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activity toward the oxygen reduction reaction

Check for
updates

Jakub P. Masnica', Syed Sibt-e-Hassan', Sanja Potgieter-Vermaak”, Yagya N. Regmi”,

Laurie A. King4, Lubomira Tosheva™”

Faculty of Science and Engineering, Manchester Metropolitan University, Chester Street, M1 5GD, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

The oxygen reduction reaction (ORR) activity of carbonized ZIF-8 (CZ) and its Fe-doped derivatives, CZ-A

ZIF-8 (doped with ammonium iron (II) sulphate) and CZ-B (doped with iron (II) acetate), were examined in both acidic

Self-sacrificial template
Fe-N-C electrocatalysts
Oxygen reduction reaction

(0.5 M H,S0,) and basic (0.1 M KOH) electrolytes using a rotating disk electrode setup. These data show that the
ORR activity of the Fe-doped catalysts is higher than that of pure CZ, with a higher activity in basic than acidic
electrolyte. Extensive materials characterization highlights important differences in the sample crystallinity,

morphology, porosity, and chemical composition as a function of the deployed precursor. The performance of
the prepared catalysts is also impacted by the Fe precursor selection, highlighting the importance of such
synthetic parameters in controlling the density and identify of Fe-Nx active sites. These results demonstrate the
potential application of Fe-doped carbonized ZIF-8 catalysts for the ORR in basic electrolyte and offer important
knowledge for the future design of non-precious metal fuel cell electrocatalysts.

1. Introduction

Increasing energy demand and climate change challenges have
prompted global action to shift the reliance on fossil fuels to sustainable
low carbon technologies. Polymer electrolyte membrane fuel cells
(PEMFCs) have been considered as promising energy conversion tech-
nologies for transportation and portable device applications with zero
emission, high charge density and low operation temperatures [1].
However, despite the significant reduction in system cost and Pt elec-
trocatalyst loading over the past 20 years [2], further advances are
important to widen worldwide implementation of both proton ex-
change (acidic) and anion exchange (alkaline) PEMFCs. The develop-
ment of platinum group metal (PMG)-free catalysts for the sluggish
oxygen reduction reaction (ORR) is urgently needed to address the cost
and sustainability of PEMFC production. In recent years, intense re-
search has been focused on the development of Fe-N-C materials as
PMG-free alternative ORR catalysts [3-5]. Owing to their permanent
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porosity, very high surface areas, presence of organic ligands, which
can serve as a carbon and heteroatom (such as N and S) source, metal-
organic frameworks (MOF) have emerged as promising precursors to
ORR PMG-free catalysts [6,7]. Zeolitic imidazole framework-8 (ZIF-8),
a MOF material composed of Zn ions and imidazolate linkers, has re-
ceived special attention by virtue of its remarkable chemical stability,
well-established and facile synthesis methods, high N content and Zn
mobility during pyrolysis [8-10]. Additionally, Fe-ZIF-8 derived ma-
terials have been deployed as ORR catalysts in both acidic and alkaline
environments demonstrating their utility in both proton exchange and
anion exchange PEMFCs [11].

The morphology, composition, structural characteristics and corre-
sponding ORR activity and stability of Fe-N-C catalysts derived from
ZIF-8 depend on many factors such as ZIF-8 synthesis conditions, Fe
source and concentration, strategy used for Fe doping, presence of guest
molecules, pyrolysis conditions, post-pyrolysis acid leaching, etc. Two
approaches for the Fe doping have been investigated; in-situ doping via
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a one-pot synthesis, and ex-situ doping by post-synthetic treatments.
One-pot synthesis is commonly achieved through the addition of an Fe
salt during the preparation of the ZIF-8 precursor solution, most often
using methanol as a solvent and at room temperature. Post-synthetic
doping, in which pre-prepared ZIF-8 powder is treated with a Fe salt,
has also been explored. In the former method, iron compounds such as
iron (III) acetylacetonate (Fe(acac)s), FeCly and Fe(NO3); [12], Fe
(NO3)3°*9H,0 [13], ferrocene [14], and Fe304 [15] have been added to
the ZIF-8 synthesis solution to prepare Fe-ZIF-8, which is then pyr-
olyzed. In more complex one-pot syntheses, additives have been added
together with the Fe salts to the ZIF-8 precursor solution. For example,
surfactants such as cetyltrimethylammonium bromide have been added
to ZIF-8 precursor solution containing aqueous Fe(NO3)3*9H,O to
control the crystal morphology and prevent Fe agglomeration during
pyrolysis [16]. Two different surfactants, Span 80 and Tween 80, have
been added to a one-pot synthesis in an aqueous medium employing
FeSO, to control the ZIF-8 crystal size and crystal size distribution and
to prevent the formation of unwanted phases [17]. Carbon black has
been added together with FeCl3*6H,0 to promote the formation of
graphene-like layered structures and to suppress nanoparticle forma-
tion [18]. FeSO4+7H,0 and sodium acetate anhydrous (OAc) have been
used, with the OAc enhancing the Fe concentration in the catalysts and
improving the mass-transfer through hierarchical porosity [19]. Poly-
styrene (PS) doped with Fe(NO3)3°*9H,0 has also been used and the PS
template was dissolved in tetrahydrofuran prior to pyrolysis to obtain
hierarchically ordered porous carbon [20]. Vitamin C and Fe(acac);
have been added to the ZIF-8 precursor solution prepared in an aqueous
medium to control the morphology, structure and composition of the
Fe-N-C catalysts obtained [21]. Chen et al. have prepared Fe-ZIF-8 by a
one-pot synthesis using Fe(acac)s;, which was then followed by the
addition of melamine prior to pyrolysis to further increase the ORR
activity [22]. Jafari et al. have added iron (III) 2,4-pentanedionate
during ZIF-8 synthesis and mixed the obtained powder with pyrrole
monomers and FeCl3*6H,0 aqueous solution to prepare iron-based
nanoparticles encapsulated in carbon nanotubes (CNTs) [23].

