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ABSTRACT

The development of electrocatalysts for the selective O2-to-H20 conversion, the O2
reduction reaction (ORR), is of great interest for improving the performance of fuel cells. In this
context, molecular catalysts that are known to mediate the 4H"/4e™ reduction of Oz to H20 tend to
be marred by limited stability and selectivity in controlling the multiproton and multielectron
transfer steps. Thus, evaluation of new transition metal complexes, including organometallic
species, for ORR reactivity could uncover new molecular catalysts with improved properties. We
have previously reported the synthesis and characterization of various organometallic Pd™
complexes stabilized by the tetradentate ligand N,N'-di-tert-butyl-2,11-
diaza[3.3](2,6)pyridinophane (‘BuN4). These complexes were shown to react with Oz and undergo

oxidatively-induced C—C and C—heteroatom bond formation reactions in the presence of O2. These



Oz2-induced oxidative transformations prompted us to evaluate the ORR reactivity of such
organometallic Pd complexes, which to the best of our knowledge has never been studied before
for any molecular Pd catalyst. Herein, we report the ORR reactivity of the [(‘BuN4)Pd"'!MeCI]"
complex, under both homogeneous and heterogeneous conditions in a non-aqueous and acidic
aqueous electrolyte, respectively. Cyclic voltammetry and hydrodynamic electrochemical studies
for [(‘BuN4)Pd"MeCl]" revealed the electrocatalytic reduction of Oz to H20 proceeds with
Faradaic efficiencies (FE) of 50-70% in the presence of acetic acid (AcOH) in MeCN. The
selectivity toward H20 production further improved to a FE of 80-90% in an acidic aqueous
medium (pH 0), upon immobilization of the molecular catalyst onto edge plane graphite (EPG)
electrodes. Analysis of electrochemical data suggests the formation of a binuclear Pd™
intermediate in solution, likely a Pd"-peroxo-Pd™ species, which dictates the thermochemistry of
the ORR process for [(‘BuN4)Pd™™MeCl]" in MeCN, and thus being a rare example of a
bimolecular ORR process. The maximum second-order turnover frequency TOFmax® = 2.76x108
M ! sec”! was determined for 0.32 mM of [(‘BuN4)Pd"'MeCl]" in the presence of 1 M AcOH in
Oz-saturated MeCN with an overpotential of 0.32 V. By comparison, a comparatively lower
TOFmax® = 1.25%10° M™' sec! at a higher overpotential of 0.8 V was observed for
[(‘BuN4)Pd""MeCI]PFs adsorbed onto EPG electrodes in Oz-saturated 1 M H2SOs aqueous
solution. Overall, reported herein is a detailed ORR reactivity study using a novel Pd™
organometallic complex and benchmark its selectivity and energetics toward Oz reduction in

MeCN and acidic aqueous solutions.

INTRODUCTION



Proton exchange membrane fuel cells (PEMFCs) that can store and convert chemical
energy into electricity are practical and promising devices that can provide an alternative to the
use of fossil fuels."* A simple model of a PEMFC can be described as a two-compartment cell,
with the cathodic and anodic chambers separated by a polymer electrolyte or proton exchange
membrane (PEM). The anodic compartment splits H> molecules into 2H" and 2e~, the protons
being supplied to the cathodic compartment through the PEM, whereas the e transfer occurs
through the external circuit to balance the voltage difference. The cathodic compartment performs
the Oz reduction reaction (ORR) by utilizing the provided protons and electrons to produce H20.3
However, the use of expensive Pt-based catalysts as both the anode and the cathode impedes the
wide commercialization of such technologies.!* Therefore, a promising alternative to the Pt
catalysts is highly desired. Although the development of cheap materials for water splitting or Hz
oxidation has made significant progress, finding robust and cost-effective materials as cathode

catalysts for ORR is still an ongoing challenge.>¢

Pd could be a choice to replace Pt because of its similarity in the crystal structure (face-
centered cubic) and d-electronic configuration.” In this regard, fuel cell relevant reactions, e.g.,
electrochemical H2 evolution or oxidation have shown progress by using Pd-based or carbon-
supported Pd catalysts.®'® Although pure metallic Pd is positioned very near to Pt in the volcano
plot of ORR activity, as proposed by Nerskov and co-workers,'! its use for electrochemical ORR

