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Effects of Redox Mediators on the Catalytic Activity of Iron
Porphyrins towards Oxygen Reduction in Acidic Media

Qinggang He,*® Gang Wu,” Ke Liu,’ Samson Khene, Qing Li,"» Tawanda Mugadza,™
Elise Deunf,!” Tebello Nyokong,™ and Shaowei W. Chen*™

The effects of different redox mediators on the oxygen reduc-
tion reaction (ORR) catalyzed by an iron porphyrin complex,
iron(lll) meso-tetra(N-methyl-4-pyridyl)porphine chloride
[Fe"TMPyP], in 0.1 m triflic acid were investigated by cyclic vol-
tammetry (CV) and spectroelectrochemistry in conjunction
with density functional theory (DFT) calculations. The formal
potentials of the Fe"TMPyP catalyst and the redox mediators,
as well as the half-wave potentials for the ORR, were deter-
mined by CV in the absence and presence of oxygen in acidic
solutions. UV/Vis spectroscopic and spectroelectrochemical

1. Introduction

The recent surge of interest in non-noble-metal porphyrin and
phthalocyanine catalysts has been prompted by their potential
to replace Pt as cathodic catalysts in polymer electrolyte mem-
brane fuel cells (PEMFCs)."3! However, to realize the apparent
benefits of the metal-N-coordinated catalysts in high-power
fuel cells, advances in catalyst design and synthesis are re-
quired to produce catalysts with high turnover rates™ and
methods of incorporating molecular catalysts into membrane
electrode assemblies must be developed. With these advances,
the site density can be increased to levels that support high
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studies confirmed that only the 2,2"-azino-bis(3-ethylbenzothia-
zioline-6-sulfonic acid)diammonium salt (C;sH,,NsO¢S,) showed
effective interactions with Fe"TMPyP during the ORR. DFT cal-
culations suggested strong interaction between Fe"TMPyP and
the C;gH,,NgO6S, redox mediator. The redox mediator caused
lengthening of the dioxygen iron bond, which thus suggested
easier dioxygen reduction. Consistent results were observed in
electrochemical impedance spectroscopic measurements for
which the electron-transfer kinetics were also evaluated.

current densities. One approach is to build a 3D, molecular
polymer redox layer on the electrode surfaces.”’ The polymer
redox layer includes a molecular catalyst, and this structure re-
sults in full access to all species (electrons, protons, and sub-
strates) with increased reaction rates. In our previous stud-
ies,">? we proposed a polymer redox film having a non-
noble-metal complex impregnated with Nafion as a new cath-
ode catalyst layer for PEMFCs. In particular, a non-noble-metal
catalyst (metal porphyrins) binds with the sulfonic acid sites of
Nafion to form a 3D molecular catalyst, and the polymer redox
film is attached to the electrode surface.

In the above system, the electrons are transported from the
electrode through the catalytic sites, whereas the protons/
oxygen atoms migrate along with the hydrophilic domains of
Nafion. The water molecules produced by electrochemical re-
actions move to the polymer surface to form a parasitic liquid
water layer. Note that the metal porphyrin complexes are
chemically bonded with the sulfonic acid sites of Nafion, and
the catalyst is unlikely to migrate. In general, the electron
movement is slow among the separate metallic sites, which
may be facilitated by the addition of redox mediators with
shuttling motions among the active catalytic sites.

In addition to the intrinsic activity of the catalysts for the
oxygen reduction reaction (ORR), redox mediators (RMs) also
play a crucial role in effective charge transfer”? As such, it is
important to understand the kinetics of the ORR in the pro-
posed 3D molecular catalyst with suitable RMs. Herein, the ef-
fects of RMs on the ORR were tested by using cyclic voltamme-
try in a homogeneous catalytic system by employing a water-
soluble metal macrocycle compound (iron porphyrin) in a triflic
acid solution to mimic the 3D catalyst layer. Surprisingly, (dime-
thylaminomethyl)ferrocene did not show any enhancement for
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the ORR catalyzed by the iron porphyrin compound, although
it did exhibit a more positive formal potential than that exhib-
ited by the catalyst. In situ UV/Vis spectroelectrochemistry was
performed to elucidate the possible reasons. Consistent results
were obtained in electrochemical impedance spectroscopy
(EIS) measurements. In this work, density functional theory
(DFT) calculations are used to demonstrate the interaction of
CigH24NgOcS, with iron(lll) meso-tetra(N-methyl-4-pyridyl)por-
phine chlorid (Fe"TMPyP) to explain the observed low poten-
tial reduction of O, compared to that of other redox
mediators.