Post-synthetic doping of ZIF-8 with Fe has also been investigated
for the preparation of ORR electrocatalysts. For example, hierarchical
porous N-doped carbon with Fe/Fe3;C nanoparticles has been prepared
by mixing ZIF-8 with potassium ferricyanide in water [24]. N-doped
carbon containing Fe;C nanoparticles and CNTs has been obtained
from ZIF-8, iron (II) oxalate and dicyandiamide [25]. ZIF-8 has been
treated with FeCl3*6H,O followed by the addition of poly-
vinylpyrrolidone to prepare a pyrolyzed dual atom Zn/Fe-NC ORR
catalysts [26]. Ferrous sulphate has been mixed with ZIF-8 in the
presence of hydrated hydrazine for the synthesis of Fe-N-S co-doped
carbon matrix/nanotube nanocomposites [27]. Song et al. used a
tetraphenylporphyrin iron polymer, ZIF-8 and anhydrous FeCl; to
form Fe;0,4 nanoparticles with oxygen vacancies upon pyrolysis [28].
Ballmilling has also been used to prepare Fe-N-C ORR electrocatalysts
employing ZIF-8 and 5, 10, 15, 20-Tetrakis (4- methoxyphenyl) - 21H,
23H-porphin iron (II) chloride [29], ZIF-8 and another MOF as a Fe-
source, namely MIL-100 (Fe) [30], and a dried slurry made of ZIF-8,
1,10-phenanthroline and ferrous acetate [10]. Fe has also been in-
troduced to pre-carbonized ZIF-8 mixed with FeCl3*6H-0 followed by
a second pyrolysis step [31].

The effect of the pyrolysis temperature has been studied in many
works [10,13,18,20,23,24,27 —29], and generally, pyrolysis tempera-
tures of 900 -1000 °C have been found optimal. However, the direct
comparison between such studies is not always possible because of the
different pyrolysis atmospheres used, most often N, or Ar, but also
Ho/Ar (10%:90%) [12,14] or NHsz/Ar (10%:90%) [18]. Finally, the
pyrolyzed material is sometimes washed with an acid to remove un-
stable Fe phases, although changes in the material’s characteristics
before and after acid leaching are usually not discussed. Acids such as
1 M HNO;3 [12], 0.5 M H,SO4 [14,16,19], and 1 M HCI [15] have been
used.
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Amongst the different synthetic strategies used, one-pot synthesis
methods, in which Fe salt is added to the ZIF-8 precursor solution
without any additives, are generally preferred. This approach reduces
the number of synthesis steps involved, avoiding the repeated use of
purification procedures, while also reducing the quantity of solvents
required and thus enhancing the potential for upscaling. Further, sys-
tematic studies of the influence of the Fe source used for doping within
a single study employing the same synthesis conditions otherwise, are
rarely performed [12]. Indeed, drawing conclusions about the influence
of the Fe salt used for doping based on different works is difficult be-
cause of variations in the ZIF-8 synthesis conditions and Fe salt con-
centrations. Fe(acac)s; and ferrocene have been suggested as the most
advantageous dopant sources preferentially forming single-atom Fe-Nx
active sites due to the large molecular size of these Fe precursor mo-
lecules and restricted encapsulation within the microporous ZIF-8,
which is thought to prevent aggregation during pyrolysis [12,14,22].
This, however, restricts the variations in the Fe doping of Fe-N-C cat-
alysts when bulky Fe salts such as Fe(acac); and ferrocene were used as
Fe sources. For instance, it has been reported that a saturated ferrocene
weight ratio of only about 1 wt% can be reached [14]. Furthermore, the
divalent Fe®* ion is also preferred as the Fe-doping source because of
its similar ionic radius to Zn?* (62 pm compared to 60 pm, respec-
tively) allowing a partial replacement of the Zn ions in ZIF-8, although
control measures need to be in place during the synthesis to prevent the
oxidation of Fe** to Fe** [17].

In this study, different Fe salts were screened as Fe doping salts for
ZIF-8 in a one-pot synthesis. Amongst them, two Fe(II) salts, namely
ammonium iron (II) sulphate hexahydrate and iron (II) acetate were
selected for the preparation of Fe-N-C electrocatalysts to further study
the influence of the Fe source on the structure, morphology, and ORR
activity. The former compound, which is also a source of S-doping, has
not been previously reported for the synthesis of Fe-N-C catalysts. The
results reported indicate that higher Fe concentrations could be bene-
ficial for creating hierarchical porosity, which can be tailored by the
type of the Fe salt used.

