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Atomic iron embedded in N-doped carbon materials (Fe-N—C) are regarded as the most promising alternative to platinum-

based catalysts in anion exchange membrane fuel cells, due to their high oxygen reduction reaction (ORR) activity. The

molecular catalyst iron phthalocyanine (FePc) is often employed to explore the correlation between a model single Fe

structure and ORR activity. Recent advancements have introduced a penta-coordinated Fe-Ns structure achieved by binding

FePc onto pyridine-functionalized carbon surfaces, demonstrating outstanding ORR activities. To investigate the effect of

the axial pyridine ligand, in this work, four different N-functionalized carbon nanotubes (N-CNTs) were prepared, each

adorned with a unique N-heterocycle (pyridine, quinoline, isoquinoline, or acridine). Subsequent binding of FePc (FePc/N-

CNTs) afforded penta-coordinated complexes in all cases. The characterization results demonstrated that the penta-

coordination Fe-Ns configuration could be effectively constructed by this method. The ORR activities of these FePc/N-CNTs

suggest that the local surface structure around the axial ligand on the functionalized CNTs influences catalytic performance.

Introduction

Anion exchange membrane fuel cells (AEMFCs) have received
increasing attention as a viable alternative to proton exchange
membrane fuel cells (PEMFCs), particularly due to the
emergence of low-cost atomically dispersed Fe-N-C catalysts
that have shown high activity in the alkaline oxygen reduction
reaction (ORR) as compared to Pt-based catalysts.> 2 These Fe-
N-C materials are typically synthesized through the pyrolysis of
metal, carbon, and nitrogen precursors, forming an iron center
coordinated with nitrogen atoms (Fe-N,, x = 2-5) via lone pair
electrons within a large carbon matrix.> 4 This N-C structure
ideally provides excellent electronic conductivity, hierarchical
pores, and stability for catalytic activity.> © In contrast to these
pyrolyzed Fe-N-C catalysts, molecular catalysts with well-
defined structures are often employed as model catalysts to
investigate reaction mechanisms and structure-activity
relationships.” Among the various heterogeneous molecular
iron-based electrocatalysts, iron-phthalocyanine (FePc) has
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been known as a highly promising catalyst for ORR in alkaline
environments for a long time.& °

Recently, explored
engineering and molecular structure refinement strategies to
develop an axial-ligand-coordinated Fe-based molecular
catalyst to further enhance the ORR activity and durability of Fe
macrocycles through the "push effect" or "pull effect".10-13
Specifically, electron-withdrawing or electron-donating groups
are axially coordinated with Fe macrocycles to modulate the
electron density at the Fe center respectively. Studies have
highlighted that this effect could be achieved by complexing
FePc onto a matrix surface doped with oxygen atoms or by
covalently attaching pyridine groups.'*'” However, most of
these oxygen-doping and functionalization techniques on
carbon are typically conducted under strongly acidic conditions
(e.g. HCl, HNOs, and HBF,4), which can introduce additional
defects, damage to the carbon surface, and further influence
the ORR turnover frequency (TOF) of Fe-N-C catalysts.13-20 The
complexity of these modified carbon surfaces poses challenges
when investigating the reaction mechanisms of FePc and
understanding the relationship between its structure and ORR
activity, especially given the sensitivity of Fe centers to their
local electronic environment.?° As a result, a key study by Cao
et al. used a milder aryl diazonium method to achieve covalent
attachment of pyridine molecules to the surface of CNTs and
found that a reduced distance between FePc and the Py-CNTs
was associated with improved ORR performance.?! It is
noteworthy that throughout these significant advances, only a
few different functionalization methods have been employed
and most studies focussed on grafting pyridine as the axial
ligand. Further research is therefore needed to investigate the

researchers have carbon surface
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effects of related N-heterocyclic coordinating groups on the
catalytic performance of FePc-based catalysts.

Given our interests in the covalent functionalization of CNTs,?%
23 in this study we sought to prepare a group of structurally
related N-CNTs and compare how different pyridine-type axial
ligands impact catalytic performance. To this end, covalent
surface immobilization of four different nitrogen heterocycles
(pyridine, quinoline, acridine, and isoquinoline) was achieved by
exploiting the aryl diazonium method with the corresponding
commercially available amino-substituted heterocycles.
Subsequently, these N-CNTs were utilized as the carbon matrix
for the binding of FePc. The morphology, distribution, as well as
state of iron in the final catalysts (FePc/N-CNTs), were
characterized using techniques such as transmission electron
microscopy (TEM), X-ray diffraction (XRD), high angle annular
dark field (HAADF) scanning transmission electron microscopy -
energy dispersive X-ray spectroscopy (STEM-EDXS), X-ray
photoelectron spectroscopy (XPS), and X-ray absorption
spectroscopy. The ORR activity of these catalysts was evaluated
and compared through rotating disk electrode (RDE) testing in
alkaline media. Density functional theory (DFT) was also
conducted to compute the free energy profiles of the ORR on
FePc/N-CNTs. Our results revealed significant differences
among the four FePc/N-CNTs, highlighting the influence of the
heterocycle structure and the potential irregularities in the
surface introduced by the functionalization reaction.

