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ABSTRACT

We report the oxygen reduction reaction (ORR) activity in acid of a Fe porphyrin
on different supports. While the activity is high (E12= 0.34 V vs. RHE with n = 3.8)
when the Fe porphyrin is adsorbed on XC72 (a graphitic carbon), this activity is much
lower when the porphyrin is adsorbed on either MoS: (E12=—0.15 V vs. RHE with n
= 2.2) or g-C3N4 (E12 = —0.24 V vs. RHE with n = 3.1). Electron paramagnetic
resonance (EPR), X-ray absorption fine structure (XAFS), and magnetometry
measurements show the electronic structure around the Fe center is the same for all
three supports. Only the Fe porphyrin supported on XC72 exhibits a pH dependence in
its ORR activity. This observation, coupled with the increased hydrophilicity of XC72
relative to the other supports, suggests that the support-electrolyte interaction controls
the ORR activity. Modification of MoS to increase its hydrophilicity results in a more

active ORR catalyst.

KEYWORDS: Oxygen reduction reaction, iron porphyrin, carbon, MoS,, carbon
nitride, hydrophilicity.

1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) and rechargeable metal-air
batteries (MABs) are next-generation energy devices for clean power generation'2. The
kinetics of the oxygen reduction reaction (ORR) at the cathode in PEMFCs or MABs
is slow relative to hydrogen oxidation occurring at the anode and consequently
substantial effort attends the search for effective ORR electrocatalysts®*. The most

commonly used electrocatalysts for the ORR are based on Pt or Pt-alloys, materials
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which have shortcomings associated with low abundance, high price, and degradation
(or poisoning) during the ORR operation®. Nonprecious metal (NPM) catalysts are
earth-abundant alternatives to Pt-based catalyst with lower price and comparable
activity, at least in alkaline electrolyte® %, Recent years have witnessed significant
improvements regarding the activity and durability of NPM catalysts, but the systematic
development of these materials is hampered by uncertainty regarding the nature of the
active sites and the ORR mechanism'-?. The requirement of high temperature pyrolysis
for better ORR performance of NPM catalysts implies that the structures of the catalyst
precursors are significantly altered, leading to heterogeneity in Fe speciation in the
catalyst with the probable inclusion of FeN4!'*!!| Fe,N'?, Fe;C!* and Fe(0)!'*!>. This
heterogeneity complicates both characterization and developing correlations between

active site structure and reactivity?.

One way to circumvent the Fe characterization issue is to use non-pyrolyzed
macrocycle complexes (such as Fe porphyrins or Fe phthalocyanines), where the well-
defined structure is preserved during catalyst synthesis. This structural preservation in
concept allows direct correlation between the catalyst structure and the resulting ORR
activity> 16, Indeed, the first NPM catalysts used intact metalated porphyrins or
phthalocyanines adsorbed on carbon surfaces!”. The observation that pyrolysis yields a
more active ORR material directed much subsequent activity away from the use of
intact porphyrins or phthalocyanines. Nonetheless, numerous studies on non-pyrolyzed
macrocycle complexes as ORR catalysts have characterized the molecular structure

after their absorbing or coordinating on supports'® ¥, For example, studies have



addressed molecular materials adsorbed on carbon nanotubes” '°, multiwall carbon
nanotubes®’, reduced graphene oxide (rGO)?!, a graphene-metal oxide framework
composite’?, and a covalent oxide framework?’. These analyses suggested that the
molecular material remained intact following adsorption on carbon supports, with a

relatively weak interaction between the support and the macrocycle.

Relatively little work addresses adsorption of Fe-containing macrocycles on non-
carbon supports for ORR purposes. Co or Fe macrocycles adsorbed onto Au electrodes
modified with self-assembled monolayers (SAMs) demonstrate ORR activity, albeit at

somewhat higher overpotentials?*32,

Kwon et.al. reported that a two-dimensional MoS/Fe-phthalocyanine (FePc)
hybrid exhibited an ORR E;2~ 0.89V in alkaline solution®’. The MoS; hybrid reported
by these authors was synthesized by using a hydrothermal method at 200 °C, and this
method led to a metastable metallic 1T’ phase of MoS: rather than the semiconducting
2H phase found in commercial MoS:. In addition, this method results in a non-planar
geometry of the Fe—Njy active site of FePc, which the authors associated with the high

ORR catalytic activity of the MoS; hybrid.

Mesoporous carbon nitride (MCN) has been evaluated as a support for both metal
(Mn, Fe, Co, Ni, Cu, and Zn) phthalocyanine and Co porphyrin ORR catalysts by Singh
et. al**3%. The MCN was synthesized by a hard templating method to improve the
surface area and conductivity of the support. The highest E12 (~0.05 V) is exhibited by

CoPc@MCN in these reports, with a limiting current density < 1.5 mA/cm? and n ~



1.64 in 0.1 M HClO4 with rotation. This activity is much lower than that found using

carbon-based supports.