2. Method and materials
2.1. Synthesis of Fe-C materials

Zinc nitrate hexahydrate (Zn(NO3),*6H,0, Alfa Aesar), 2-methyl
imidazole (Sigma-Aldrich), methanol (Fisher Chemical), ammonium
iron (II) sulphate hexahydrate ((NH4),Fe(SO4)2*6H,0, Thermo
Sscientific), iron (II) acetate (Fe(CO,CH3),, Thermo Scientific), fer-
rocene (Fe(CsHs)», Alfa Aesar), and iron (III) nitrate nonahydrate (Fe
(NO3)3°9H,0, Fisher Scientific) were used as received for the one-pot
synthesis of Fe-ZIF-8. In a typical ZIF-8 synthesis, 1.188 g
(0.00399 mol) of Zn(NO3),*6H,0 were dissolved in 30 ml of me-
thanol in a beaker. In another beaker, 2.628 g (0.023 mol) of 2-
methyl immidazole were dissolved in 30 ml of methanol. The two
beakers were mixed and stirred at room temperature for 24 h. The
ZIF-8 obtained (labelled as Z) was purified by 3 times centrifugation
(6000 RPM, 10 min) and redispersion in methanol and dried at 80 °C
overnight. The molar ratio of the ZIF-8 synthesis solution was 4 2-
methyl immidazole: 0.5 Zn(NO3),*6H50: 185 methanol. For the
synthesis of Fe-ZIF-8 doped with ammonium iron (II) sulphate hex-
ahydrate, iron (II) acetate, iron (III) nitrate nonahydrate, and fer-
rocene, 0.0005 moles were added to the beaker containing the dis-
solved 2-methylimmidazole prior to mixing with the Zn nitrate
solution. The molar ratio of the Fe-ZIF-8 synthesis solution used was
4 2-methyl immidazole: 0.5 Zn(NO3),*6H,0: 185 methanol: 0.06 Fe
salt. The synthesis (except for ferrocene) was upscaled 3 times and
two of the samples prepared, sample Z-A (with ammonium iron (II)
sulphate hexahydrate) and sample Z-B (with iron (II) acetate) were
prylozed under N, atmosphere (900 °C, 3 h, ramp rate of 3 °C min ')
to obtain samples CZ-A and CZ-B, respectively. The ZIF-8 reference
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sample (sample Z) was pyrolyzed under the same conditions to give
sample CZ.

2.2. Characterization methods

X-ray difftaction (XRD) patterns of ZIF-8, Fe-ZIF-8 and carbonized
Fe-ZIF-8 samples were collected using a PANanalytical X’pert Powder
X-Ray diffractometer and Cu Kal (A = 1.5406 ;\) radiation and a
PIXCel 1-D detector. Data was collected in the range 5°-140° 26 with a
step size of 0.013° 20 and a measuring time of 89 s per step. The
samples were rotated at 60 RPM during the data collection. Phase
identification was performed using a crystallography open database
HighScore Plus Version 4.0. Crystallite sizes were determined using the
Size/Strain calculator incorporated into PANalytical Data Viewer with
the instrumental broadening function determined using a NIST
SRM674b CeO, external standard. The morphology of the samples was
studied using a Carl Zeiss Crossbeam 350 scanning electrone micro-
scope (SEM). High Angle Annular Dark-Field (HAADF) images were
obtained with a scanning transmission electron microscopy (STEM)
detector for the CZ-B sample. The STEM sample was prepared on a TEM
400 mesh holey carbon film supported Cu grid (Agar Scientific) using
the dry deposition method. The elemental composition of five areas in
SEM samples was determined using energy dispersive spectroscopy
(EDS) with an EDAX Inc Apollo 40 SDD detector. The samples were
pressed into tablets and mounted onto Al stubs prior to EDS analysis.
X-ray fluorescence (XRF) data was collected using a Rigaku NEX-CG
energy-dispersive X-ray fluorescence spectrometer and an X-ray tube
(Imax= 2 mA, V.= 50 kV) with a 50 W Pd anode was used for
emitting primary radiation. Samples were analyzed as dry solid pow-
ders and analysed using Rigaku Profile Fitting-Spectra Quant X (RPF-
SQX) Fundamental Parameters program. The nitrogen adsorption iso-
therm measurements at —196 °C were measured with a Micrometrics
ASAP 2020 surface area analyzer. Samples were degassed at 200 °C for
12 h prior to analysis. Surface areas were calculated using the
Brunauer-Emmett-Teller (BET) method whilst micropore volumes and
external surface areas were determined by the t-plot method. Total pore
volumes were calculated from the volume adsorbed at a relative pres-
sure of 0.995. DFT pore size distributions of samples CZ-A and CZ-B
were determined using the DFT data software available in
Micromeritics ASAP2020. An InVia Renishaw micro-Raman spectro-
meter fitted with a Peltier-cooled charge-coupled device detector was
used to analyze the amorphous carbonaceous character of the synthe-
sized samples. The 514.5 nm line of a continuous wave Ar ™" -ion laser
was used as excitation source. The instrument was calibrated at the
beginning of each set of analysis using a silicon wafer to ensure peak
position’s accuracy and repeatability. Optimization ensured that the Si
peak achieved was at 520.5 cm ™! + 0.05 cm ™! with an intensity that
was monitored over time. To ensure an acceptable S/N ratio, forty ac-
quisitions of one second each, using a 50x objective, were acquired. A
low power was used to ensure that sample decomposition does not
occur. Samples were analyzed as received and were mounted on double
sided tape fixed onto glass microscope slides in such a way that single
particle analysis was facilitated. A minimum of 20 particles per sample
were randomly selected and analyzed. X-ray photoelectron spectro-
scopy (XPS) data was collected on a Kratos Axis Supra system using
monochromated Al kal radiation (1486.6 eV). Survey scans were col-
lected using a slot collimator with an analysis area of 300 X 700 pm
with a pass energy of 160 eV and region scans with a pass energy of 20
or 40 eV. XPS data was analysed using CASA XPS.