Experiment

Material Synthetic Procedures
Synthesis of N-CNTs

isoamyl nitrite

oDCB: CH;CN =2:1
60-100°C 15-24 h

Scheme 1 Synthesis of N-CNTs

As illustrated in Scheme 1, CNTs (40 mg) were ice bath sonicated
for 0.5 h in oDCB (10 mL). To this suspension was added a
solution of amino-heterocycles (1.72 mmol, 1.0 equiv.) in
acetonitrile (5.0 mL). After transfer to a septum-capped flask,
isoamyl nitrite (400 pL, 3.34 mmol, 2.0 equiv.) was quickly
added and the suspension was stirred at a fixed temperature
under nitrogen overnight. Since these molecules showed
different reaction efficiency, different stoichiometric ratios and
reaction conditions were regulated to adjust the similar
functional content (reaction details are shown in Table S1t).
After cooling to room temperature, the suspension was first
centrifuged with DMF (4x20 mL) and then MeOH (2x20 mL).
Note: 3 minutes of bath sonication (180W) was performed
between each centrifugation to remove the adsorbed
heterocycle, and then filtered over a nylon membrane (0.2 mm)

2| J. Name., 2012, 00, 1-3

with DMF (200 mL) and then MeOH (100 mL). The final. product
was collected by filtration over a nylon métrbrad8(0 24 n)end
dried in vacuo at 40 °C for 10 h to give the modified N-CNTs as
a black powder of approximately 38 mg.

Synthesis of FePc/N-CNTs

In a typical procedure shown in Scheme 2, FePc (1.0 mg) was
dissolved in DMF (20 mL), and ice-bath sonicated for 20 min to
obtain a homogeneous solution. Next heterocycle-
functionalized CNTs (30 mg) were added and the suspension
was then sonicated for a further 10 min with a sonication probe
(90W, 5 s on and 5 s off). The mixture was stirred at room
temperature overnight (~12 h). The crude product was washed
with DMF and ethanol (~500 mL) several times, collected by
vacuum filtration, and dried at room temperature in vacuo.

sonication and stir
-

DMF
RT 12h

Scheme 2 Synthesis of FePc/N-CNTs

Electrochemical measurements

The electrochemical data was gathered at room temperature
and ambient pressure on an RDE system using an AUTOLAB
PGSTAT302N (Metrohm). The configuration included a three-
electrode system formed of a glassy carbon 5 mm diameter RDE
working electrode, a graphite rod as the counter electrode, and
the Hg/HgO as the reference electrode, in N, (=99.99998% BIP
Plus, Air Products) and O, (299.9998% Ultrapure Plus, Air
Products) saturated 0.1 M KOH (Suprapur, Merck) electrolyte.
The 5 mm glassy carbon RDE working electrode (Metrohm) was
first polished in a figure of eight to a mirror finish using a micro
polish cloth and 0.05 mm alumina suspension (Buehlur). All the
data in N, is obtained after purging N, for 30 mins and all the
data in O, is acquired by cycling the potential after purging O,
for 30 mins.

Inks containing the different catalysts were prepared for RDE
testing to evaluate their performance for the catalysis of ORR. 8
mg of catalyst powder was weighed and mixed with 1400 pL of
deionized (DI) water, 528 uL of EtOH, and 72 pL of 5 wt%
NafionD-521 dispersion in water and 1-propanol (Alfa Aesar).
The Nafion dispersion was used as a binder for the components
of the ink. The inks were then placed in a bath sonicator (132
kHz ultrasonic cleaner, VWR) for 40 mins before undergoing
ultrasonic liquid processing in a probe sonicator (Fisherbrand
model 705, USA) for 20 mins per sample, undera5sonand5s
off regime. The working electrodes were then prepared by
pipetting 14 pL of the inks onto a polished glassy carbon
electrode of diameter 5 mm, resulting in a catalyst loading of
0.28 mg cm™. The catalyst-modified electrodes were left
rotating at 700 rpm for 1 h to dry at room temperature before
electrochemical testing. A commercial 20 wt% Pt/C (JM HiSPEC

This journal is © The Royal Society of Chemistry 20xx
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9100) working electrode was prepared in the same way. During
the calibration, a 3 mm Pt RDE tip (Metrohm) works as the
working electrode rotated at 1600 rpm for five cyclic
voltammograms at 10 mV s! between -0.8 and -0.9 Vyg/ngo
with a Pt rod (Metrohm) and Hg/HgO., as a counter and
reference electrode, respectively. An average value for the
conversion between Hg/HgO,,; and RHE was obtained from the
forward and backward scans at zero current.?*

Cyclic voltammograms (CV) were obtained after purging the
electrolyte for at least 15 min and acquired at 100 mV s at 0
rpm for both N, and O, saturated electrolytes (measurements
at the tenth cycle displayed). Linear sweep voltammograms
(LSV) were obtained at 1600 rpm with a scan rate of 10 mV s
The pseudocapacitance was corrected by subtracting N,
saturated measurements at 1600 rpm from the O, saturated
results. The electrochemical measurements were repeated at
least three times. The iR correction (90%) was applied post-
measurement, with R =36-38 Q, determined by the intercept of
the real axis in electrochemical impedance spectroscopy.