is either limited as an additive for the reduction of Pt loading!*>!4

, while its reactivity is marred by
the poor stability in acidic medium.'>"!7 In this regard, to the best of our knowledge, there is no Pd
molecular catalyst that has been reported to date as a catalyst for the electrochemical ORR

reaction.'”® In the context of molecular ORR catalysts, metalloporphyrins bearing first-row

transition metals (e.g., Mn, Fe, Co) have gained immense attention. For example, Mn"



tetraphenylporphyrin (MnTPP) and hangman porphyrin xanthene (Mn(HPX-CO:H)), reported by
Nocera et al., reduces Oz with high selectivity, >75% toward H20 in MeCN in the presence of
acetic acid (AcOH) or its derivatives.!” Additional examples were provided by Mayer and co-
workers for the homogeneous electrochemical ORR using different metalloporphyrin
derivatives.'82%2! Nevertheless, recent progress made to incorporate such metalloporphyrins into
pyrolytic graphite electrodes also provide heterogeneous ORR platforms with high selectivity
toward H20 production in an acidic aqueous medium that could have more impact for designing
practical energy devices.?*?* However, the synthesis of porphyrins or its derivatives is often

limited by low yields, which limits their potential industry-scale applications.

Thus, evaluation of new transition metal complexes, including organometallic species, for
ORR reactivity could uncover new molecular catalysts with improved properties. We have
previously reported the synthesis and characterization of various organometallic Pd" complexes
stabilized by the tetradentate ligand N,N'-di-zert-butyl-2,11-diaza[3.3](2,6)pyridinophane (‘BuN4)
and related analogs.>® These complexes were shown to react with Oz and undergo oxidatively-
induced C—C and C—heteroatom bond formation reactions in the presence of O2. These O2-induced
oxidative transformations prompted us to evaluate the ORR reactivity of such organometallic
complexes, which to the best of our knowledge has never been done before, for any molecular Pd
catalyst. Herein, we report the ORR reactivity of the [(‘BuN4)Pd"'!MeCI1]PFs complex, 1+PFs
(Figure 1), both under homogeneous and heterogeneous conditions in a non-aqueous and acidic
aqueous electrolyte, respectively. Firstly, we benchmarked the electrocatalytic activity toward
ORR using 1°PFs in MeCN in the presence of AcOH, and then the same catalyst was immobilized
onto an edge plane graphite (EPG) electrode to compare its performance in Oz-saturated 1 M

H2S0O4 aqueous solution at pH 0. Cyclic voltammetry and rotating-ring disk electro/(:ie voltammetry
g
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studies carried out for 1ePFg reveal high peak current density, 12 mA/cm? in Oz-saturated MeCN
with 1 M of added AcOH and up to 70% selectivity for H2O formation. Additionally, interpretation
of the electrochemical data and “foot-of-the-wave” analysis (FOWA) suggest the reaction
mechanism for Oz reduction involves a binuclear Pd'!! intermediate, likely a Pd"™-peroxo-Pd™
species. Second-order ORR rate constants (kgp,) of ~ 2.76x10% M sec™! at different catalyst

concentrations were also extracted using FOWA.

[(!BuN4)Pd"'MeCI]PFg, 1+PFq

Figure 1. The organometallic Pd™ complex employed herein in the ORR studies.

By comparison, electrochemical data obtained for 1°PFs adsorbed onto EPG electrodes
exhibited comparatively lower catalytic current densities, 0.5 mA/cm? but with high selectivity
(=80%) toward H2O formation in Ogz-saturated 1 M aqueous H2SOas. At these conditions,
Koutecky-Levich (K-L) plots were also constructed, and the number of electrons associated with
the heterogeneous ORR catalysis is estimated to be between 3.74 and 4.03 from the slope of the
linearly fitted K-L plots within the applied potential of 0.2 V and 0.1 V vs. normal hydrogen
electrode (NHE). Additionally, the intercepts of the linearly fitted K-L plots provided the overall

1

second-order reaction rate constant as 1.25x10°> M !s™! under these heterogeneous conditions.