2.3. Preparation and drop casting of catalyst inks onto GCD

Prior to catalyst deposition, the glassy carbon disc (GCD) electrode
was polished using aqueous alumina suspensions (0.05 um) on felt
polishing pads. This was followed by ultrasonic cleaning of the GCD. To
prepare the inks intended for ORR testing on the GCD, a previously
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reported recipe was followed but with a slight modification [32]. More
precisely, 5 mg of each carbonized catalyst was measured and mixed
with 50 uL of deionized water. 20 pL of Nafion solution (D-520 dis-
persion) was added to the mixture, followed by the addition of 450 puL
of isoprpyl alcohol (IPA) to achieve a final concentration of
9.615 mg ml~'. Adjustments to the volumes of dispersants were made
to maintain a consistent final concentration. The dispersion was bath
sonicated for 20 min, followed by three cycles of horn sonication in ice
bath (30 s each at 20% amplitude) with a 10 s gap. Finally, the dis-
persion was bath sonicated for 7 min before 12.3 uL (0.118 mg) of the
ink was loaded (drop cast) onto the 5 mm diameter GCD at a rotation
rate of 100 RPM with a loading density of 0.6 mg cm ~ 2. Afterwards, the
rotation rate was gradually increased to 500 RPM and maintained for
15 min to allow the ink to dry before any electrochemical test.

2.4. Electrochemical testing of ORR activity

The ORR activity was evaluated by performing cyclic voltammetry
in both acidic (0.5 M H,SO,) and basic (0.1 M KOH) electrolytes purged
with either O, or N, using a three-electrode configuration. The system
consisted of an Ag/AgCl/KCl (3 M) reference electrode, a graphite rod
counter electrode, and the drop cast GC-RDE with a diameter of 5 mm
as the working electrode. For the 0.1 M KOH aqueous solution, the
potential sweep range was from 1.0 V to 0.5 V vs. RHE at a scan rate of
10 mV s~ . In the case of the 0.5 M H,SO, aqueous solution, the po-
tential sweep range was from 1.0 V to 0.2 V vs. RHE at the same scan
rate. Oxygen purged scans were corrected for background current
through the subtraction of a nitrogen sweep. A total of 5 CVs was col-
lected under both O, and N, purging. Cathodic sweep data plotted from
the 4th cycle was collected for each sample. All experiments were
performed in triplicate. The representative LSV corresponding to ORR is
obtained by selecting the data set closest to the mean values in terms of
onset and half-wave potentials. Electrochemical measurements were
converted to potential versus the reversible hydrogen electrode (RHE)
using the equation:

Eng/agal = Erug - Eag/agal — 0.059 pH

To access the preliminary stability of the prepared catalysts, CZ, CZ-
A and CZ-B were subjected to 500 CV cycles in the oxygen-purged 0.1 M
KOH solution at the scan rate of 200 mV s~ ! and a rotation rate of 1600
RPM. Before and after the 500 CV cycles, the catalysts' nitrogen-cor-
rected LSVs were acquired at a scan rate of 10 mV s~ ! and rotation rate
of 1600 RPM to look for any discernible variations. To probe under-
standing of the ORR mechanism of the prepared catalysts, nitrogen-
corrected LSVs of CZ-A and CZ-B were obtained in 0.1 M KOH at ro-
tation speeds of 1000, 1600, 2200, and 2800 RPM in a potential range
of 1.0-0.6 V vs. RHE. Corresponding Koutecky-Levich plots were gen-
erated to estimate the number of electrons transferred in the ORR.

3. Results and discussion
3.1. Synthesis of Fe-ZIF-8 materials

To investigate the role of Fe salt identity and oxidation state on Fe-
N-C catalysts, four different Fe containing precursors were selected.
Specifically, iron (II) acetate, iron (III) nitrate, ferrocene, and ammo-
nium iron (II) sulphate hexahydrate were investigated. Initial experi-
ments to screen different Fe salts in the one-pot synthesis of Fe-ZIF-8
were based on a literature protocol [22] substituting the Fe(acac); with
the same number of moles of ammonium iron (II) sulphate hexahydrate.
Analysis using XRD and XRF confirmed that the ZIF-8 structure was not
preserved and the Fe content was 12.2 wt% for the dark brown product
(Fig. S1). Further experiments were performed using a signficantly re-
duced quantity of Fe (0.0005 mol compared to 0.002 mol) and a slightly
increased methanol volume (60 ml compared to 45 ml), and the
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product maintained a ZIF-8 structure, the BET surface area was
1122 m? g™, and the Fe content (by XRF) was 7.53 wt%. For all
subsequent experiments, the synthesis was conducted with this reduced
molar ratio, but with different Fe salts, namely iron (II) acetate, iron
(II) nitrate, and ferrocene (Fe (II)). The synthesis with ferrocene re-
sulted in a material with a preserved ZIF-8 structure but containing only
0.06 wt% Fe (by XRF) in accordance to previous results [14]. Con-
versely, the Fe content in the samples prepared with ferrous acetate and
ferric nitrate was 7.32 wt% and 3.41 wt%, respectively, and the ZIF-8
structure was preserved in the product samples. The higher Fe content
of samples doped with Fe (II) containing precursors compared to Fe (III)
precursors support previous reports that Fe(Il) is preferred for doping
compared to Fe(IIl) [17]. The ferrocene sample was not selected for
further studies owing to the low Fe incorporation. The synthesis of the
other three samples doped with ammonium iron (II) sulphate hexahy-
drate, iron (II) acetate, and iron (III) nitrate nonahydrate was repeated
using 3 times more of each reagent. Unfortunately, the upscaling did
not work for the sample prepared with Fe(NO3)3*9H,0; a white pre-
cipitate was formed together with the brownish material (Fig. S2)
suggesting that stirring of the larger volume of the synthesis solution
was not homogeneous and resulted in the formation of unwanted
phases, for instance Fe (III) hydroxide formed in the presence of traces
of water in the methanol solvent [12]. The upscaled samples prepared
with ammonium iron (II) sulphate hexahydrate and iron (II) acetate
were labeled as samples Z-A and Z-B, respectively, and selected for
further investigations.