In this paper we use a ball-milling method to synthesize non-pyrolyzed Fe
porphyrin absorbed on three different supports, i.e., XC72, 2H-MoS; and g-C3N4, as
ORR catalysts. We find that while the electronic structure around the Fe center is
identical as demonstrated by several physical characterization techniques, the ORR
activity of three catalysts shows significant variance. The origin of this variance is
found to be associated with differences in the support-electrolyte interaction among the
different materials. A modification to MoS> to improve its hydrophilicity leads to
enhanced ORR activity, a result which further corroborates the importance of support
electrolyte interactions in Fe-based ORR activity. Although the ORR activity exhibited
by our catalysts is low relative to other materials, particularly those processed using
pyrolysis, this work provides insight into the effect of the support and particularly its

interaction with the electrolyte on ORR performance from a fundamental perspective.

2. EXPERIMENTAL SECTION

2.1 Catalyst Preparation

Preparation of Catalyst on Support
5,10,15,20-Tetrakis(4-methoxyphenyl)-21H,23H-porphine  iron(III)  chloride

(FeTMPPCI) was purchased from Frontier Scientific and used without further

purification. The three support materials used were Vulcan XC72 (Fuel Cell Store,

College Station, TX), MoS (Sigma Aldrich, St. Louis, MO), and carbon nitride (g-



C3Ny). In a typical experiment, 300 mg of Fe porphyrin and 900 mg of support material
were placed into a 50 mL agate ball-milling container with 12 g agate balls. The
container was then fixed into the planetary ball-mill (Mini-Planetary Mill Model
PMV1-0.4L, MSE Supplies LLC) and agitated at 400 rpm for 50 min. The resulting
catalyst powder was used as prepared. Samples are delineated by name and support (i.e.,
FeTMPPCI-XC72 is FeTMPPCI supported on XC72).

Catalysts were also prepared by using a wet impregnation method following prior
reports>®. Here, 300 mg of Fe porphyrin was placed into a beaker containing 30 ml
(CH3)2CO and 900 mg of support. The suspension was stirred for 2 h. Then the solvent
was completely evaporated, first with the help of a heating plate and finally in an oven
at 75 °C overnight. Catalysts prepared using this wet impregnation method gave ORR
responses identical with those prepared using the dry method above. The dry method
was chosen to simplify preparation of multiple materials.

Preparation of Graphitic Carbon Nitride g-C3Ny

Carbon nitride g-C3N4 was prepared by following a published method®’. In a
typical synthesis, 10 g of urea powder was placed into an alumina crucible, covered
with aluminum foil and then heated at a ramp rate of 15 °C/min to a final temperature
of 550 °C. The sample was maintained at this temperature for 2 hours before being
allowed to cool to room temperature at a rate of 90 °C/min, yielding a pale-yellow
powder. XRD yielded diffraction peaks identical with those expected for g-C3N4>%.
Synthesis of the MoS>-200 and MoS>-220

The oxygen-incorporated MoS: (MoS2-200) was prepared by following a



published method’. Typically, 1 mmol (NH4)sM07024-4H>0 and 30 mmol thiourea
were dissolved in 35 mL distilled water under vigorous stirring to form a homogeneous
solution. After being stirred for 30 min, the solution was transferred into a 45 mL
Teflon-lined stainless steel autoclave, sealed, and maintained at 200 °C for 24 h. Then
the reaction system was allowed to cool down to room temperature. The black product,
MoS,-200, was collected by centrifugation, washed with distilled water and ethanol,
and dried at 60 °C under vacuum. As a control, MoS>-220 with diminished oxygen

incorporation*?-4!

was synthesized using the same method except the autoclave
temperature was 220 °C. XRD obtained from these materials was consistent with

literature™®.

2.2 Electrochemical Experiments

All electrochemical measurements were performed in a 3-compartment
electrochemical cell. The counter electrode was a carbon rod, and the reference
electrode was a “leakless” Ag/AgCl reference electrode (3 M KCl, eDAQ, Inc.). The
glassy carbon disk (4 = 0.283 cm?), which served as the working electrode, was
polished sequentially with 0.25 and 0.05 pm diamond polish (Buehler) and sonicated
in water before use. Aqueous electrolyte solutions were prepared using Milli-Q purified
water (>18 MQ cm) and the corresponding salts. Solutions were sparged with O; or Ar
prior to each measurement for 30 min.