2. Results and Discussion
2.1. Cyclic Voltammetry and Rotating Disk Electrode

The cyclic voltammograms of Fe"TMPyP dissolved in 0.1 m trifl-
ic acid with different RMs in the absence and presence of O,
are shown in Figure 1a-c. Well-defined Fe"/'TMPyP, RM(n—1)/
RM(n) redox couples can be observed (see the corresponding
insets in the Figure). The formal potentials (E) for Fe"TMPyP
and the RMs are listed in Table 1. The electrochemical response
of the iron porphyrin4+RM systems was changed after the trifl-
ic acid electrolyte was saturated with oxygen. From Fig-
ure 1a-c it can be seen that in the absence of RMs, the onset
potential for the ORR is identical to the potential at which
Fe""TMPyP is reduced. This result indicates that the ORR pro-
cess follows a general catalytic regeneration mechanism.®'% |t
is interesting to note that the ORR curves change in quite dis-
tinct ways upon the addition of different RMs. For C,gH,,NsO¢S,
(Figure 1a), the half-wave potential (E,,)"""" for the ORR is
shifted to a significantly more positive position. In contrast, for
[Ru(NH,)eICl; (Figure 1b) and Fe(CH,NMe,) (Figure 1c), a nega-
tive shift in the E,,, values (AE,),) is observed, as summarized in
Table 1. E,,, is an important parameter to evaluate the intrinsic
catalytic function for the ORR.™'® As such, the marked differ-
ence in the shift of E,,, for different RMs unequivocally reveals
their varied functions during the ORR catalyzed by Fe"TMPyP.

As shown in Figure 2, the ORR activity and four-electron se-
lectivity of the Fe""TMPyP catalyst with adding various media-
tors are determined by using the rotating ring-disk electrode
(RRDE) technique. An enhancement in the ORR activity on the
Fe"TMPyP catalyst was observed if C;gH,NsO¢S, was added
into the electrolyte. Especially, C;sH,,NsO¢S, plays a promotional
role in reducing the overpotential of the ORR, as evidenced by
positive shifts in the potential in the kinetic range. However,
addition of the redox mediators plays an insignificant role in
altering the ring current density during the ORR. Thus, appro-
priate redox mediators are able to accelerate the reaction ki-
netics, but they cannot further improve the four-electron selec-
tivity during the ORR.

The electrocatalytic activity of the Fe"TMPP catalyst was
studied as a function of the disk rotation rate ranging from
400 to 1600 rpm. The Koutecky-Levich plots measured with
different mediators at 0.078 V are shown in Figure 3. In the
Koutecky-Levich equation for a film electrode, the overall mea-
sured ORR current j is related to the kinetic current j, and the
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Figure 1. Cyclic voltammograms on a glassy carbon electrode in Ar- and O.-
purged 0.1 m triflic acid containing 0.2 mm Fe"TMPyP in the absence and
presence of a) 0.2 mm 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)-
diammonium salt, b) 0.2 mm hexaammineruthenium(lll) chloride, and c¢) (di-
methylaminomethyl)ferrocene; scan rate =20 mVs~'. Insets) Cyclic voltam-
mograms on the same glassy carbon electrode in Ar-purged 0.1 m triflic acid
containing 0.2 mm Fe"TMPyP in the presence of 0.2 mm 2,2-azino-bis(3-eth-
ylbenzothiazoline-6-sulfonic acid)diammonium salt, 0.2 mm hexa-
ammineruthenium(lll) chloride, and 0.2 mm (dimethylaminomethyl)ferro-

cene; potential scan rate=20 mVs™".

boundary-layer diffusion-limiting current j;. The limiting cur-
rent, j4 can be expressed as [Eq. (1)]:
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Table 1. Formal potential (E*) of different redox mediators and the shift
in the half-wave potential (AE, ) of the ORR.