XRD was conducted to probe the crystallinity of the prepared Z, Z-
A, and Z-B materials (Fig. 1a) (XRD pattenrs in the whole 5°-140° 26
range measured are provided in Fig. S3). All three samples showed
the characteristic ZIF-8 peaks [8] without the presence of any ad-
ditional peaks associated with potential impurity of iron species,
indicating Fe was homogeneously distributed and structurally in-
tegrated within the ZIF-8 framework. In addition, the peaks of
sample Z-A are broadened and of lower intensity indicating smaller
crystallite sizes (Table 1).

Fig. 1b shows nitrogen adsorption desorption isotherms of the three
samples and corresponding textural characteristics are listed in Table 1.
The Fe-ZIF-8 samples have slightly lower surface areas compared to
unmodified ZIF-8. Sample Z-A shows exceptionally high external sur-
face area, which is accompanied with a decrease in the micropore vo-
lume. The Fe content (from EDX) of sample Z-B was lower compared to
sample Z-A, and sample Z-A also contained sulfur from the Fe salt used.

(a)
s L
x
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c
2
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1
Z
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SEM analysis was used to further study the morphology and crystal
size of the three samples, and SEM images at two different magnifica-
tions are shown in Fig. 2. The ZIF-8 crystals display the typical rhombic
dodecahedral ZIF-8 morphology and a size of about 250 nm (Fig. 1a, d).
It is clear that the identity of the Fe precursor influenced the ZIF-8
nucleation rates and larger particles were obtained for the Fe-ZIF-8
samples. Whereas the rhombic dodecahedral morphology was largely
preserved within the ca. 1.25 um crystals in sample Z-B (Fig. 1c,f), the
crystals observed in sample Z-A (ca. 3 um) were more rounded and with
rough surfaces coated with fine nanoparticles and visible macropores
(Fig. 1b, e). In addition, impurities of other phases, which could be Fe
phases not detected by XRD analysis, could be seen in sample Z-B and to
a lesser extent in sample Z-A (Fig. le, f). Indeed, EDX spot analysis
indicated a higher Fe content within the impurity crystals; however,
owing to the large EDX sampling volume, no quantitative conclusive
data could be obtained. The specific morphology of sample Z-A could
explain its very high external surface area (Table 1).

The SEM analysis (Fig. 2) indicated that the unmodified ZIF-8
crystals were much smaller compared to the Fe-ZIF-8 crystals. It should
be noted that ZIF-8 was prepared via a small-batch (1x) synthesis,
whereas the Fe-ZIF-8 samples were prepared using a large-batch (3x)
synthesis. A comparison between the morphology of 1x and 3x samples
Z-A and Z-B (Figs. S4 and S5, respectively) demonstrates that there is
indeed a difference in the crystal sizes depending on the scaling factor.
The Fe-ZIF-8 samples prepared in a small-batch were smaller compared
to the large-batch synthesis. Differences were observed in the XRD data
as well (Fig. S7). The SEM and XRD comparison indicate that whereas
the general product characteristics, namely morphology and XRD pat-
terns, are retained upon upscaling of ZIF-8 synthesis, different nuclea-
tion rates are observed depending on the overall volume of the ZIF-8
precursor solution.

3.2. Pyrolyzed Fe-ZIF-8 samples

Fig. 3a shows XRD patterns of the Fe-carbon materials obtained by
pyrolysis of Z-A and Z-B in an inert atmosphere, named hereafter as CZ-
A and CZ-B. The high background signal can be associated with the use
of copper radiation to collect the XRD patterns of the Fe-containing
samples [33]. The samples were inhomogeneous and contained several
iron phases. The Fe;C peaks were more clearly defined in sample CZ-B
and this diffraction plot also shows prominent peaks corresponding to
metallic Fe at 45, 51 and 65° 26. The crystallites sizes for the Fe

500

R — Z
—o—Z-A
—a—Z-B

e

0 . 1 1 \ 1 1
0.2 04 0.6 0.8

Relative Pressure (p/p°)

1.0

Fig. 1. (a) XRD patterns and (b) nitrogen adsorption desorption isotherms (closed symbols, adsorption; open symbols, desorption) of ZIF-8 (Z) and Fe-ZIF-8 (Z-A and

Z-B) samples.
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Table 1
Crystallite sizes, Fe and S content”, BET surface areas (Sggr), micropore (V) and total (Vyora1) pore volumes and external surface areas (Sgxr) of ZIF-8 and Fe-ZIF-8
samples.

