content of pyridinic-N
(56.1%) evidenced the extensive formation of Fe-N bonding along the surface of the rGO
sheets [66,102], thus favouring the formation of Fe-Ns sites, which usually promote
improved O: transport and so ORR performance. As also demonstrated by the XRD
patterns, the further decrease in the relative contributions of the oxygenated groups with
respect to the rGO-dppz@Fe material corroborated the essentially complete reduction of
GO to rGO in rGO-dppz@Fe(240N2) (Figure 6A, Table 3). No substantial changes in
the elemental composition of nitrogen were observed comparing these last two synthesis

steps maintaining ca. 3 wt.% N (Table 1).
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Fe2p XPS spectra of rGO-dppz@Fe and rGO-dppz@Fe(240N2) materials were
deconvoluted into five peaks assigned to Fe?* 2psn, Fe*" 2p3p, satellite peak, Fe** 2pin
and Fe*" 2pin located at ca. 711.9, 717.2, 720.4, 725.1 and 730.4 eV, respectively
[72,103] (Figure 6C). The appearance of Fe** 2p signals confirmed the formation of the
FeNy sites after the ball milling process. However, the contribution of the reduced Fe**
species was clearly increased as a consequence of the heat treatment at 240 °C, in
agreement with previous studies [75,104—106]. In fact, the Fe*"/Fe** ratio was raised from

2.11 to 3.46 for rGO-dppz@Fe and rGO-dppz@Fe(240N2), respectively.
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Figure 6. (A) Cls, (B) N1s and (C) Fe2p HR-XPS spectra of materials.

Table 3. Contribution of the components used in the fitting of the Cls, N1s and Fe2p
photoemission peaks for rGO-dppz@Fe(240N2).

Surface groups BE (eV) Atom %
C=C/C-C 284.8 61.4
C-N 285.8 15.2
Cls C-0 286.9 9.6
C=0 288.1 6.2
0-C=0/C=N 289.4 4.6
m-m* 291.1 3.0
Pyridinic-N 399.5 56.1
N1s Graphitic-N 401.5 29.2
N-oxide 404.7 5.7
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-1 * 406.5 9.0

Fe?* 711.9,725.1 61.5

Fe2
P Fe’* 717.2,730.4 17.8

3.2. Electrocatalytic activity of GO and rGO-dppz based materials toward ORR

After characterization, the ORR electrocatalytic properties of the rGO-dppz@Fe(240N2),
rGO-dppz@Fe, rGO-dppz and bare GO were evaluated by cyclic voltametric (CV) in a
traditional three-electrode cell, as detailed in experimental section. Figure 7A shows the
resulting CV curves under Na-saturated atmosphere, whilst Figure 7B displays the same
curves under Oz-saturated conditions, confirming that cathodic peaks correspond to
oxygen electroreduction. In addition, Figure 7B shows the different ORR performance
for the different samples. Onset values of 0.83, 0.80, 0.79, 0.77 and 0.85 V vs RHE, and
maximum current densities of -0.88, -0.85, -0.57, -0.46 and -0.56 mA -cm™ were obtained
for rGO-dppz@Fe(240N2), rGO-dppz@Fe, rGO-dppz, bare GO and 10 % wt Pt-C,
respectively, demonstrating the superior catalytic properties of rGO-dppz@Fe(240N>).
These results clearly evidenced that the synthesis process favored the incorporation of
FeNs sites into the rGO structures. Moreover, it should be noted that onset and current
density values (0.80 V vs RHE and -0.88 mA-cm) obtained for rGO-dppz@Fe(240N>)
improve significatively those reported with a multilayer graphitic structure functionalized
with dppz Diels-Alder adducts coordinating FeNs sites, that provided an onset potential
of 0.82 V vs. RHE and maximum current density of -0.83 mA-cm™ [75].