E°' [V vs. Ag/AgCl] AE,, [mV]
Fe'"TMPyP ~0014 0
C1sHaNgOeSs 0525 59.1
RU(NH,)sCl; ~0.125 _83
FeCH,NMe, 0.396 —97
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Figure 2. RRDE tests for the ORR on the Fe"TMPP catalyst with adding vari-
ous redox mediators. a) Ring current density representing H,0, yields;
b) disk current density exhibiting the catalytic activity.

ja = 0.2nFDY*Cov /0w (1)

in which F is the Faraday constant, D, is the diffusion coeffi-
cient of 0, (1.9x107° cm?s™"), w is the electrode rotation rate
in rpm, v is the kinematic viscosity of water (0.01 cm?s™"), and
Co is the concentration of O, in dilute aqueous solution (1.1 x
107° molcm™3). The relationship between the measured current
density and the rotation rate is given by [Eq. (2)]:

T 1 1 1 1 1
PR B At Ba 2)

in which both A and B are constants. On the basis of Equa-
tions (1) and (2), the number of electrons transferred in the
ORR can be obtained from the slope of the 1/j versus 1/w"
lines [Eq. (3)1:"”

B = 0.2nFDZ*Cov"/® = 3.5 x 10°n 3)
The slopes of the Koutecky-Levich plots in Figure 3 revealed

an n value of 3.5 with the Fe"TMPP catalyst. After the addition
of C,gH,4NgO6S,, n increased to 3.8. Consequently, the ORR se-
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Figure 3. Koutecky-Levich plots for the ORR on the Fe"TMPP catalyst with
various redox mediators added.

lectivity was significantly improved with the assistance of dia-
mmonium relative to other mediators studied in this work,
which is in good agreement with the above-discussed ORR ac-
tivity. In contrast, n decreased to 3.3 upon the addition of
FeCH,NMe,, which indicates the negative impact of
FeCH,NMe, on the ORR activity on FeTMPP.

2.2. Spectroelectrochemical Studies

It is known that the above RMs have no effect on the ORR po-
tential by themselves. Then one may ask why the ORR pro-
ceeds so differently in the electrolytic solution containing
Fe"TMPyP together with RMs. To decipher the mechanisms, we
used UV/Vis spectroscopy and electrochemistry simultaneously
to investigate whether RMs and Fe"TMPyP interact during the
ORR process.

The UV/Vis spectrum of Fe"TMPyP in triflic acid (pH 1) exhib-
its a Soret band at 402 nm, as seen in Figure 4. Upon reducing
the solution at —0.2 V (vs. Ag/AgCl), an increase in the intensi-
ty and a redshift (415 nm) of the Soret band was evident,
which is a common phenomenon that has been observed else-

Absorbance
o
=Y

0 r r r r r r r
300 350 400 450 500 550 600 650 700
wavelength (nm)

Figure 4. UV/Vis spectra for Fe"TMPyP in triflic acid (pH 1) before (—) and
after (-----) electrolysis in an OTTLE cell at E=—0.2 V.
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where,®® and it corresponds to the reduction of Fe"TMPyP to

Fe'"TMPyP.

A similar variation of the Soret band was also observed if se-
lected RMs were added into the Fe"TMPyP solution. As depict-
ed in Figure 5, upon the addition of an equal volume of
0.5 mM CigH,uNsO4S, into a 0.2 mm Fe"TMPyP solution, the
dark brown iron(lll) porphyrin color turned bluish-green
(Figure 5, curve ii). Such a change in color is a reflection of the

Absorbance
(=]
-

0.2

300 350 400 450 500 550 600
wavelength (nm)

Figure 5. UV/Vis spectra of Fe"TMPyP (i), the mixture of Fe"TMPyP and 2,2'-
azino-bis(3-ethylbenzothiazioline-6-sulfonic acid) diammonium salt (i), and

2,2"-azino-bis(3-ethylbenzothiazioline-6-sulfonic acid) diammonium salt (iii),

all in triflic acid solution (pH 1).