Sample Crystallite size, nm Fe (at%) *= SD S (at%) + SD Sper, m% g™t V,, em® g7t Vroraw, cm® g~ ? Sexr, m* g~ !

Z 60 - - 1307 0.61 0.74 63

Z-A 20 4.65 * 0.28 2.40 = 0.08 1245 0.40 0.73 418

Z-B 50 3.54 = 0.27 - 1211 0.57 0.62 48

" Determined from EDS.

Fig. 2. SEM images at two different magnifications

nanoparticles in CZ-B were determined to be in the 30nm range.
Sample CZ-A showed the presence of FeS,, which was due to the pre-
sence of S in the precursor Z-A sample; Raman analysis further con-
firmed the presence of iron sulfide phases (Fig. S8). The EDX analysis
further indicated that the Zn has either completely evaporated (sample
CZ-B) or remained at minimal concentrations (Sample CZ-A) during
pyrolysis (Table 2); the latter could probably be related to the larger
particle size of CZ-A. In fact, a shiny metal condensed on the inside of
the furnace during pyrolysis (Fig. S6), which was confirmed to be Zn by

«C
*Fe

0 FeS,
o Fe,C
A Fe,0,

(@)

Cz-B

Intensity (a.u.)

| I BT 1 L 1 " | - 1 P PR B E—— |

20 25 30 35 40 45 50 55 60 65 70 75 80

Two theta (degrees)

of: (a, d) ZIF-8; (b, e) sample Z-A; and (c, f) sample Z-B.

Intensity (a.u.)

EDX. Metallic Zn has a boiling point of 907 °C and Zn vapors usually
escape the ZIF-8 during carbonization [13,21].

To study the carbonized samples, Raman spectra were deconvoluted
using the WIRE® software to obtain the G (graphitic) and D (dis-
ordered) information of the carbonaceous content. Peak fitting ac-
cording to Merlen et al. [34] should be as follows: three Lorentzian
functions are to be fitted: graphite band G at ~1580cm™?, and the
defect bands D1 and D2 at ~1360 cm ™! and 1620 cm ™2, respectively,
and two Gaussian bands at ~1500 cm ™' and 1180 cm ™!, respectively

(b)

Ip/15=0.97

I/lc=1.15

Ip/ls=1.32

1 Y 1 " 1

1000 1200 1400 1600 1800

Raman shift (cm™)

Fig. 3. (a) XRD patterns of samples CZ-A and CZ-B and (b) Raman spectra of pyrolyzed ZIF-8 and Fe-ZIF-8 samples.
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Table 2

Fe, S and Zn content”, BET surface areas (Sggr), micropore (V,) and total (Vrorar) pore volumes and external surface areas (Sgxr) of CZ-A and CZ-B samples.
Sample Fe (at%) = SD S (at%) + SD Zn (at%) = SD Sper, m2 g1 V,, em® g~ ! Vrora, cm® g7 ! Spxr, m2 g1
CZ-A 9.96 = 0.28 4.52 = 0.11 n.d.** 176 0.01 0.16 147
CZ-B 8.89 = 0.35 - 1.26 = 0.04 352 0.09 0.44 171

* Determined from EDS.
" not detected.

for D3 and D4. The best fit with the lowest residual was obtained by
deconvoluting into 4 bands, D1, D3, D4 and G + D2, which was located
at 1595cm™! and is common for disordered carbons. The Raman
spectra (Fig. 3b) are typical of amorphous carbon and indicate the
formation of carbon with a low degree of graphitization and the pre-
sence of defects and dislocations [35]. The Ip/Ig ratio is indicative of
the graphitic content with a ratio > 1 indicating predominantly dis-
order. It is clear that the inclusion of Fe into the ZIF-8 matrix increases
graphitization in samples CZ-A and CZ-B as expected [30]. However,
the higher Fe loading in CZ-A compared to CZ-B (c/f Table 2) did not
translate to the lowest ratio as expected. The D3 band (out-of-plane
vibrations due to defects mainly from the presence of heteroatoms) and
the D4 band (carbon atoms outside the planar graphene network often
sp® and sp?-sp® carbons) [36] occupy 29.6% in the CZ spectrum but
increase to 34.0% and 39.8% for CZ-A and CZ-B, respectively, which is
similar to that observed in Ref. [30]. This implies an increase in dis-
tortion and inclusion or integration of heteroatoms in the graphitic
planes.

Samples CZ-A and CZ-B (post pyrolysis) were further studied by SEM
(Fig. 4). Sintering was observed in all three samples compared to the
samples prior to pyrolysis (Fig. 2) in agreement with results reported in the
literature [13]. The morphology of CZ was similar to the morphology of
the Z sample. (Fig. 4a, d). The CZ-A crystals are more rounded compared
to Z-A with very rough and denser-looking surfaces coated with higher
density of larger nanoparticles (Fig. 4b, €). The most striking differences
are observed in the morphology of sample CZ-B, in which the original ZIF-
8 crystals are sintered and distorted and embedded within a matrix of
CNTs (Fig. 4c, f). Such CNTs in Fe-ZIF-8-derrived carbons have been as-
sociated with the presence of metallic Fe clusters acting as catalysts for the
formation of CNTs [19,23]. The distinct morphology of sample CZ-B could
explain the higher graphitization level measured by Raman spectroscopy.