Catalyst inks were prepared by combining 5 mg of catalyst, 175 pL of ethanol, and
47.5 pL of Nafion (Sigma Aldrich) in a planetary mixer (Thinky). After mixing, 5 pL

of catalyst ink was drop-cast onto the glassy carbon electrode. Linear sweep
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voltammetry (LSV) was measured with ring disk electrode (RDE) using a 760D
Electrochemical Workstation (CH Instruments, Austin, TX) and a MSRX rotator (Pine
Instruments, Durham, NC) between relevant voltages, with a 0.01 V/s scan rate in O»-
saturated 0.1 M HCIlO4 or buffer solutions at a rotation rate of 1600 rpm. All potentials
were converted to reversible hydrogen electrode (RHE) by measuring the open-circuit
potential of a flame-annealed Pt wire electrode in H» gas-saturated electrolyte
immediately following measurements. Values reported reflect the results of at least
three independent measurements.

Buffer solutions for pH 2—6 were prepared by Briton-Robinson buffers*? consisting
of mixtures of 0.04 M H3BO; (EM SCIENCE), 0.04 M H3POj4 (Sigma Aldrich) and
0.04 M CH3COOH (Fisher Scientific) titrated to the desired pH with 0.2 M NaOH
(Sigma Aldrich). A solution of 0.1 M HCIO4 acid (Sigma Aldrich) was used for pH 1
electrolyte. The pH values were measured using an Orion Star A111 pH meter (Thermo

Scientific).

2.3 Physical Characterization

ICP-OES was carried out on a PerkinElmer 2000 DV in the University of Illinois
SCS Microanalysis Laboratory. XPS was performed using a Kratos AXIS Ultra
spectrometer with a monochromatic Al Ka (1486.6 eV) X-ray source. All binding
energies were referenced to graphitic carbon at 284.5 eV. Superconducting quantum
interference device (SQUID) magnetometry was collected at 300 K (27 °C) by using a
Magnetic Property Measurement System (Quantum Design). The sample was placed in

a polycarbonate capsule, secured with Kapton tape, and inserted into a plastic straw.
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Powder X-ray diffraction was performed using a Siemens/Bruker D5000 diffractometer
with Cu K-a radiation (A= 0.15418 nm). X-band electron paramagnetic resonance
(EPR) spectra were recorded using Bruker 10" EMXPlus X-band CW spectrometer at
10 K for ethanoic suspensions of materials containing 200 pmol/L of Fe. Q-band EPR
spectra were recorded for catalyst power in solid state at 10 K on a Bruker Elexsys E-
580 Q-band CW spectrometer. Fits to the EPR spectra were obtained by using the
EasySpin program*’. X-ray absorption spectroscopy was carried out at beamline sector
9-BM at the Advanced Photon Source at Argonne National Laboratory with a beam
cross section of 2.6 x 0.75 mm?. Samples were studied ex situ by pressing the catalyst
powder into a pellet. Fe K-edge absorption data for materials supported on XC72 and
g-C3Ng were recorded in transmission mode. Measurements for materials supported on
MoS; were recorded in fluorescence mode. All measurements used a double-crystal Si
(111) monochromator run at 50% detuning and ion chamber detectors filled with a
mixture of He/N,. X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) data were processed and analyzed with Athena and
Artemis programs of Demeter data analysis package** that utilizes FEFF6 program® to
fit the EXAFS data.

Contact angle measurements were carried out using a Ramé-Hart contact angle
goniometer (model 250). Samples were first pressed into solid pellets (2500 PSI, 5 min)
to yield sufficiently smooth and flat surfaces for analysis. Each measurement was
conducted by placing one uL of deionized water onto the surface of the pellet using a

microsyringe. Contact angles were then computed from an average of 20 tangent line



measurements between the substrate and the drop.

3. RESULTS

3.1 ORR activity

T
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Figure 1. Ar-subtracted LSV obtained from FeTMPPCI-XC72, FeTMPPCI-MoS,
FeTMPPCIl-g-C3N4, XC72, MoS: and g-C3N4 in Oz-saturated 0.1 M HClOg4 using an
RDE at 1600 rpm. The shaded areas represent +/— one standard deviation in the current
obtained from multiple measurements. The grey line was obtained from FeTMPPCI-

XC72 in 0.1 M HCI1O4 absent O».