reduction of Fe" to Fe", similar to that observed for the nitrosy-
lation of Fe" porphyrins;"® furthermore, a new Soret band
emerged at 415 nm. The shift in the peak position of the Soret
band, as compared to that of Fe"TMPyP alone (Figure 5,
curve i; note that no apparent absorption band is observed
with C;gH,,NsO¢S,, Figure 5, curve ii) indicated apparent inter-
actions between the Fe" metal center of the porphyrin
(Fe""TMPyP) and the 2,2"-azino-bis(3-ethylbenzothiazioline-6-sul-
fonic acid)diammonium  salt.

A concurrent decrease in the ab-

Absorbance
o o o o o e o
N w s v o ~N 0o

o
=

300 350 400 450 500 550 600 650 700

wavelength (nm)

Figure 6. UV/Vis absorption spectra for the Fe""TMPyP and hexa-
ammineruthenium(lll) chloride mixture before (—) and after (----- ) electrol-
ysis at E=—0.2 V in triflic acid (pH 1).

not surprising to see that there is no enhancement in the ORR.

Similar to acid salts, one may expect that Fe" can be re-
duced by FeCH,NMe, due to the high redox potential of
FeCH,NMe,. However, from Figure 1c it is surprising to see
that the ORR was actually somewhat inhibited in the presence
of FeCH,NMe,. To address this phenomenon, in situ UV/Vis
spectra were recorded at different potentials in a triflic acid so-
lution containing Fe"TMPyP and FeCH,NMe,. Interestingly, in
Figure 7 no new band evolved, but the band density at
405 nm decreased with an increasingly negative electrode po-
tential. From the inset in Figure 7, the main band at 405 nm in
the UV/Vis curves of Fe"TMPyP and the Fe"TMPyP +
FeCH,NMe, mixture overlap with each other, which indicates
that there was no interaction between Fe"TMPyP and

sorbance of the mixture was also 08 i
observed, possibly due to strong '-l
interactions between Fe" and 079 i
the RM and hence a significant :. ° oL
= o ---Fe y!
change in the molecular 0.6 v So4 + FeCH,NMe,
structures. :. 3
p— 0.5+
U.pon the appI!catlon of a re- 2 I'. “0_2
ducing  potential to the - o
Fe'"TMPyP and Ru(NH;),Cl; mix- g 049 VYN o
c [ ‘300 350 400 450 500 550 600 650 700

;urtjj (E:_Ol.zy\}/)l there r:/vas no 8 - .\’" sl lu
undamental change in the spec- s '
tra, as shown in Figure 6, except 3
for a slight broadening of the < 0.2+
Soret band; this suggests that

. . . 0.1+
there was virtually no direct in- wammmm,
teraction between Fe"TMPyP MSmmemeeommaa |
and Ru(NH,),Cls. This result is in 0 ' ' '
agreement with the measure- 200 300 400 500 600 700

ments of the redox potentials
that show that [Ru(NH,),ICl; has
a more negative redox potential
than Fe"TMPyP and, therefore,

cannot reduce it. As a result, itis E=+02V.
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Wavelength / nm

Figure 7. UV/Vis spectrograms recorded before and after 10 min controlled-potential coulometry at increasing ap-
plied potentials: 0.15, 0.10, 0.05, 0.00, —0.05, —0.15, —0.20, and —0.25 V versus Ag/AgCl in a triflic acid solution of
Fe"TMPyP and FeCH,NMe,. Inset) Spectra for Fe"TMPyP (—) and Fe"TMPyP 4 FeCH,NMe, mixture (-----) at
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FeCH,NMe, in the acidic solution over a broad potential
window.

2.3. EIS Study

The electron-transfer kinetics of the ORR were then examined
by EIS measurements. Figure 8 shows the Nyquist complex-
plane impedance spectra of the ORR at varied potentials with
the iron porphyrin catalyst alone and with the addition of the
three selected redox mediators in an O,-saturated 0.1m triflic
acid solution. In all four systems under study, generally the EIS
spectra exhibit a single semicircle, which suggests that under
the current experimental conditions the interfacial kinetics of
the ORR process is the predominant step for the electrode
reactions.”"