The double layer capacitance (C4) values based on the CVs
within the potential of non-Faradic range (0.785-0.985 Vgye) at
various scan rates (20, 40, 60, 80 and 100 mV s) in N, saturated
0.1 M KOH solution.l¥l The C4 was obtained by plotting AJ
(anodic current density — cathodic current density) at 0.9 Vgye
against the scan rates. The slope of the above profiles was
assigned to 2Cy,.

Site Density and Turnover Frequency: The total Fe site density
of the bulk catalyst could be found from the Fe content based

on ICP-MS measurement, SD,¢p (sites cm~2), according to
_ (Feycp/100) XN g XMpading

SDicp = M, (1)

where Fe;cp was Fe wt% determined by ICP-MS and Mg, was the
molar mass of Fe (55.845 g mol-1). N4 is the Avogadro number
(6.022 X 102 mol?)

The electrochemically active Fe sites of the catalyst could be
calculated based on the Fe Ill /Il peak integration in CV, which
could be converted to the site density through the following
equation:

Aredox X Na

SDCV=— (2)

vXF

where Ayeqox Was Fe 11I/1l redox peak area [A X V X cm™2], Ny
is the Avogadro number, U is the scan rate [V X S_l], and Fis
Faraday constant 96485 [s X A X mol™1],

The kinetic current density (jxin) was determined from the
geometric disk current (j;) and geometric diffusion-limited
current density (jm) at 0.2 Vgye according to the Koutecky—
Levich equation:

. — JaXjiim
Jkin " Jjum—Ja (3)
Subsequently, the kinetic mass activity could be found:
o Jkin
Mkin = Loadingcamlysts (4)

TOF values were determined in the range of 0.8-0.6 Vgye based
on the following equation:

_ JrkinXNa
TOF = SDXF ()

This journal is © The Royal Society of Chemistry 20xx
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To calculate the number of electrons transferred ofn).
electrochemical measurements were caPfiéd080E%R‘dAORKISE
employing the same ink formulation, loading, and procedures
as stated previously for the RDE. The Pt ring was set to 1.27 Vgye.
The number of electrons transferred (n) was calculated from

the disk and the ring current using the equation:
Ja
Jat 2 (6)

Nc

n=4x

where Nc is the calculated theoretical collection efficiency
(24.9%), ji is the ring current, jq4 is the desk current. Additionally,

the H,0,% was obtained from the equation:
Jr
H202(%) = 200 X Nci (7)

Jat 3

The distribution of relaxation times (DRT) analysis was
performed using the MatlabDRTTools software developed by
Ciucci and Chen?>. A Gaussian discretization method was
selected with the inductive data excluded. This is because the
DRT method inherently does not handle inductive processes
well. A 2nd order regularization derivative was selected for the
analysis to reduce the noise in the solution of the DRT. The
regularization parameter (lambda) was selected as 103.2¢ The
resistance of the processes was calculated by integrating the
area under the corresponding peaks. The impedance can be
described by Equation (8);

Z(f)= R+ [© rant) dint (8)

— 1+ i2nfT

Results and Discussion
Materials Synthesis and Characterization

Three related nitrogen-containing heterocycles — namely,
pyridine, quinoline, and acridine,— were initially selected as
potential candidates for axial coordination. This choice was
informed by several key considerations. Firstly, all three
heterocycles possess a single pyridine-type nitrogen atom
carrying a lone pair of electrons, likely facilitating axial
coordination with iron atoms. Secondly, the introduction of
additional aromatic rings in different positions around the
pyridine core would provide a simple model to investigate the
impact of stereoelectronic modifications to axial ligands on the
final ORR catalytic activities. Lastly, the corresponding primary
amine-substituted heterocycle starting materials were all
commercially available and could therefore be attached to the
surface of CNTs through an aryl diazonium strategy.

As illustrated in Fig. 1a, the initial step involved anchoring each
different heterocycle onto the surface of CNTs, to facilitate
subsequent axial coordination with FePc through the pyridine-
type nitrogen atoms. The functionalization of CNT surfaces was
accomplished via radical aryl-diazonium reactions employing
isoamyl nitrite in ortho-dichlorobenzene (oDCB) solution, as
illustrated in Scheme 1. Notably, an alternative approach
employing aryl derivatives, HBF4;, and NaNO, in a hydrochloric
acid solution was avoided in order to mitigate against potential
surface damage and oxidation associated with acid exposure.?°
As such, three related N-CNTs were prepared through the

J. Name., 2013, 00, 1-3 | 3
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RT stir

FePc/N-CNTs

Fig.1(a) Schematic illustration of the overall synthetic procedure for FePc/N-CNTs; (b) TEM image of FePc/Py-CNT; (c) HAADF-STEM of FePc/Py-CNT and EDS

elemental mapping.

utilization of distinct precursors: pyridine-CNT (Py-CNT),
quinoline-CNT (Q-CNT), and acridine-CNT (A-CNT).