Overall, herein we report the ORR reactivity of an organometallic Pd"™ complex, and show that



this species is an efficient and stable ORR electrocatalyst under both homogeneous and

heterogeneous conditions in a non-aqueous and acidic aqueous electrolyte, respectively.

EXPERIMENTAL DETAILS

Reagents and Materials. All chemicals were commercially available from Aldrich, Fisher, or
Strem Chemicals and were used as received without further purification. Solvents were purified
prior to use by passing through a column of activated alumina using an MBraun solvent

purification system.

Synthesis and characterization

Synthesis and detail characterization of [('‘BuN4)Pd"'!MeCI1]PFs, 1ePFs, was reported previously.?

Electrochemical Studies

All electrochemical experiments were carried out using BASi Epsilon and CH Instruments
potentiostats. Rotating ring-disk electrochemistry (RRDE) used glassy carbon as the disk and Pt-
wire as the ring electrode, and all RRDE experiments were performed using the Pine Modulated
Speed Rotator. All cyclic voltammograms (CVs) and RRDE data are plotted according to the “US

9929

convention”””, where the positive and negative currents are for the reduction and oxidation

processes, respectively. All CVs were recorded at 0.1 V/s scan rate unless otherwise noted.

Homogeneous electrochemical studies. Cyclic voltammetry was carried out using a conventional
three-electrode cell with a glassy carbon (GC) working electrode (surface area = 0.07 cm?), non-
aqueous Ag/0.01 M AgNOs in MeCN reference electrode, and Pt-wire counter electrode. The GC
electrode was prepared by polishing on a cloth polishing pad using 5-micron aluminum oxide

polishing slurry, followed by a thorough deionized water rinse, and gently drying with a heat gun.?’



CVs were recorded by dissolving 1 to 1.5 mM concentration with 0.1 M "BusNPFs (TBAPF¢) in
dry MeCN, unless otherwise noted. Ferrocene was used as an external standard, and all potentials

were reported with respect to the ferrocenium-ferrocene couple (Fc™?).3

Heterogeneous electrochemical studies. Cyclic voltammetry was carried out using a conventional
three-electrode cell with an edge plane graphite (EPG) working electrode (surface area = 0.09
cm?), aqueous AgCl/Ag reference electrode, and a carbon rod or GC counter electrode. The EPG
electrodes were polished and prepared following literature procedures.?>* A 20 pL aliquot of 1.5
mM 1 in MeCN was drop-cast onto the EPG working electrode, dried to evaporate the solvent
residues, and rinsed thoroughly with deionized water to remove any loosely bound molecules on
the electrode surface. All heterogeneous electrochemical experiments were studied in 1 M H2SO4
aqueous solution at pH 0 either after saturating in the N2 or Oz atmosphere. All potentials for
heterogeneous electrochemical experiments were reported with respect to the normal hydrogen

electrode (NHE).

RESULTS AND DISCUSSION

Homogeneous Electrochemical ORR Studies

CV studies under N>

The initial electrochemical studies were performed under N2 by dissolving
[(‘BuN4)Pd""™MeCI]PFs, 1PFs, in 0.1 M TBAPFs/MeCN. Cyclic voltammograms (CVs) recorded
for 1 showed a reversible wave centered at 0.58 V vs. Fc™° for the Pd"™!V redox couple and an
irreversible redox wave at —0.45 V vs. Fc"? (Figure 2), assigned to the reduction of Pd™ to Pd"

+/0

based on our previous reports.?® In addition, a small anodic wave at 0.14 V vs. F¢** appeared upon



repeating the CV sweeps, indicating the oxidation of a small amount of Pd" formed during the
reductive scans.”> However, successive CV cycles recorded for 1 in MeCN under N2 showed stable

peak currents for these redox features (Figure 2).
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Figure 2. CVs recorded for 1 in N»-saturated 0.1 M TBAPF¢/MeCN upon four repeating CV
sweeps at the scan rate of 0.1 V/s. The black arrow shown in the figure indicates the scan direction.