For each system under study, it can be clearly seen that the
diameter of the arc decreased with a cathodic shift in the ap-
plied potential. This observation is consistent with the voltam-
metric results in Figure 1. As the diameter of the impedance
arc represents the charge-transfer resistance (Rs) of the ORR at
the electrode surface, a decrease in the diameter of the arc
suggests enhanced electron-transfer kinetics, as shown in
Figure 8. In addition, the diameters of the impedance arcs in
the presence of iron porphyrin and C;gH,,N;OS, are clearly
smaller than those in other systems over the entire potential
range from + 0.3 to —0.2 V, which suggests lower charge-trans-
fer resistance and higher oxygen-reduction activity.

The equivalence circuit shown in the inset of Figure 9 was
then used to fit the impedance data, for which Rs represents
the solution resistance and C,, and R are the double-layer ca-
pacitance and charge-transfer resistance, respectively. The
overall variation in the charge-transfer resistance (R.) with dif-
ferent applied potentials is depicted in Figure 9. First, for all
systems under study, R decreased as the potential was
moved negatively; this is indicative of enhanced oxygen-reduc-
tion kinetics. Second, it can be seen that over the entire poten-
tial range, Rc; is noticeably smaller with iron porphyrin and
CigH,4NsOcS, than with other systems. For instance, at about
+0.04V, the value of R for the iron porphyrin catalyst is
8.52 kQ, and the addition of C;gH,,N;O¢S, lowered the value to
3.27 kQ, whereas in the presence of [Ru(NH;):Cl; and Fe-
(CH,NMe,), the R values are also lower but to a much less
extent at 7.49 and 6.92 kQ, respectively. These behaviors are
consistent with the voltammetric results. That is, within the
present experimental context, C,3H,,NsO4S, exhibited the most
significant enhancement for the ORR electrocatalytic activity of
iron porphyrin in acidic media.

2.4. DFT Studies

Figure 1a shows that the reduction of dioxygen is significantly
more influenced by the C;gH,,N¢O¢S, redox mediator than by
other redox mediators (Figure 1b, ). The reduction potential of
dioxygen in the presence of the [Ru(NH,)¢]Cl; and Fe(CH,NMe,)
redox mediators shows similar behavior, which thus suggests
minimal interaction between the catalyst and the redox media-
tors. DFT calculations were performed to investigate the inter-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Complex plane (Nyquist) impedance plots of oxygen reduction cat-
alyzed by iron porphyrin a) in the absence of RMs and in the presence of

b) CgH,4NsO6S,4, ) [Ru(NH,)ICl,, and d) FeCH,NMe, at different electrode po-
tentials (shown in the figure legends). Symbols are experimental data and
lines are simulations based on the equivalent circuits shown in Figure 9

action of dioxygen and the C,gH,,NsO¢S, redox mediator with
Fe"TMPyP [O,Fe"(C;gH,4NsO¢S,)]. Figure 10 shows the opti-
mized structures of the O,Fe"(C,gH,,NsOS,) and O,Fe"(OH)
complexes. The OH group was used in place of Cl to simplify
the DFT calculations.
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Figure 9. Variations in the charge-transfer resistance (R) with electrode po-
tentials in oxygen reduction catalyzed by Fe"TMPyP in the absence and
presence of various redox mediators. Data were obtained by curve fitting of
the impedance spectra (Figure 8) according to the equivalent circuit shown
in the inset.

The modeled porphyrin dioxygen adduct (Figure 10a,b)
shows what is referred to as a side on adsorption of dioxygen
with respect to the central mental. (Figure 9a shows that the
redox mediator can coordinate to the central metal ion thus to
form an octahedral complex). Because there are no other
redox mediators for oxygen to coordinate with, the Fe central

(@)

Figure 10. Optimized structure of a) O,Fe"(C,gH,,N4O4S,) and b) O,Fe"(OH)
calculated at B3LYP/SDD.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

metal cannot displace the Cl atom, and this results in similar
reduction potentials observed for dioxygen. The DFT calcula-
tions and the electrochemical data allow the following reaction
schemes to be proposed [Egs. (4)-(9)]:

Cl — Fe"TMPy + redox mediator =

4
Cl — Fe"TMPyP — redox mediator )
Cl — Fe"TMPyP — redox mediator + O, = 5)
0, — Fe"TMPYP — redox mediator + CI~
0, — Fe"TMPyP — redox mediator + e~ — ©)
0,  — Fe"TMPyP — redox mediator
0,  — Fe"TMPyP — redox mediator + e~ — )
0,  — Fe"TMPyP — redox mediator
0, — Fe"TMPyP — redox mediator + H;O — ®)
Fe"TMPyP — redox mediator + H,0,
2Fe"TMPyP — redox mediator + H,0, + 2H{O +2e™ — ©)

2FeV 4+ 4H,0

The CygH,,NgOsS, redox mediator reacts reversibly with
CIFe"TMPy to form a reduced species indicated as CIFe"TMPy-
redox mediator adduct. This step is confirmed by the observed
redshift in the Soret band (Figure 5) and by color changes in
the solution (from dark brown to bluish-green) upon the addi-
tion of the redox mediator to the Fe"TMPyP solution. The next
step involves a reaction of dioxygen with the CIFe"TMPy-redox
mediator adduct to form the O,Fe"TMPy-redox mediator
adduct. It is known that the ligand coordinated to the leaving
group lowers the activation energy for the substitution reac-
tion by destabilizing the ground state of the complex or by
stabilizing the activated complex. Destabilization of the
ground state by C;gH,,NsO¢S, due to strong o-electron dona-
tion along the C,gH,4,N;OsS,—Fe-Cl axis promotes the weaken-
ing of the Fe—Cl bond; this makes dissociation easier and leads
to substitution of dioxygen. The C;gH,,N¢O¢S, redox mediator
is also coordinated to the dioxygen group in the O,Fe'TMPy-
redox mediator adduct. The next step is the formation of the
superoxide ion with iron in a ferric state (O, Fe"TMPy-redox
mediator adduct). The next step involves the reduction of the
0, Fe"TMPy-redox mediator adduct at negative potentials,
which results in the reduction of the dioxygen adduct to
~O,Fe"TMPy-redox mediator. In acidic solution, the adduct is
converted into Fe"TMPy-redox mediator and hydrogen perox-
ide. The final step involves the reaction of Fe"TMPy-redox me-
diator with hydrogen peroxide in acidic media to form H,O as
the final product.

The ease of reduction can be associated with the bond
length between Fe and O,. The calculated bond length be-
tween the Fe and O, adduct for C;4H,,NsO¢S, (Figure 10a) and
OH (Figure 10b) is 1.77486 and 1.71575 A, respectively. The
bond length for dioxygen in the O,Fe"TMPy-redox mediator
adduct is longer than that in the O,FeTMPy-OH adduct. This
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observation suggests that the o electron density of
CigHuNgOgS, promotes the weakening of the Fe—O, bond,
which thus makes dioxygen reduction easier. The trans ligand
seems to facilitate the oxygen-reduction process through the
trans effect. This observation from DFT calculation correlates
well with the experimental observation of lower reduction po-
tentials for dioxygen in the presence of the CgH,,NsO¢S, redox
mediator.