The successful covalent functionalization of these molecules
was verified through Raman spectroscopy and XPS. In Fig. Slat,
the Raman spectra of all N-CNT samples exhibited two
distinctive bands at 1360 and 1590 cm™, corresponding to the
disordered carbon (D band) and graphitic carbon (G band),
respectively.?” Additional peaks were observed at ~1620 cm™,
attributed to the D’ band of CNT.28 Following the aryl diazonium
reaction, a slight increase in the Ip/lg ratio was noted, likely
stemming from alterations in the surface lattice as a result of
covalent grafting.2? 3% XPS analysis was employed to assess the
nitrogen content. Notably, the XPS survey spectra revealed the
presence of a nitrogen peak in all functionalized CNT samples
compared to pristine CNT, indicating the successful anchoring
of N-heterocycles on the CNTs (Fig. S1bt). The calculated
coherence length La decreases from 128 nm (CNTs) to
approximately 110 nm (N-CNTs), suggesting alterations in the
structural integrity of the CNT surface and crippled crystallinity
due to the functionalization process.333 By adjusting the
reaction conditions (Table S1t), the nitrogen content in each
functionalized N-CNTs was 1-2 at% based on XPS measurements
(Fig. S2eT, Table S27), with the oxygen content both before and
after the aryl-diazonium reaction maintained at approximately
2-3 at% (Table S2t). This suggests that surface defects primarily
result from the diazonium reaction rather than the oxidation of
the CNT during synthesis. Additionally, high-resolution N 1s
spectra and C 1s spectra were fitted and analyzed (Fig S21 and

4| J. Name., 2012, 00, 1-3

Fig S3t), revealing that the signal at approximately 399.3 eV
corresponds to the pyridine nitrogen atom, while the signal at
approximately 401.2 eV, similar to graphite N in pyrolyzed
materials,3 is attributed to the pyridinium nitrogen atom, likely
stemming from the protonation of the pyridine N atom during
the synthesis process.3°

The N-heterocycle-functionalized CNTs were used as a platform
to coordinate FePc macrocycles in order to achieve the desired
penta-coordinated structure, as illustrated in Scheme 2. To
ensure successful axial functionalization and comprehend the
impact of the axial group, it is crucial to uniformly disperse FePc
onto the surface and to minimize aggregation. Considering the
previously reported low solubility of FePc (131.62 mgL! + 65.81
mgL in DMF),3¢ FePc solutions with a concentration of 50 mg L-
1 were prepared and then sonicated to avoid aggregation of the
planar conjugate structures. The XRD findings presented in Fig.
S47 indicate that following FePc adsorption, the (002) peak at
approximately 26° in these hybrid materials remains. Notably,
no distinct diffraction peaks associated with powdered FePc
were observed, indicating no remaining aggregated FePc. The
morphology and microstructure of the hybrid materials were
comprehensively examined through SEM and TEM. The SEM
images in Fig. S5t, along with the low-magnification TEM
micrographs in Fig. 1b and Fig. S61, reveal that the hybrid
materials maintain the fibrous structure of CNTs, indicative of a
low aggregation of FePc and/or polymerization of the N-
heterocyclic structures following the two-step reaction.
Additional TEM images and corresponding selected area

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta05483k

Page 5 of 11

Open Access Article. Published on 26 september 2024. Downloaded on 2024-09-28 19:16:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

electron diffraction (SAED) of FePc/N-CNTs were provided in Fig.

S7t. The diffusive diffraction rings are the characteristic feature
of polycrystalline carbon, and the d-space of diffraction rings
was measured to be approximately 0.34 nm corresponding to
CNT (002) peaks. HAADF-STEM and EDS mapping further
confirmed the homogeneous distribution of carbon, nitrogen,
oxygen, and iron elements on the CNT surface, as depicted in
Fig. 1c and Fig. S8t.

XPS was utilized to study the electronic structures of these
hybrid materials. The high-resolution Fe 2p spectra in Fig. S9b*
displayed FePc powder peaks decomposed into Fe 2p3/, at 709.3
eV and Fe 2py/; at 722.5 eV, respectively. The spectra of FePc/N-
CNTs were not fitted due to the strong noise caused by the low
loading, while a broader Fe 2p3,, peak was observed in the
hybrid FePc/N-CNT samples compared to the FePc powder.
Additionally, a potential positive shift in the Fe 2p3/, peak in the
FePc/N-CNT samples indicated a potential rise in the Fe
oxidation state, which is attributed to the change of Fe electron
density caused by the functional groups and CNT substrate.37:38
The high-resolution N 1s spectra were studied and shown in Fig.
S9at. The N 1s peak of the FePc powder was deconvoluted into
two peaks corresponding to the N species within the FePc
structure. Based on the literature,3°*! the peak at 398.7 eV was
assigned to the Fe-N signal, while a smaller peak at 400.5 eV was
attributed to bridge N (-N=) at the meso position of the
macrocycles. In the hybrid samples, two additional peaks at
approximately 399.3 eV and 401.3 eV were allocated to
pyridinic N and pyridinium N resulting from the molecular
functionalization of the CNTs.