Figure 1 presents linear sweep voltammograms obtained from a RDE rotating at
1600 rpm coated with FeTMPPCI adsorbed on different supports in O»-saturated 0.1 M
HCIlO4. The Ar control is shown as the grey line in the figure. The red line in Figure 1
shows that FeTMPPCI-XC72 exhibits an Ei2 of 0.34 £ 0.02 V vs. RHE. Koutecky-

Levich (K-L) measurements (Figure S1a, 1d) show that the reduction consumes n = 3.8
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+ 0.1 ¢ with a calculated production of 11 £ 5% H20». Both Ei» and n values are
consistent with prior reports % 4648,

The blue line in Figure 1 shows that FeTMPPCI-MoS: exhibits an E12 of —0.15 +
0.03 V vs. RHE. K-L measurements (Figure S1b, 1e) show that the reduction consumes
n = 2.24 £ 0.02 ¢ with a calculated production of 88 = 1% H>O,. The green line in
Figure 1 shows that FeTMPPCl-g-C3N4 exhibits an E12 of —0.23 £ 0.02 V vs. RHE. K-
L measurements (Figure Slc, 1f) show that the reduction consumes n = 3.13 £ 0.04 ¢~
with 44 + 2% H>0O» produced. Interestingly, the FETMPPCI on XC72 is substantially
more active for the ORR both in terms of E1 and n value relative to FeTMPPCI on
either of the other supports.

Figure 1 also shows the results of ORR measurements obtained from the supports
absent FeTMPPCI. While FeTMPPCI-XC72 exhibits a ca. 258 mV shift in Ei/ relative
to bare XC72, the FeTMPPCI-MoS; and FeTMPPCIl-g-C3N4 exhibit a ca. 99 mV and
31 mV shift in Ej» relative to bare MoS» and bare g-C3Ng4respectively. Thus, the results
in Figure 1 show that ORR activity varies as FeETMPPCI-XC72 > FeTMPPCI-MoS; >
FeTMPPCl-g-C3N4. The ORR activity of bare MoS>*°? and bare g-C3N4! is consistent
with prior results. The XC72 supported porphyrin is substantially more active relative
to the same material supported on MoS: or g-C3N4. Figure S2 shows the results for the
supports obtained absent O and indicates the current in Figure 1 is associated with the

ORR. Figure S3 shows ORR activity obtained for the three systems considered here in

0.1 M KOH. While FeTMPPCI-XC72 exhibits good activity, the ORR activity from
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FeTMPPCI-MoS: and FeTMPPCI-g-C3N4 is again diminished relative to the XC72
support and is convolved with the response obtained from bare glassy carbon.
3.2 ICP and Electrochemical results

ICP-OES results (Table S1) obtained prior to immersion show that the amount of
Fe on the electrode surface is nearly the same for the three materials. In order to evaluate
the presence of leaching during the ORR measurement, ICP-OES was performed on
the electrolyte solution following ORR. These measurements (Table S1) show no
evidence for Fe, suggesting that the electrode supports do not leach Fe during the ORR
measurement. Consequently, the origin of the diminished activity for both FeTMPPCI-
MoS; and FeTMPPCI-g-C3Ny relative to FeTMPPCI-XC72 is not loss of Fe into the
electrolyte solution.

Another possible origin of differences between the different supports is their bulk
conductivity. Indeed, the bulk conductivity of quasimetallic XC72 (2.77 S-cm !)*?is
greater than that found for semiconducting 2H-MoS, (1.3x107° S-cm™')* or
semiconducting g-C3Ns4 (~10712 S:em™')*. In concept, this difference in bulk
conductivity could be the origin of the lower ORR activity seen in FeTMPPCI
supported on MoS; or g-C3Ns. Indeed heterogeneous rate constants for the

1

[Fe(CN)s]> 7 couple on graphite (pristine basal plane: 6.8%10* cm-s™!; defective basal

plane: 5.9x10~*cm-s!) 3 are 5~30 fold larger than those found on MoS: (pristine basal

plane: 2.1x107° cm-s!; defective basal plane: 1.2x10~*cm-s1)*>.
In order to compare the heterogeneous rate constants for the [Fe(CN)s]>* couple

with those for ORR, we obtained (Figure. S4a) the heterogeneous rate constant k¢ for

12



ORR at 0.34 V vs. RHE (the E12) from FeTMPPCI-XC72. This value (1.1x102cm-s ')
is substantially greater than that estimated at this potential for either FeTMPPCI-MoS:
(2.2x10*cm-s™") (Figure. S4b) or FeTMPPCl-g-C3N4 (1.8x107* cm-s™) (Figure S4c).
In this case, supporting FeTMPPCI on either MoS> or g-C3N4 leads to rate constants at
least 50 times smaller at 0.34 V relative to that found from FeTMPPCI-XC72. Since
the drop in rate for ORR is much greater than that found for the [Fe(CN)s]* ™~ couple,
we suggest there must be an addition origin of the drop in rate for FeTMPPCI supported
on MoS; or g-C3Nj relative to XC72.
3.3 Electronic structure characterization

In order to evaluate possible electronic structural changes to the FeTMPPCI when
combined with different supports, we obtained EPR, EXAFS, and susceptibility

measurements on the different systems.