Next, the analysis of ORR kinetics for the different samples and 10 wt.% Pt-C as reference
were carried out using rotating-disk voltammograms (RDVs), which were acquired at
several rotation rates in Oz saturated 0.5 M KOH aqueous solution. Figure S2 shows the
resulting RDV curves for the different samples at all rotation rates. In all cases, an
increase of the limited current densities can be observed with the rotation rate increase,
which is typical of a diffusion-controlled electrochemical process [79]. Figure 7C
compares the resulting RDV curve at the same rotation rate of 2500 rpm for all samples,
including 10 wt.% Pt-C as a reference material. Overall, rtGO-dppz@Fe(240N2) provided
better features, in terms of both onset potential (Table 4) and limited current density (Jx)
than those obtained for rGO-dppz@Fe, rGO-dppz and bare GO. And against the reference
material, rGO-dppz@Fe(240N2) provided better limited current density but slightly
worse onset potential than 10 wt.% Pt-C. RDV curves were also recorded at 1600 rpm,

as shown in Figure S3, to calculate the half-wave potentials, which were included in
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Table 4. Figure 7D shows the resulting Koutecky-Levich (K-L) plots for the different
samples. The excellent linear fitting indicates a first-order reaction kinetics. In addition,
K-L plots were used to calculate different kinetics parameters such as transferred
electrons (n) per oxygen molecule and Jk (Table 4). In summary, the studies performed
under static and dynamic conditions confirmed that rGO-dppz@Fe(240N2) provides the
best ORR electrocatalytic performance under alkaline conditions, demonstrating that the
proposed modification of the starting GO improved significatively its catalytic properties.
In the durability test (Figure 7E), an improvement in the onset potential and a slight
decrease in the maximum current density, demonstrating the excellent stability of the
rGO-dppz@Fe(240N2) electrocatalyst can be observed. This improvement in the onset
potential could be attributed to a complete reduction of any GO, which was partially
reduced to rGO, whilst the slight decrease in current density would be associated with the
loss of material deposited on the GCE surface after the AAT. Figure 7F shows that rGO-
dppz@Fe(240N2) exhibits better resistibility to methanol than 10 % wt Pt-C.
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Figure 7. CV curves obtained for the different samples in N2-satured (A) and Oz-satured
(B) in 0.5 M KOH at 0.1 V-s™'. (C) RDV curves of all samples at the same rotating rate
of 2500 rpm and a scan rate of 10 mV-s™. (D) K-L plots obtained from the RDVs in
Figure S2 at 0.0 V vs RHE. (E) RDE curves of rGO-dppz@Fe(240N2) before and after
1000 cycles of the AAT, in Oz-saturated 0.5 M KOH at rotating rate of 2500 rpm and
with scan rate of 0.01 V-s!. (F) Chronoamperometric curves of rGO-dppz@Fe(240N>)
and 10 % wt Pt-C after injection of 3 M methanol.

Table 4. ORR Kinetics parameters obtained from the RDVs in Figure S2 at 0.0 V vs
RHE.
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Parameter GO I;i(;;())z- rGO-dppz@Fe dppz égg; 40N,) 10 wt.% Pt-C
Eonset (V) 0.74 0.78 0.75 0.80 0.85
Enaif-wave (V) 0.70 0.71 0.70 0.75 -
n 4.35 3.76 4.37 441 4.39
Jx (mA-cm?) 52.64 113.72 82.76 209.33 123.01

3.3. Zn—air battery performance of rGO-dppz@Fe(240Nz) ORR electrocatalyst
Furthermore, to validate the excellent cathodic features of rGO-dppz@Fe(240N2) for O2
transport ORR, a ZAB was built to investigate their possible application in a real device.
During operation, the attainment of high power density in zinc-air batteries relies on the
establishment of adequate three-phase boundaries involving the electrolyte, ORR
catalysts, and oxygen [66]. Hence, the oxygen supply from air electrode was crucial to
enable the formation of abundant liquid/solid/gas interfaces essential for efficient power
generation. rGO-dppz@Fe(240N2) and 10 wt.% Pt-C were tested as positive electrode,
using the same amount of catalyst (0.563 mg), Zn plate as anode and KOH-ZnO (6 M and
0.1 M, respectively) as liquid electrolyte. Figure 8A shows the galvanostatic discharge
for rGO-dppz@Fe(240N2) at different intensities (firstly from 1 mA to 20 mA, and later
from 20 mA to 1 mA) confirming the remarkable behaviour of this material as cathode in
Zn-air batteries. The potential values obtained demonstrated not only the stability of rGO-
dppz@Fe(240N2) but also the excellent battery performance recovery.