The Fe K-edge X-ray absorption near-edge structure (XANES)
analysis was utilized to further probe the electronic structure of
the Fe atoms in a series of FePc/N-CNT samples. As depicted in
Fig. 2a, the FePc powder sample displays a pre-edge peak at =
7118 eV, attributable to the 1s to 4p, electronic transition in the
symmetrical FeN, moiety.*> 43 However, all the FePc/N-CNT
samples show a pre-edge peak at approximately 7114 eV,
instead of the peak at 7118 eV, akin to the signature of FePcCl,

a b Fe foil
Fe foil
FeO FeO
= <
© =
= 3
b E-
2 3
[ N
E[ 1
2 i E
| =]
n FePc/Py-CNT| €
| FePc/Py-CNT
i i)
oy ~—" FePc/a-CNT] //'\ S~
1 / / Pl -
= P \ / L
: / FePc/A-CNT i i ) =
b
: FePc/A-CNT
|
7100 7120 7140 7160 7180 720 O 1 2 3 4 5 6
Energy (eV) Radial distance (A)

Fig. 2(a) Fe K-edge XANES spectra of as prepared FePc/N-CNTs in comparison with
Fe foil, FeO, Fe,0s, Fe(ll)Pc, and Fe(lll)PcCl; (b) Fourier Transform (phase-
corrected) of FePc/N-CNTs, Fe foil, FeO, Fe,03, Fe(ll)Pc, and Fe(lll)PcCl

This journal is © The Royal Society of Chemistry 20xx

Journal ofcMaterials Chemistry A

suggesting the distorted square-planar geometry caysed-bythe
axially coordinated groups (pyridine, quingfih &) errditie ferthe
CNTs.1® 37 |In the Fourier-transformed extended X-ray
absorption fine structure (FT EXAFS) analysis shown in Fig. 2b,
all the samples exhibited a peak at approximately 1.9 A,
corresponding to the Fe-N coordination path, and an extra peak
at 2.9 A attributed to the second scattering path of the Fe—C
coordination, indicating the preservation of the FePc structure.
Additionally, no peak around 2.6 A was observed for any
FePc/N-CNTs, demonstrating the absence of Fe-Fe interactions.
The specific structural information was confirmed by EXAFS
fitting curves of both R space and k space results (Tables S3t,
Fig. S10t). The simulated Fe-N path coordination number of
FePc/N-CNTs is approximately 5, indicating that the FePc
molecule is likely axially coordinated by N-heterocycle ligands.
Although we cannot entirely exclude the possibility of
unanchored FePc within the FePc/N-CNTs, the results suggest
that the majority of FePc molecules are probably coordinated
to or influenced by the axial ligand. This implied that the FePc
macrocycles in the hybrid materials were altered, by the
additional nitrogen atom from the functionalized CNTs. The iron
content in a series of the hybrid materials was studied by both
ICP-MS and XPS and found to be approximately 0.22-0.35 wt%
and 0.33-0.52 at% respectively (Table S4t), indicating a
consistent Fe content. We conducted N, adsorption and
desorption tests for FePc/N-CNTs to investigate their specific
Brunauer-Emmett-Teller (BET) surface area and pore size
distribution. As shown in Fig. S11%, all these CNT samples
demonstrate limited surface area and the specific BET surface
area of FePc/N-CNTs exhibits similar values overall, showing a
slight decrease compared to that of pristine CNTs (35 m2 g™).
Electrocatalytic ORR performance study

The electrochemical performance of the series of N-molecule
functionalized CNTs (in the absence of coordinated Fe
macrocycle) and the three FePc/N-CNTs was assessed in a
three-electrode system with an RDE in N, and O,-saturated KOH
(0.1 M). A commercially available 20 wt% Pt/C catalyst was
chosen as a benchmark for comparison with the synthesized
FePc/N-CNTs catalysts. Initial investigations of the N-CNTs
revealed low oxygen reduction performance (Fig. S12t), which
will not be further discussed.

FePc/CNT was prepared by sonicating and stirring FePc
solutions with unfunctionalized pristine CNT (see Supporting
Information for details). As observed in Fig. 3a, the catalyst
derived from FePc/Py-CNTs displayed significantly improved
ORR performance compared to FePc/CNT — highlighting the
impact of the axially-coordinated pyridine, consistent with
previous literature.'3 1644 While some unanchored FePc may be
present in FePc/N-CNTs, the enhanced ORR activity is more
likely attributed to the penta-coordinated structure.
Interestingly, although all FePc/N-CNT samples exhibited axial
coordination as evidenced by XANES, relative ORR kinetic
performance varied according to the following sequence:
FePc/Q-CNT < FePc/A-CNT < FePc/Py-CNT (Fig. 3b).