3.3.1 EPR
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Figure 2. EPR of FeTMPPCI-XC72, FeTMPPCI-MoS,, and FeTMPPCl-g-C3N4
obtained at 10 K: (a) X-band along with unsupported FeTMPPCI. The dashed lines
demarcate g = 5.88, 2.01, and 2.00 (I-r). Inset: enlargement of 3220—3420 G field
region of FeTMPPCI-XC72; (b) Q-band (solid state). The dashed lines demarcate g =
5.99, 2.05, and 2.00 (I-r). Inset: enlargement of 100350—13790 G field region of
FeTMPPCI-XC72.
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X-band EPR of FeTMPPCI-XC72 (Figure 2a) shows the presence bands at g =
5.88 and gy= 2.01 as expected for a square-pyramidal ferric high-spin FeNy site with
Cl as the axial ligand. These EPR values are consistent with those previously observed
for five-fold-coordinated ferric high-spin porphyrins (gL = 6 and gy= 2) and originate
from the |5/2; £1/2> ground-state Kramers doublet of an S = 5/2 spin system in an axial
ligand field with positive D and a rhombicity parameter E/D =~ 0%,

Figure 2a shows that all three supported samples exhibit the same signal positions
and shapes as found for FeTMPPCI alone. Table S2 reports the results of fits to these
EPR spectra yielding g values and linewidths nearly identical for the three supported
samples. This result suggests that the Fe environment on each of the supported samples
is identical and suggests as well that the Fe coordination environment does not change
following deposition on the support. The broadened g = 5.88 peak for FeTMPPCIl alone
likely results from an interaction between FETMPPCI and ethanol in the suspension
(the OH group weakly coordinates at the sixth axial position of the iron porphyrin),
while for supported FeTMPPCI, the sixth axial position is more likely to interact with
the support and less with ethanol.

Figure 2b shows the results of 10 K Q-band EPR obtained from the solid samples
without ethanol addition. The higher resolution Q-band measurement resolves the
presence of two features around g = 2. For better clarification, the inset of Figure 2a
and Figure 2b shows an enlargement of the g =2 field region obtained from FeTMPPCI-
XC72 with X-band and Q-band EPR respectively. In X-band EPR, the g = 2 signal
contains two unresolved features. In the Q-band EPR, the g = 2 signal is resolved as g

14



= 2.05 and g, = 2.00. The gy= 2.05 is associated with the axial coordination of Fe
porphyrin. The g = 2.00 band originates from delocalized radicals in the substrate, as
EPR obtained from the substrates alone also exhibits the g, = 2 feature (XC72: g =
2.003-2.005°73%; MoSz: g = 2.005%-6%; g-C3N4: g = 2.003°16%). Again, the identical g
values between FeTMPPCI on the different supports suggests the presence of identical

Fe environments.

3.3.2 Magnetometry
L 3 (a)
ok
S 2r 7
§1f
Sor |
Nr ~—— FeTMPPCI-XCT2
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Figure 3. (a) SQUID Magnetometry and (b) susceptibility of FeTMPPCI-XC72,
FeTMPPCI-MoS;, and FeTMPPCI-g-C3N4 at 300 K (27 °C). Error bars represent
standard deviation obtained from multiple measurements.

Figure 3a shows the change in magnetization with applied field of each material
normalized to the total Fe percentage (Table S1) at 300 K. All samples exhibit linear
responses suggesting that the iron porphyrin molecules are well-dispersed in the
supports and that the entire material is paramagnetic. Figure 3b shows the calculated
mass susceptibility along with error bars obtained from multiple measurements for the
three supported materials. All materials exhibit mass susceptibilities yp = 2—2.5x10™*
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cm?/g and result in effective magnetic moment per=5.5—5.9 B.M., which is consistent
with the presence of high-spin Fe**(5.92 B.M.)*. The similar values between the
different materials suggests that there is no superparamagnetic or ferromagnetic
material in all the samples.

3.3.3 XANES and EXAFS
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Figure 4. Fe K-edge X-ray absorption spectra for FeTMPPCI-XC72, FeTMPPCI-MoS,,
and FeTMPPCI-g-C3N4. (a) XANES and (b) Fourier transform magnitudes of the k>
weighted EXAFS spectra. Fe;O4 reference spectrum is shown by a dashed line in (a).