CVs were also collected for 1 in N2-saturated MeCN at different scan rates (v=10.1 V/s —

1 V/s, Figure 3a), and a linearity in the cathodic peak currents (i,.) for the Pd"™V redox couple

was observed with the square root of the scan rate (v/v) (Figure 3b) that signifies free diffusive
homogeneous processes with no significant adsorption or deposition of molecules onto the
electrode surface during the CV cycles.?” This uncommon stability of a Pd complex under reducing
conditions and the lack of any Pd metal deposition onto the cathode is unique and likely due to the
hard donor atoms of the 'BuN4 ligand and the presence of an organic methyl ligand that severely
destabilize the low oxidation states of the Pd center. The slope of the linear fit obtained by plotting
the cathodic peak currents, i,,. observed for Pd"""V redox waves at different scan rates provided

the diffusion coefficient (D) as 1.9%107° cm? s~! by using the Eq. (1),!!



ipe = 0.446 FSC \/R?—T VD \v; Eq. (1)

where S is the electrode surface area (= 0.07 cm?), C is the concentration of 1 (1.5 mM), F/RT =
38.94 V! in which F is the Faraday constant, R is the universal gas constant, and T is the

temperature.
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Figure 3. (a) CVs recorded for 1 in N2-saturated MeCN at different scan rates (0.1 V/s — 1 V/s).
(b) The linear fit for cathodic peak currents (i,.) obtained at Pd"™""V redox couple at different scan
rates with the square root of the scan rate (v'/?). The R? value for the linear fit is 0.99.

The electrochemical stability of 1 under acidic conditions was then tested by recording
CVs in the presence of AcOH at different concentrations from 0.1 M and 1 M in Nz-saturated

MeCN. Under these electrochemical conditions, the CVs did not show any changes of the peak



potentials or degradation in peak currents, as compared to those observed in the absence of the
acid (Figure 4a). Additionally, the stability of 1 was also investigated by adding 1 M of
trifluoroacetic acid (TFA) or MeOH in MeCN, and no prominent changes in the CV sweeps were
observed (Figure S6 and Figure S7). Furthermore, the UV-vis absorption spectra of 1 in MeCN in
the presence of different amounts of AcOH did not show any significant changes of the UV-vis
spectra (Figure 4b). Together, these results suggest that 1 is impressively stable in the presence of
moderate to weak acids in MeCN, and the chelating amine arms of the '‘BuN4 ligand in 1 do not

easily get protonated.?
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Figure 4. (a) CVs recorded for 1 in Nz-saturated 0.1 M TBAPFs MeCN in the absence and
presence of different amount of AcOH (0.1 M — 1.0 M). (b) Absorption spectra for 1 in MeCN in
the absence and presence of AcOH up to 1 M.
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Homogeneous electrochemical ORR in the presence of AcOH

The CVs of 1 in Oz-saturated MeCN showed a slight increase in current densities at the

dHI/H

peak potential of the P reductive wave, indicating a small degree of Oz reduction in dry MeCN

0 was also observed and that

(Figure 5a). An additional current enhancement beyond —1 V vs. Fc
overlapped with the background activity of the bare GC electrode under identical electrochemical
conditions (Figures S1 and S9). However, the addition of I M AcOH into the Oz-saturated MeCN

dHI/ 1T

solution of 1 moved the peak potential of the P couple toward more positive potentials, and

catalytic currents near the Pd"™™

redox wave were observed (Figure 5¢). A catalytic peak current
density of 12 mA/cm? was measured at a potential of —1.39 V vs. Fc* for the Oz-saturated MeCN
solution of 1 in the presence of 1 M AcOH (Figure 5b, orange line), and this current density is
comparatively higher and occurs at a less negative potential than those observed for the GC
electrode in the absence of 1 (Figure S2). A control experiment carried out for 1 in N2-sparged
MeCN in the presence of 1 M AcOH revealed that the onset potential of the background proton

reduction happens at a~400 mV lower potential compared to the CV obtained for the same solution

in the presence of Oz (Figure 5b, blue dotted line).
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Figure 5. (a) Comparative CVs recorded for 1 in N2- (blue) and O:-saturated (orange) 0.1 M
TBAPF¢/MeCN. (b) Same as (a) but in the presence of 1 M AcOH within the electrochemical
window between 0.8 V and —1.6 V vs. Fc™°. (¢) Same as (a) but after the addition of 1 M AcOH
in Oz-saturated MeCN. All CVs were recorded at 0.1 V/s scan rate.