We hypothesized that the observed kinetic disparity in LSV was
caused by variations in the binding energy of different oxygen
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Fig. 3 All the RDE data of FePc/N-CNT, CNT, N-CNT, and 20 wt% Pt/C was collected at room temperature (25 °C) with a Hg/HgO reference electrode

and

raphite rod counter electrode in 0.1 M KOH. (a) and (b) Cathodic LSV curves obtained by subtracting N2-saturated LSV from the O2-saturated

result (with a rotation rate of 1600 rpm recorded at 10 mV s-1). Error bars represent the standard deviation from three separate measurements. (c)
Comparison of onset potential (potential @0.1 mA cm-2) and kinetic current density @0.85 VRHE. (d) CV N2-saturated, in static conditions with a
scan rate of 100 mV/s. (e) SWV was obtained in N2-saturated, in static conditions, with a frequency of 2 Hz, with 4 mV steps, and a modulation
amplitude of 20 mV. (f) Comparison of kinetic mass activity at 0.85 VRHE and turnover frequency at 0.85 VRHE (active site density was calculated

based on ICP results).

intermediates during the ORR process. To investigate this, CV
and square wave voltammograms (SWV) were performed to
monitor the potential ORR intermediates by tracking the
position of the high-potential peak (Fe?*/Fe3* redox peak). This
peak is commonly associated with the desorption of *OH
intermediates from the Fe center of FePc and can be utilized to
characterize the *OH binding energy via tracking the peak
position.*> In Fig. 3d,e FePc/Py-CNT displays the highest peak
potential, indicating a weak *OH bond and superior ORR
kinetics. Conversely, FePc/A-CNT displayed discernible Fe?*/Fe3*
redox peaks with slightly lower potential shifts. In contrast,
FePc/Q-CNT exhibited the lowest peak potential and smallest
peak size, reflecting relatively sluggish ORR kinetics.
Furthermore, we observed that the onset potential (potential at
0.1 mA cm?) and kinetic current density at 0.85 Vg, increases
with higher Fe?*/Fe3* redox peak potential (Fig. 3c), implying a
potential link between this kinetic disparity in LSV and *OH
bond energy. In addition, the kinetic mass activity and TOF
(based on ICP results) were calculated as shown in Fig. 3f. Given
there are some inactive Fe sites in the material caused by
stacking of FePc and burying in the material, the
electrochemically active Fe sites were calculated based on the
Fe?*/Fe3* peak integration in CV (SDc¢y) and TOF, were further
calculated, as shown in Table S5t. They show similar SD¢y, as a
result, their TOF ¢y exhibits the same trends as TOF,cp. All kinetic
parameters exhibited a positive correlation with Fe?*/Fe3* redox
peaks, thereby supporting our initial hypothesis. The specific
kinetic, as well as other related details, are presented in Table
S5t.

In a further investigation on the stability of the best-performing
sample (FePc/Py-CNT) by CV scan in N,-saturated 0.1 M KOH at
100 mV s~ scan rate from 0.5 Vgye to 0.9 Vgye (Fig. S137), it was

6 | J. Name., 2012, 00, 1-3

observed that the LSV curves before and after cycles nearly
overlap, indicating good stability. However, the Fe?*/Fe3* redox
peak area in the CV during 5000 cycles shows a significant
decrease, suggesting a loss or deactivation of Fe active sites
over the cycling process. More details regarding the test
conditions are provided in the Supporting Information.
Combining these results with the ICP findings that all samples
exhibited similar Fe content, it is assumed that the kinetic
performance of these types of catalysts is more reliant on their
structure.

To probe the
electrochemical activity of these catalysts, the effect of the axial

relationship between the structure and

ligand on the FePc environment was investigated further
through UV-vis experimental analysis. Comparing the UV-vis
spectra of mixed FePc/N-heterocycle samples, in the absence of
CNTs, with a pristine FePc solution, FePc/Py displayed a 5-6 nm
blue shift in the FePc Q band around 659 nm, as shown in Fig.
4a (photograph and details shown in Fig. S14%). Additionally,
the acridine solution showed a slight blue shift (1 nm), while the
quinoline solution did not exhibit a pronounced peak shift
(pyridine > acridine > quinoline). This blue shift in the FePc Q
band indicates that higher energy (lower wavelength) is
required for the m — m* transitions of the macrocycles,
signifying an electron density change of the macrocycle.

One potential explanation for the observed trend in peak shifts
could be attributed to the steric hindrance caused by peri
hydrogens in Fig. 4c. Previous research has indicated that peri
steric hindrance is more prominent in quinoline and acridine in
comparison to pyridine, leading to lower nitrogen atom basicity
(low pKa).*® Furthermore, acridine consistently exhibits higher
basicity than quinoline due to the increased stabilizing effect of
the aromatic rings on both sides of the acridinium cation.*® 47

This journal is © The Royal Society of Chemistry 20xx
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This peri-hydrogen steric hindrance may also impact the
coordination of Fe and could potentially account for the trends
in ORR performance.

a z b
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Fig. 4(a) UV-vis of FePc with different molecules (pyridine, quinoline, acridine,
isoquinoline) in DMF at room temperature. (b) Cathodic LSV curves obtained by
subtracting N,-saturated LSV from the O,-saturated result (in 0.1 M KOH with a
rotation rate of 1600 rpm recorded at 10 mV s™'), error bars represent the
standard deviation from three separate measurements. (c) the scheme of axial
coordination and the steric hindrance caused by peri hydrogens