In order to obtain further insight into the electronic structure around the Fe center
in the supported FeTMPPCI materials, we collected ex situ XANES and EXAFS data
for all three samples. Figure 4a shows the Fe K-edge XANES obtained from
FeTMPPCI-XC72, FeTMPPCI-MoS,, and FeTMPPCI-g-C3N4. Figure 4a shows that
the XANES spectra for all three materials are nearly identical in both peak shape and
peak position. All three samples exhibit an edge energy at 7124 eV as has been seen
previously for FeTMPPCI alone®**’.

Figure 4a also shows that all three samples exhibit similar 1s>3d pre-edge features
at 7113 eV. This region in energy is often used to detect, qualitatively, whether the Fe

sites exhibit deviation from central symmetry, as they do in the case of Fe3O4 that
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contains some Fe sites in tetrahedral positions. In the case of the three samples studied
here, the presence of the pre-edge feature at the 7113 eV is consistent with the square
pyramidal (Cay) symmetry®* 7,

Figure 4b shows the Fe K-edge EXAFS data. The best fits of theoretical EXAFS
spectra to experimental data are shown in Figure S5. Table 1 reports the quantitative
fitting results. We note that the amplitude factor and coordination numbers correlate in
the EXAFS equation, and for quantitative analysis of the data, it is common to assume
that the amplitude factor in the unknown sample is the same as in a reference sample,
and the coordination numbers in the unknown sample are varied in the fits. In this case,
due to the lack of an appropriate experimental reference that would have similar local
environment as in the unknown samples, we examined two possibilities for choosing
the better model for analysis. First, when the total coordination number was fixed as 5
(4N+1C1), the amplitude factor was found to be 1.4, i.e., unphysically large **%. On the
other hand, a coordination number of 6 (4N+1CI+10) gave a physically reasonable
amplitude factor of 1.0. We note that XPS data obtained from FeTMPPCI on different
supports exhibits an O signal, contributing ca. 5%—10% to the total signal after
accounting for sensitivity factors (Figure S6). That observation is an independent factor
in favor of the second model, with CN = 6. The contribution of O was modeled by using
an additional Fe—N bond, a well justified approach because the backscattering
amplitude of Fe—N and Fe—O paths are very similar.

Interestingly, XPS obtained from FeTMPPCI on all three supports exhibited Fe-
related peaks at nearly identical energies. (Figure S7; Table S3)
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Table 1. Best fit structural parameters obtained from the analysis of EXAFS data.
Interatomic distances R with uncertainties in parenthesis, bond length disorder factors
o and coordination numbers (CN) for the nearest coordination shells for FeTMPPCI-
XC72, FeTMPPCI-MoS;, and FeTMPPCI-g-C3Ns.

Samples Contribution CN R(A) o? (A%
RTMPPCIXCT2 S0 S 000
T
T

Uncertainties in the last significant digit are given in parentheses.

Table 1 shows the Fe—N and Fe—Cl bond lengths from FeTMPPCI are nearly
independent of the support. Additionally, the Fe—N and Fe—Cl bond lengths are also
very close to those in the FeTMPPCI unsupported crystal structure’® (Fe—Naye = 2.064
A, Fe—Cl = 2.240 A). This close correspondence suggests there is only a weak
interaction between the iron porphyrin and the different supports.

3.3.4 pH Dependent Measurements
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Figure 5. LSV of (a) FeTMPPCI-XC72, (b) FeTMPPCI-MoS,, and (¢) FeTMPPCI-g-
C3Njy at Oz-saturated different pH solutions obtained at a rotation rate of 1600 rpm.

We next examine the effect of changing solution pH on the ORR activity of the
supported porphyrins. Figure 5 shows that the ORR activity of FeTMPPCI-XC72
changes as a function of solution pH. Alternatively, changing the pH for either

FeTMPPCI-MoS; and FeTMPPCI-g-C3N4 results in little change in ORR activity.
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Thus, the XC72 support imparts a pH dependence which is not observed on either MoS;
or g-C3Na.

Figure 6a plots the pH dependence of E1/2 values obtained from ORR of FeTMPPC1
on the different supports. On XC72, the E 1 first decreases from 0.31 Vat pH 1 to 0.10
V at pH 3 (n = 3.21), then increases to 0.30 V at pH 6 (n = 3.99). The variation in Ei
is over 200 mV between the different pH values examined. Indeed, a pH-dependent
onset for ORR has also been observed in pyrolyzed NPM materials’!. Figure 6a also
shows the pH dependence of the E 1> values for both FeTMPPCI-MoS; and FeTMPPCI-
g-C3Ny. In contrast to the XC72 case, the Ei/2 values from FeTMPPCI on either MoS;
or g-C3N4 change by between 20 to 80 mV over the pH range examined. Figure 6b
reports differences in ORR onset (defined as —1 mA/cm? reduction current density, we
used onset potential because limiting current was not achieved for these bare supports)
for the different supports without adsorbed FeTMPPCI. Consistent with the results in
Figure 6a, XC72 exhibits pH dependence, with higher onset potentials at pH 1 and 6
and a minimum between pH 3 and 4. Alternatively, neither bare MoS: or bare g-C3N4
exhibit substantial pH dependence in the ORR onset potential.