3. Conclusions

Three selected redox mediators including 2,2"-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid)diammonium salt
(CygH4NO6S,), hexaammineruthenium(lll)  chloride  ([Ru-
(NH,)6ICl5), and (dimethylaminomethyl)ferrocene (FeCH,NMe,)
were investigated in the catalytic reduction of oxygen by iron
porphyrin [Fe"TMPyP] in acidic media. Except for [Ru(NH,),ICl,,
all redox mediators exhibited formal potentials more positive
than that of Fe"TMPyP. Therefore, it was expected (and ob-
served) that there was no enhancement in the ORR catalyzed
by Fe"TMPyP with [Ru(NH,):Cl;. Additionally, FeCH,NMe, (with
a more positive value of the formal potential) inhibited the
ORR in 0.1 wm triflic acid 4+ 0.2 mm Fe"TMPyP. In marked contrast,
a more positive half-wave potential (E,,) for the ORR was ob-
served with C;gH,,N;O¢S,. Spectroelectrochemical data revealed
that Fe"TMPyP was reduced to Fe'TMPyP in the presence of
C5H,4N6OcS,, which led to enhanced activity of the ORR. Con-
sistent results were obtained in EIS measurements for which
the charge-transfer resistance in the oxygen reduction was
found to decrease with the addition of redox mediators, and
the best performance among the series was observed with
CigH,uNgOeS,. That is, within the experimental context,
CigH,4NgOS, exhibited the most significant enhancement in
the ORR activity. DFT calculations were employed to probe the
interaction between Fe"TMPyP and the C,gH,,N¢O4S, redox me-
diator. These calculations showed that there was a substantial
interaction between Fe"TMPyP and the C,3H,,N¢O4S, redox me-
diator. The redox mediator caused lengthening of the dioxy-
gen iron bond, which thus made dioxygen reduction easier.

Experimental Section
General Methods

The iron(lll)  meso-tetra(N-methyl-4-pyridyl)porphine  chloride
(Fe"TMPyP) catalyst was obtained from Frontier Scientific, Inc., and
was used as received. All other chemical materials including the
RMs [2,2"-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)diammoni-
um salt (CygH,4NgO6S,), hexaammineruthenium(lll) chloride ([Ru-
(NH5)¢ICl3), and (dimethylaminomethyl)ferrocene (FeCH,NMe,)]
were analytical grade and were obtained from Sigma-Aldrich. The
pH of the 0.1 m triflic acid solution was determined to be 1.0 by
using a Beckman Coulter model 510 pH Meter.

Computational Methods
The Gaussian 03 program" running on an Intel/Linux cluster was

used to perform DFT calculations. All DFT calculations were per-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

formed at the B3LYP level with a basis set SDD for optimization. All
visualization used the Gausview 4.1 program.!'”

Characterization

Cyclic voltammetry measurements were conducted in a standard
three-compartment electrochemical cell maintained at room tem-
perature (20-25°C) by using a rotating disk electrode (RDE) setup
from the Pine Instrument Company connected to an Autolab bipo-
tentiostat (PGSTAT302N). A glassy carbon electrode (diameter=
5.61 mm) from the Pine Instrument Company was used as the
working electrode. A Pt wire was taken as the counter electrode.
A “no leak” Ag/AgCl reference electrode was obtained from Cy-
press Systems. Before measurement, the RDE was first polished
successively with 1.0, 0.3, and 0.05 um alumina slurries (Buehler,
Lake Bluff, IL) and then cleaned with distilled water under sonica-
tion. The disk electrode potential was scanned in a defined poten-
tial windows at 20 mVs~'. EIS measurements were conducted at
varied potentials by using an EG&G PARC Potentiostat/Galvanostat
(Model 283) in conjunction with a frequency response detector
(Model 1025). The impedance spectra were recorded between
10 kHz and 0.1 Hz with an alternating current (AC) signal amplitude
of 10 mV.

In the RRDE testing, the ring potential was set to 1.2 V. Before the
experiments, the Pt ring was activated by potential cycling in 0.5m
H,S0, from 0.0 to 1.4V at a scan rate of 50 mVs~' for 10 min. The
four-electron selectivity of the catalysts was evaluated on the basis
of the yield of H,0,, which was calculated from the following equa-
tion [Eq. (10)]:

In/N

0y p—
H,0, [%] = 200 x O

(10)

in which I and I; are the disk and ring currents, respectively, and N
is the ring collection efficiency, which was calibrated to be 36 %.

In situ UV/Vis spectra were collected with a Shimadzu UV-2550
spectrophotometer. Spectroelectrochemical data were obtained by
connecting a homemade optically transparent thin-layer electro-
chemical (OTTLE) cell to a Bioanalytical Systems (BAS) CV 27 vol-
tammograph. All spectroelectrochemical experiments were per-
formed in 0.1m triflic acid (pH 1). Pt mesh working and auxiliary
electrodes and an Ag/AgCl reference electrode were employed for
the OTTLE cell.
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