In light of this, the use of isoquinoline was proposed as an axial
ligand on the surface of CNTs to coordinate with FePc, thereby
circumventing the proposed peri-hydrogen steric hindrance
seen in quinoline. The feasibility of employing isoquinoline was
supported by UV analysis (4-5 nm blue shift, Fig. 4a). The XANES
results of FePc/IsoQ-CNT also indicate axial coordination,
showing the pre-edge peak at approximately 7114 eV (Fig. S15%).
Furthermore, the EXAFS fitting results suggest that FePc/Py-CNT
and FePc/IsoQ-CNT show higher coordination numbers in the
first shell (Table S3t), which matches the results observed in UV
spectroscopy. Interestingly, the FePc/IsoQ-CNT sample also
exhibited improved ORR performance compared to FePc/Q-CNT,
providing tentative support for the steric hindrance hypothesis;

Journal ofcMaterials . Chemistry A

however, it falls short of the catalytic activity of FeRg/Py:CNT {as
shown in Fig. 4b) and its CV and SWV wa$$Ho\WaG#P Fig T8 &483K
Given that the UV experiment mentioned above was conducted
using an ideal model, it is important to note that the actual
surface structure of functionalized CNTs is more intricate. The
diazonium reaction of various molecules may lead to the
formation of distinct surface structures, including irregular
surfaces that could result from side reactions (more details
regarding possible side reactions are discussed in the
Supporting Information and Scheme S1). Additionally, oxygen
reduction is a multifaceted process influenced by numerous
factors. In this study, the electrochemically active surface area
(ECSA) of N-CNTs and Electrochemical impedance spectroscopy
(EIS) of FePc/N-CNTs have been further investigated.

The ECSA can be deduced by the double-layer capacitance (Cq)
of the N-CNTs, which was estimated via different CV scans at
the non-Faradaic region, as shown in Fig. S17%. The results
showed that A-CNT displayed the highest Cy4 while the Py-CNT
exhibited the lowest, suggesting that more aromatic rings in the
immobilized molecule led to higher Cy observed.

EIS was performed for FePc/N-CNTs at the mixed kinetic-
diffusion region (0.85 Vgye) and the results were analyzed via
equivalent circuit fitting and the distribution of relaxation times
(DRT) to estimate the resistances. The fitting equivalent circuit
used here was shown as an insert figure in Fig. 5a according to
previous research, even though the appropriate interpretation
of RDE EIS results is still under debate (details are provided in
Supporting Note and Fig. S181).4850 As shown in Fig. 5a, all these
samples show a higher-frequency semicircle regarding charge-
transfer resistance and a lower-frequency semicircle associated
with O, transport. Their polarization resistance is similar for all
these four samples while significant differences can be
observed in the lower-frequency semicircles, suggesting their
different resistance to oxygen transport. DRT is an emerging
model-free approach to analyzing EIS spectra to provide a
clearer representation of the electrochemical process. It has
been recently used for calculating and monitoring the evolution
of H* transport, O, diffusion, and ORR kinetics of Fe-N-C-based
PEMFCs.25 3% 52 Here, DRT analysis was performed for RDE-
based EIS spectra. As can be observed in Fig. 5b, the two main
specific peaks could be assigned to oxygen transport resistance
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Fig. 5 (a) Electrochemical impedance of FePc/N-CNTs was collected at 0.85 Vg in a frequency range of 0.1 Hz to 1 M Hz, in oxygen-saturated 0.1 M
KOH at a rotational rate of 1600 rpm. The results of the electrochemical impedance spectroscopy fitting with the equivalent circuit are detailed in
the supporting information. R,: polarization resistance and R,: the oxygen transport resistance. (b) DRT results from EIS spectra. (c) Corresponding
calculated resistances from the equivalent circuit fitting and DRT analysis.
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(P1in lower frequency region 0.1-2 Hz) and ORR resistance (P2
in higher frequency region 2-100 Hz), which supports the
equivalent circuit fitting of two semicircles’ in Nyquist plot. In
addition, acid fuel cells in previous works also exhibited these
two resistances at the same frequency.?® 32 The peak (P1)
shifting towards higher intensities and lower frequencies of
FePc/N-CNTs could be observed, suggesting their O, transport
is slower and more challenging for FePc/Q-CNT. Fig. 5c shows
the resistance calculated from DRT (integrating the area under
each peak) and equivalent circuit fitting (Table S671). The
resistance calculated from both methods is similar and the
improved oxygen transportation with  the
enhancement in ORR performance, especially with respect to
the kinetic parameters observed. We hypothesize that the
variation in oxygen transport could be attributed to the complex
surface characteristics of N-CNTs, and the distribution of FePc;
however, further investigations are necessary to elucidate the
functional properties of the CNT surface and their impact on
charge and oxygen transport.