The variation in pH dependence with the different supports suggests that the
interaction with the solution is different among the three supports examined. Indeed,
contact angle measurements suggest that XC72 is somewhat more hydrophilic (contact
angle = 43° 7) relative to either MoS; (contact angle = 83° ) or g-C3N4 (contact angle
= 74> ™). In turn, this observation suggests that ORR onset and n value, both for bare
and FeTMPPCIl-supported systems, depends on the interaction of the support with water.
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Figure 6. pH dependence of (a) Ei2 values from LSV of FeTMPPCI-XC72,
FeTMPPCI-MoS;, and FeTMPPCIl-g-C3N4 and (b) ORR potential obtained at an ORR
current density of =1 mA/cm? from LSV of bare XC72, MoS., and g-C3Na.

3.4.5 ORR of FeTMPPCI on activated MoS:

In order to test whether substrate wettability affects ORR parameters, we
synthesized two additional supports based on MoS». By using a hydrothermal synthetic
method at different processing temperatures, different amounts of O can be
incorporated into MoS,*. Processing at 200 °C yields O-incorporated MoS,-200%% 7
while processing at 220 °C yields a defect-rich M0S>*. The incorporation of O leads to
an increased c-axis spacing in M0S»-200 (9.5 A) relative to either commercial MoS; or
MoS,-220 (6.15 A) 37,

Figure 7a shows Ar-subtracted LSV obtained from FeTMPPCI-MoS2-200, MoS;-
200, M0S,-220, and MoS; in Oz-saturated 0.1 M HCIO4. Voltammetry from MoS>-200
or FeTMPPCI-Mo0S,-200 in Ar-saturated solution was highly capacitive as expected
due to the larger c-axis spacing in M0S>-200%°. ICP results did not detect the presence
of Fe in solution following immersion of FeTMPPCI-MoS,-200 into electrolyte (Table

S1). Figure 7a shows that M0S2-200 exhibits an ORR onset substantially more positive

(ca. 400 mV) relative to either MoS; or MoS»2-220. Additionally, FeTMPPCI-MoS2-200
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exhibits an ORR E;» some 50 mV more positive than M0S>-200. Thus, processing the

MoS: to incorporate more O leads to enhanced ORR activity relative to MoS; alone.
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Figure 7. (a) Ar-subtracted LSV of MoS;, Mo0S,-220, M0S,-200, and FeTMPPCI-
MoS,-200 obtained in 0.1 M HClOy at a rotation rate of 1600 rpm. (b) The average
contact angle values for water measured on MoSz, M0S2-200 and MoS;-220 pellets.

To evaluate the origin of the enhanced activity of MoS»-200, we performed contact
angle measurements for both M0S>-200 and Mo0S,-220. Figure 7b reports that MoS»-
200 exhibits a contact angle of 41.7° while the contact angle obtained for both MoS»
and MoS»-220 is around 78°. The decreased contact angle for MoS»,-200 suggests this
O-incorporated material is more hydrophilic than MoS2-220 or MoS». We note that the
contact angle for MoS»-200 is consistent with that reported for XC72. Taken together,

these results suggest that water availability is important for ORR activity in these

materials.

DISCUSSION

The results reported above show that FeTMPPCI adsorbed on different supports

exhibits widely different ORR activities depending on the support. Figure 8 reprises the

ORR data.
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Figure 8. Comparison of Ei2 and n values for FeTMPPCI adsorbed on different
supports, along with values from the supports alone.

Figure 8 shows that changing the support leads to dramatic changes in ORR activity.
FeTMPPCI adsorbed on XC72 is most active, while FeTMPPCI on g-C3N4 has an Ei.
some 500 mV more negative. Additionally, the results above show that adding
porphyrin to the support yields dramatically increased ORR activity on XC72, but only
a small change in ORR activity on MoS: or g-C3Ns. Nearly 4 electrons are transferred
when FETMPPCI is on XC72 support, but that number is nearer to 3 for the other
supports.