Interestingly, when the CV sweep was reversed after completing a reductive forward scan
up to the potential of —1.6 V vs. Fc™, the return wave showed a hysteretic crossing of the forward
wave in Oz-sparged MeCN in the presence of 1 M AcOH (Figure 6a). Such hysteresis behavior
was more prominent at low scan rates (<0.1 V/s), but disappeared at high scan rates (=2 VJ/s,
Figure 6b). It is noteworthy to mention that a similar hysteretic electrochemical crossing has also
been observed as the formation of a binuclear Pd™ species during the methane oxidation process.
32 Besides, CVs recorded for 1 using 1 M AcOH showed that the catalytic redox waves moved
toward more positive potentials upon repeating CV cycles in the presence of Oz (Figure S12). We
hypothesize that these changes are due to the formation of thermodynamically favorable

intermediates during ORR in the first CV sweep that could re-enter the next catalytic cycle of ORR
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events in the consecutive CV sweeps. Further discussion of the possible ORR mechanism for 1 is

included below.
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Figure 6. CVs recorded for 1 in Oz-saturated MeCN + 1 M AcOH at (a) the scan rate of 0.05 V/s,
(b) different scan rates (0.05 V/s — 3 V/s), (c) different scan rates (0.1 V/s — 1 V/s) but within the
electrochemical window between 0.8 V and —0.8 V vs. Fc*°. (d) The linear fit obtained for cathodic
peak potentials at Pd""! redox couple at different scan rates from (c) with the logarithm of the scan
rate. The R? value for the linear fit is 0.99.

*0 under the conditions mentioned

Additionally, new redox features around 0.4 V vs. Fc
above were observed and they became more reversible as the scan rate was increased (Figures 6b
and 6¢). The appearance of these new redox waves near the Pd"™"V redox couple could be indicative
of the formation of another Pd" species in solution. Such new redox features were also consistent
with a similar set of CVs obtained within the electrochemical window between 0.8 V and 0.8 V
vs. Fc™? (Figure 6¢). However, the potentials obtained at the Pd"™"! reductive waves at the different

scan rates exhibited a linear correlation vs. the scan rate with a slope of 120 mV/decade (Figure

6d), suggesting a faster proton-coupled electron transfer (PCET) process.* Further ORR reactivity
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studies were performed for 1 using three different Bronsted acids, TFA (pKa = 12.65),**, AcOH
(pKa = 23.51),* and MeOH (pKa = 37.44)*° at 1 M in MeCN, and they revealed that the onset
potentials of the catalytic waves maintained a correlation of 51 mV per pKa unit of the acid used,

also suggesting a Nernstian behavior corresponding to a concerted PCET process (Figures 7a and

7b).36
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Figure 7. (a) CVs collected for 1 in Oz-saturated MeCN in the presence of 1 M concentration of

TFA (orange), AcOH (blue), and MeOH (green). (b) Onset potentials, Eonset (V) obtained from (a)
plotted versus the pKa values of the corresponding acid in MeCN.

Rotating-ring disk electrode (RRDE) voltammetry for homogeneous ORR

In order to benchmark the selectivity of the homogeneous ORR, we performed RRDE
experiments in Oz-saturated MeCN in the presence of 1 M AcOH by following the methods as
described by Nocera and co-workers.!” For these measurements, we used a low concentration of 1
(0.5 mM) to maintain an overall pseudo-first order reaction with respect to the dissolved O2
concentration (~8.1 mM in MeCN).!". However, under such electrochemical conditions, 1
exhibited quasi-limiting disk currents at the potentials between —1.2 V and —1.6 V vs. F¢™° (Figure
8a). The Faradaic efficiency (FE) for H2O was then estimated using the following equation, Eq.