Subsequently, a comparative study of the maximum discharge capacity at -5 mA for rGO-
dppz@Fe(240N2) and 10 wt.% Pt-C as air electrodes was carried out (Figure 8B). rGO-
dppz@Fe(240N2) presented a higher voltage and a lower potential loss than 10 wt.% Pt-
C. In addition, the maximum discharge capacity values were reached for rGO-
dppz@Fe(240N2), which were greater than those obtained with 10 wt.% Pt-C both at -1
and -5 mA (Table 5). This result significantly enhanced the specific capacities reported
previously for others graphene-Fe based catalysts, demonstrating the outstanding
efficiency of rGO-dppz@Fe(240N2) as cathode in primary ZABs (Table S1) [107]. It
should be noted that these specific capacities were calculated using the exact weight of
active material loaded on the cathode plus the weight of the used GDL (carbon paper).
We consider that it was a more appropriate method to calculate the specific capacity of
the ZAB than those based on the mass of Zinc consumed, mainly due to the formation of
of ZnO or Zn(OH):2 on the surface of the Zinc foil during the discharge process (Figure
S4).
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Figure 8. (A) Galvanostatic discharge curves of rGO-dppz@Fe(240N2) and 10 wt.% Pt-
C at different intensities. (B) Galvanostatic discharge curves of rGO-dppz@Fe(240N>2)
and 10 wt.% Pt-C at -1 and -5 mA, respectively.

Table 5. Specific capacity values obtained for ZAB based on GO-dppz@Fe(240N2) and
10% wt Pt-C.

Specific Capacities
hol
Catalyst (Ah-g)
-1 mA -SmA
GO-dppz@Fe(240N>) 4.94 2.77
10% wt Pt-C 4.41 1.89

4. Conclusions

A solvent-free mechanochemical synthesis route and a thermal treatment at mild
temperature were carried out for the preparation of dppz functionalized reduced graphene
oxide bearing coordinated FeNs active sites through chelating bipyridine units. The
characterization results revealed a successive reduction of the starting GO to rGO at each
stage of the synthesis process. In addition, graphitic-N species were produced during the
Diels-Alder reaction and the subsequent reaction with the iron salt suggesting that: 1)
pyridinium cations were generated through an acid-base equilibrium with acid-
oxygenated functional groups, ii) epoxide ring -opening reactions were produced by the

nucleophilic attack of the pyridine molecules and iii) oxidative cyclodehydrogenation
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reactions between the dppz units and the rGO sheets occurred spontaneously as a
consequence of the high temperatures and pressures reached in the shocks produced
during the ball-milling processes. Clearly, the mild thermal treatment promoted an
increase in these cyclodehydrogenation reactions, enhancing the graphitic-N contribution.
Likewise, this last stage at 240 °C led to a further reduction of Fe** species to Fe*',
achieving a Fe?"/Fe’" ratio of ca. 3.5 and a total iron atomic percentage of ca. 1.0 wt.%.
Therefore, the high amount of Fe?*" and pyridinic-N led to the formation of high-density
of catalytically FeNs active sites for ORR electrocatalysis. rGO-dppz@Fe(240Nz)
material provided better electrocatalytic activity in terms of limited current density than
those obtained for rGO-dppz@Fe, rGO-dppz, bare GO and even reference electrode 10
wt.% Pt-C. A flooded ZAB-based on rGO-dppz@Fe(240N2) ORR electrocatalyst as
cathodic material was also built. It exhibited an outstanding specific capacity of 141.1
A-h-g’!, which improved the catalytic performance obtained for the 10 wt.% Pt-C

benchmark electrocatalyst.
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