Due to the high aryl-diazonium reaction efficiency of amino-
isoquinoline, we endeavored to fabricate an IsoQ-CNT with a
high functional content. This was to explore the impact of
surface N content, which could potentially render the surface
more irregular. This was achieved by performing the CNT
functionalization with an

correlates

increased amount of amino-
isoquinoline. The synthesized FePc/isoQ-CNT2 exhibited a
similar Fe content to FePc/isoQ-CNT (Table S4t), but showed
higher functionalization proportions (3 at% N of 1soQ-CNT2,
1.75 at%N of IsoQ-CNT, Table S27), suggesting that increased
loading of isoquinoline led to more aryl radical-mediated
surface aggregation, thereby increasing overall N content
without increasing available coordination sites for FePc
macrocycles. In comparison to FePc/isoQ-CNT, FePc/isoQ-CNT2
exhibited a slight decline in ORR performance (Fig. S19%),
implying that attempts to overload N-heterocycles onto the
CNT surface may adversely affect the ORR performance.

DFT Calculation of ORR

DFT calculations were conducted to investigate the variation in
the ORR process between FePc/CNT and FePc/N-CNTs. The DFT
model was built based on the proposed ideal axial coordinated
FePc. Bader charge analysis reveals that Fe centers in N-
heterocycle coordinated FePc (g= 1.12-1.15) exhibit more
positive charge than that of FePc (q=1.11), indicating that more

8| J. Name., 2012, 00, 1-3

FePc and FePc/ N-heterocycles.

electrons are transferred between the Fe centers and the axial
coordinated groups (Fig. S21%). Additionally, the projected
density of states (PDOS) (Fig. S221) showed a downward shift of
the d-band center of Fe sites of N-heterocycle coordinated FePc
in comparison to FePc, suggesting a reduced binding energy of
0,. Notably, a correlation was found between the d-band center
and O, adsorption energy, as shown in Fig. 6a. Given the
previous study by Zagal and Koper reported that FePc showed a
strong O, adsorption,* this downward shift of the Fe d-band
center potentially facilitates the ORR process of N-heterocycle
coordinated FePc. Interestingly, after geometry optimization,
the quinoline ligand in the FePc/Q model appears to rotate
slightly to mitigate steric hindrance from the peri-hydrogens
(Fig. S237), which likely accounts for its calculated activity being
similar to that of FePc/Py. However, it is important to note that
the DFT calculations are based on an idealized model, while the
actual CNT composite presents a more complex surface
environment. This complexity makes it more challenging for
quinoline to overcome steric hindrance by adjusting its position.
We assumed the FePc and penta-coordinated FePc proceed via
a four-step ORR mechanism (Fig. S207) through *O,, *OOH, and
*OH as intermediates. The model structure of catalysts with
intermediates is shown in Fig. S23t. FePc exhibits a substantial
Gibbs energy change during the initial step (*O, to *OOH) (Fig.
6b), suggesting overly strong O, adsorption. One crucial
parameter for evaluating catalytic activity is the limiting
reaction barrier, determined from the free energy of the rate-
determining step (RDS). To illustrate the thermodynamic
limiting step more clearly, Fig. 6¢c provides a free energy diagram
at potentials of 1.23V for FePc and FePc/N-heterocycles. The
RDS of FePc and FePc/N-heterocycles is the oxidation of *OH to
H,O0* and those axially coordinated FePc/N-heterocycles
catalysts show a much lower limiting barrier of approximately
0.20 eV to 0.75 eV compared to that of FePc (limiting barrier of
3.55 eV), suggesting that the axial coordinating FePc/N catalysts
can relieve high O, adsorption. The O, adsorption energy was
investigated as a descriptor of the catalysts' activity, as
illustrated in Fig. S24%. It was discovered that a decrease in
adsorption energy corresponded to a lower theoretical
overpotential. However, we do not observe any apparent
correlations between the experimental TOF, and the O,
binding energy. This observation suggests that there are many

This journal is © The Royal Society of Chemistry 20xx
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other factors influencing the catalytic activity that merit careful
consideration.

Conclusions

Overall, this study focused on synthesizing several structurally
related FePc/N-CNTs and investigating the effect of these Fe-N
axially coordinating materials in ORR catalysis. This has
extended the method of covalent functionalization of carbon
nanomaterials via the aryl diazonium reaction to afford a wider
range of N-heterocyclic ligands that all adsorb FePc onto N-CNTs
to achieve penta-coordination. Given that ORR performance is
dependent on the catalyst activity and O, diffusion, it was found
that the local structure around the axial ligand does affect the
overall ORR activity, with three main factors: (i) O, transport
resistance, (ii) steric bulk around the axial coordination groups
(hindrance generally affecting the environment around the Fe
center) and (iii) O, adsorption energy. It was found that
FePc/Py-CNTs exhibited the best ORR performance and the
variation of axial ligands via the addition of aromatic rings fused
to the pyridine may introduce steric hindrance and/or cause
potential irregular local surface structures on the functionalized
CNTs. This results in sluggish O, transportation and the
observed reduction in catalytic activity. Finally, these findings
mean that the local surface structure on modified carbon
substrates also needs to be considered when designing and
assessing new catalyst activity.
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