The nitrogen adsorption desorption isotherms and DFT pore-size
distributions of CZ-A and CZ-B are shown in Fig. 5. The Fe and S content
(from EDX) and textural characteristics are listed in Table 2. The dif-
ferent morphology of the two prepared Fe-ZIF-8 samples is shown to
significantly impact the pore structure of the pyrolyzed samples.
Sample CZ-B had higher BET surface area, external area, total pore
volume and micropore volume, which could be related to the presence
of CNTs within this sample. Sample CZ-A had two times lower surface
area and lower porosity, which could be due to the formation of dense
Fe phase as identified by XRD (Fig. 3a) and the denser appearance of
the crystals (Fig. 4e).

XPS was used to assess the oxidation state of the pyrolyzed samples CZ-
A and CZ-B. Specifically, the N 1s, Fe 2p, C 1s, O 15, and S 2p regions
were probed (Fig. 6 and Fig. S9). The N 1 s XPS data were deconvoluted to
show various nitrogen species. Critically, we note that the N 1 s region can
be readily fit with 4 peaks which each have very similar binding energies
across the two samples (Table S1) suggesting the two samples contain the
same N-containing functional groups. Multi-peak fitting of N 1 s core levels
in FeNC catalyst materials is challenging and remains a topic of con-
troversy in the literature [37]. However, the lowest binding energy peak at
~398.5eV is commonly assigned to pyridinic nitrogen and the peak at
399.5 eV to nitrogen coordinated iron (the Fe-N,) [37-40]. The two peaks
with higher binding energies (~400.8 eV and ~402.2 eV) have previously
been assigned as pyrrolic and N-O nitrogen, respectively [37]. The dif-
ference between CZ-A and CZ-B is the relative ratio of these four N 1s
peaks. CZ-A contains a high portion of the higher energy peaks (400.8 eV
and 402.2eV) compared to CZ-B suggesting that this sample contains a
higher portion of pyrrolic and N-O bonding compared to Fe-N, functional
group. The C 1 s spectra for CZ-A and CZ-B are very similar to each other,
although CZ-A contains a relatively higher proportion of N = Cor O = C
bonding compared to CZ-B. Fe 2p has a poor-signal-to-noise ratio in CZ-B

Fig. 4. SEM images at two different magnifications of: (a, d) CZ; (b, e) sample CZ-A; and (c, f) sample CZ-B. The insert in (c) shows an HAADF image of the CNTs

formed within this sample.
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Fig. 5. (a) Nitrogen adsorption desorption isotherms (closed symbols, adsorption; open symbols, desorption) of CZ-A and CZ-B, and (b) corresponding DFT pore-size

distributions.

compared to CZ-A, suggesting potentially a lower Fe incorporation (at the
surface of the sample) which suggests a lower surface concentration of Fe
in sample CZ-B. This is consistent with the EDX results from samples CZ-A
and CZ-B. By XRD, Fe;C and metallic Fe were observed in CZ-B. The Fe
2ps,» region shows two distinct regions at ~707 eV and ~710eV. The
lower binding energies relate to metallic Fe(0) which is consistent with the
metallic Fe crystalline peaks observed in CZ-B. This region of lower
binding energies could be assigned to FeS, which is observed by XRD and
Raman in CZ-A. Consistent with previously reported FeNC catalysts, the
2p3,» region at ~707 eV is likely a combination of Fe(Il) and Fe(IIl) which
are typically observed at ~709.5eV and ~713.9eV [41,42]. Finally, as
expected based on the starting materials, sample CZ-A (prepared from
ammonium iron sulphate) indicates the presence of S whereas no S is
present in CZ-B (Fig. S9).

3.3. ORR activity
To examine the ORR activity of the pyrolyzed ZIF, catalysts were

drop-cast onto a GCD and assessed using a RDE in both acidic
(0.5MH,SO,4) and basic (0.1M KOH) electrolyte (Fig. 7). The

electrochemical onset potential, half-wave potential and diffusion lim-
iting current are tabulated for each catalyst (tested in triplicate) in
Table 3. For each catalyst assessed, the activity (onset potential, half-
wave potential and diffusion limited current) is higher under basic
conditions than in acidic. Furthermore, the activity trend of CZ-A
> CZ-B > CZ holds in both acidic and alkaline electrolytes. This is
despite the significantly higher BET surface area of CZ-B (352m? g™)
compared to the CZ-A (176 m* g™'), suggesting that increased surface
area alone does not account for these differences in ORR performance.
Beyond surface area, post pyrolysis of the ZIF materials, there is a
difference in the Fe content between the two samples. Specifically, CZ-B
has a lower atomic content (8.89 at% by EDX) in comparison to CZ-A
(9.96 at% by EDX) which, as expected for this family of materials, di-
rectly impacts the measured catalytic performance.