Detailed characterization reported above shows that the changes in activity seen in
Figure 8 do not relate to changes in the coordination environment around the Fe center
when FeTMPPCI is adsorbed on the different supports. The nearly identical EPR,
EXAFS, and magnetometry for each sample show that the act of adsorbing FeTMPPCI1
on different supports does not change the electronic structure around the Fe center. At

the same time, ICP shows that FeTMPPCI is well adsorbed on each support, and that
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there is no dissolution of Fe before or during ORR activity. The linear field response in
the magnetometry further indicates that there is no superparamagnetic or ferromagnetic
material in the samples. EXAFS further suggests the presence of only a weak
interaction between the Fe center and the support.

While there is no apparent difference in the coordination environment around the
Fe center in all the supports consider here, there is a difference in the pH dependence
of'the ORR E. for the three materials. In particular, Fe TMPPCI-XC72 exhibits a strong
pH dependence, but this pH dependence not found with the other two supports.
Interestingly, results from FeTMPPCI-XC72 show that Ei» decreases going to pH = 3
before increasing again going to pH = 6. This behavior was seen in one prior paper
(albeit using pyrolyzed materials)’!, and was attributed to interaction of functional
groups on the XC72 with the electrolyte. The pK, of carboxylic acid on the electrode is
ca. 4.5 and deprotonation of these groups may allow for more proton availability at the
electrode surface at higher pH values. Our data (Figure 6) show that bare XC72 exhibits
a trend in ORR onset similar to that seen with FeTMPPCI-XC72 in that the onset is
high at pH = 1, decreases to pH = 3, and then increases to pH = 6. Neither MoS; nor g-
C3N4 exhibits substantial pH dependence in ORR onset with or without the presence of
FeTMPPCI.

The presence of a pH dependence for ORR on XC72 suggests that the approach of
water and protons is crucial to ORR activity in the supported catalyst. Indeed, the non-
unity kinetic isotope effect (KIE) seen from pyrolyzed Fe-containing materials on
XC72 suggests a strong proton dependence in the rate determining step (RDS) for Fe
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ORR catalysts supported on the electrode’. While we did not measure the KIE for the
catalysts considered in this paper, the KIE in wild type cytochrome c oxidase (a heme-
based ORR enzyme) is ca. 2 for the P°>—F> transition and ca. 7 for the F>—0O*
transition””"”°. These non-unity KIE values strongly support the participation of proton
during or before the RDS. If proton availability is lower in the MoS2 and g-C3N4
materials, this lowered availability has been shown to inhibit the ORR, leading to more

pronounced peroxide formation®.

The origin of the increased participation of protons for XC72 must be related to the
increased hydrophilicity of this material relative to MoS; or g-C3Ns4. A more
hydrophobic surface will inhibit the approach of protons and diminishes the potential
dependence of the water structure above such a surface®'. The relationship between
hydrophilicity or hydrophobicity and the ORR has a long history. For example, a review
article®” suggests that ORR is enhanced by multi-phase mass transfer diffusion of
reactants (O2, H'/e") and products between the electrochemical surface and the
electrolyte. Surface reactions, including oxygen adsorption, interfacial charge transfer,
and desorption of intermediates/products near the active sites are increased in more
hydrophilic materials. This insight is supported by studies on oxidized carbons®’, O-
doped carbon-supported single-Fe-site catalysts®, N-doped porous carbon materials®,
superhydrophilic O,-entrapping honeycomb carbon nanofibers®®, and edge-selectively
functionalized graphene nanoplatelets®’. A few studies suggest that more hydrophobic
surfaces or surfaces with intermediate hydrophobicity are more active for the ORR. In

these cases, hydrophobicity is induced through the adsorption of various ionic liquids®®-
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8 or occurs on zero valent metal electrodes®, where the ORR mechanism may be

different from that considered here’®. The increased hydrophilicity may also promote

stronger interaction of Nafion with the support.

Above we show that we can activate MoS» to make it more hydrophilic relative to
unactivated MoS,. Consistent with the above suggestions, FeTMPPCI supported on the
activated MoS; exhibits a substantially more positive E1, for the ORR relative to the
unactivated MoS; and also exhibits a higher n value. While the c-axis spacing in MoS:-
200 is larger than that in the unactivated samples, the real origin of the enhanced activity
is the greater affinity for water (lower contact angle) that MoS>-200 exhibits relative to
the other samples. This observation again suggests that the interaction of the support

with the electrolyte controls much of the ORR activity.

CONCLUSIONS

This study shows that the interaction of the catalysts and the support with the
electrolyte is important in determining ORR activity. While the coordination
environment around the Fe remains the same in all three supports, the interaction of the
support-porphyrin complex with the solvent is very different. XC72 wets better than
the other substrates and exhibits higher activity. If the approach of water to the support
is inhibited, then the ORR activity is inhibited, and peroxide production increases due
to insufficient proton activity at the active site. If proton activity is increased, then four

electron reduction of oxygen to water is enhanced.
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