In acidic electrolyte, the onset potential for CZ was 0.57 V vs. RHE
with a standard deviation (SD) of 0.05. The onset potentials for CZ-A
and CZ-B were measured to be 0.78 V vs. RHE (SD 0.007) and 0.77 V vs.
RHE (SD 0.01), respectively. The corresponding half-wave potentials
versus RHE were determined as 0.32V (SD 0.015) for CZ, 0.7V (SD
0.028) for CZ-A, and 0.68V (SD 0.03) for CZ-B. The diffusion limiting
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Fig. 6. High resolution C 1s, N 1s, Fe 2p and O 1s XPS spectra of (a,b,c,d) CZ-A and (e,f,g,h) CZ-B.
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Fig. 7. Electrochemical performance of the pyrolyzed samples (CZ, CZ-A and CZ-B) collected in (a) 0.5 M H,SO,4 and (b) 0.1 M KOH electrolyte (1600 RPM, O,

saturated — N, saturated current density).

currents, reflecting the mass transport of reactants, were —2.74 mA (SD
0.3) for CZ, —4.57 mA (SD 0.184) for CZ-A, and —3.04mA (SD 0.04)
for CZ-B, suggesting that identity of the Fe salt plays a significant role in
controlling the ORR activity of the ZIF-derived catalysts.

Interestingly, in the basic electrolyte, the ORR onset potentials are
consistently lower than in acidic environments. Specifically, the onset
potential for CZ, CZ-A, and CZ-B were 0.86 V vs RHE (SD 0.064), 0.93 V
vs RHE (SD 0.008), and 0.91V vs RHE (SD 0.012), respectively. The
half-wave potentials versus RHE were determined as 0.75V (SD 0.007)
for CZ, 0.85V (SD 0.008) for CZ-A, and 0.82V (SD 0.035) for CZ-B. As
expected, the electrochemical data demonstrates the enhanced ORR
activity of the Fe-doped catalysts, CZ-A and CZ-B, compared to the pure
CZ catalyst in both acidic and basic electrolytes. However, it is the
results from the basic electrolyte that is particularly noteworthy and
promising. More precisely, in terms of the onset and half-wave poten-
tials, as well as the diffusion limiting current, CZ-A and CZ-B exhibit
significant improvements over CZ. The ORR activity (onset potential,
half-wave potential and diffusion limiting current density) of several
literature ZIF-8 derived Fe-N-C catalysts is detailed in Table S2 to en-
able benchmarking of CZ-A and CZ-B. It is clear that our highest per-
forming catalyst (CZ-A) has a larger onset potential and half-wave po-
tential compared to many literature catalysts suggesting further
synthetic refinements are necessary. However, in alkaline electrolyte
CZ-A has a relatively high diffusion limiting current density
(—4.92 mA cm™2) suggesting that this catalyst has a high selectivity to
the four-electron ORR product, water.

These findings highlight the significant influence of Fe doping on
the ORR performance of the carbonized ZIF-8 catalysts. Moreover, the
choice of Fe source also appears to play a role in determining their
structure which directly influences their catalytic performance. To
further characterize the electrochemical performance of the prepared

catalysts, we conducted preliminary stability measurements and
Koutecky-Levich (L-H) analysis in 0.1 M KOH. Promisingly, our cata-
lysts (CZ, CZ-A and CZ-B) showed little degradation under LSV testing
after 500 cycles of accelerated CVs (Fig. S10). Moreover, K-L analysis
(details provided in the SI) indicates that both CZ-A and CZ-B proceed
by a mixture of the 2-electron and 4-electron mechanistic pathway (see
Fig. S11). Overall, these findings have important implications for syn-
thetic design when preparing electrocatalysts for oxygen reduction re-
actions, especially in basic electrolytes. Future studies will optimize the
Fe loading for ORR activity as well as quantifying the ORR selectivity
using rotating ring disk electrode measurements to further quantify the
role of Fe precursor on the Fe-N-C ORR performance.

4. Conclusions

Fe-ZIF-8 materials were studied as precursors for the preparation of
Fe-C ORR catalysts upon pyrolysis. Fe (II) precursors were found to be
beneficial for the more efficient Fe incorporation in the one-pot
synthesis employed. Two Fe-ZIF-8 materials, prepared with ammonium
iron (II) sulphate hexahydrate and iron (II) acetate, were upscaled and
pyrolyzed to obtain samples CZ-A and CZ-B, respectively. The iron salt
precursor was shown to impact the Fe loading, morphology, structure,
and textural characteristics of the product. Both samples contained
hierarchical porosity, albeit accompanied with a significant reduction
in the BET surface area compared to the as-made Fe-ZIF-8 materials,
indicating that the Fe source could alone promote the presence of larger
pores without the use of additives. Sample CZ-A was found to contain
more Fe and lower surface area and pore volume compared to CZ-B.
Nevertheless, this sample showed enhanced ORR activity in both al-
kaline and acidic media compared to CZ-B.

Table 3

Mean values from the electrochemical ORR activity of samples CZ, CZ-A and CZ-B in triplicate. Standard deviations (SD) are also given for each parameter reported.
Catalyst Onset potential (V) = SD Half-wave potential (V) = SD Diffusion limiting current density (mA cm®) + SD Electrolyte
CZ 0.57 = 0.05 0.32 = 0.015 -2.74 = 0.3 0.5MH,S04
CZ-A 0.78 = 0.007 0.7 = 0.028 -3.59 + 0.184 0.5M H,S04
CZ-B 0.77 = 0.01 0.68 = 0.03 -3.04 = 0.04 0.5 M H,S0,4
CZ 0.86 = 0.064 0.75 = 0.007 -3.76 = 0.092 0.1 M KOH
CZ-A 0.93 = 0.008 0.85 = 0.008 -4.92 + 0.05 0.1 M KOH
CZ-B 0.91 = 0.012 0.82 = 0.035 -4.76 = 0.007 0.1 M KOH
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