(2) : 19,23
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I

100 — %H202 = 100 — (“ T/N x 100); Eq. (2)

T
I
Iq + /N

where I is the disk current, I, is the ring current, and N is the collection efficiency (= 0.18). The
maximum FE for H20 using 1 was thus obtained as ~70% within the applied potentials nearer to
the onset potentials, between —0.5 V and —1 V vs. Fc¢? (Figure 8b). However, the FE for H>O was
further degraded down to ~50% (50% H202) at potentials between —1 V and —1.4 V vs. Fc¢™°, while

the ORR activity beyond —1.5 V vs. Fc¢"? includes the background ORR contribution from the bare

GC disk electrode.
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Figure 8. (a) RRDE data for 1 (0.5 mM) in Oz-saturated 0.1 M TBAPFs MeCN + 1 M AcOH at
the rotation rate of 150 rpm. Scan rate = 0.02 V/s. The potential at the Pt-ring was held at 1 V vs.

reference electrode. (b) Faradaic efficiencies in percentage (%FE) for H2O2 and H20 obtained from
the data, as shown in (a) by using Eq. (2).

Investigation of the ORR mechanism in MeCN in the presence of AcOH

Based on our electrochemical data and literature reports, we propose an overall
electrochemical mechanism for ORR for the organometallic Pd™ complex 1 as outlined in scheme

1. The catalytic cycle begins upon the le” reduction of 1 to form (‘BuN4)Pd"MeCl (2), which can
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react with Oz, as the slight increase in the current densities was observed at the redox couple of
Pd"™" in dry MeCN (Figure 5a). The adduct formed after the Oz binding at the Pd" center can be
described as a Pd"-superoxide complex (3),%° which then can undergo a faster PCET process in
the presence of an acid to yield complex 4 in the pre-catalytic ORR step. The appearance of a new

quasi-reversible redox wave prior to the reversible Pd""V

redox couple in the presence of Oz and
acid suggests the formation of a new high valent Pd species (Figures 6b-6¢) that can be tentatively
assigned to a binuclear Pd"-peroxo-Pd"™ complex (5) as a result of the reaction between complexes
4 and excess 1 in the bulk electrolyte. Thus, the appearance of two redox couples within the
electrochemical window between 0 and 0.8 V vs. Fc™ in the presence of Oz and AcOH could be

ascribed as sequential 1e~ redox events for the two Pd" centers of complex 5, in line with what

was reported previously for binuclear Pd™ complexes that exhibit similar CVs.?’

Me Me Me PdS AP
2 4 | ClI CHs il pg
@) PdJ ~
“~pgiMe ke | o 6 ‘}T OO
+e ~| +1 PclﬂMe 10 It CHs
1 (_CLJ 4+ 2H20 <725 57 8

5 +2e”
Scheme 1. The proposed mechanism for ORR using 1 in Oz2-saturated MeCN in the presence of 1
M AcOH. The chelating 'BuN4 ligand is omitted for clarity. An alternate ORR catalytic

mechanism could involve binuclear Pd complexes in which the two Pd centers are not bridged by
an acetate group, similar to intermediate 5.

The proposed binuclear Pd™M-peroxo-Pd™ intermediate 5 is sensitive to the acid

concentration and generates H2O: with a maximum FE of 30%, as observed in the RRDE
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0 However, within these

experiments at potentials between the onset potential and —1.0 V vs. Fc
applied potentials, H2O was obtained as the major product at the beginning of the ORR process,
and hence, we propose that complex 5 also can be reduced by 4H" and 2¢™ to form two molecules
of H20 and complex 6. We propose that complex 6 is most likely a binuclear Pd™ complex bridged
with an acetate residue after replacing ligated Cl ions in the presence of high AcOH concentration
in O-saturated MeCN, although a mononuclear Pd"Me(OAc) complex cannot be excluded.
Further reductive scanning in the forward CV sweep during the ORR process could lead to a 2e~
reduction of 6 to yield the Pd" complex 7, which should also be able to interact with Oz and thus
start a new catalytic ORR cycle. The reaction of 7 with Oz could generate a binuclear Pd"'-peroxo-
Pd"™ complex 8, which could undego a 4H'/2¢™ reduction event to generate water and complex 6,
and thus closing the catalytic ORR cycle. The participation of complex 6 into the next ORR cycle
is expected to shift the catalytic wave toward more positive potential (or less overpotential) upon
repeating CV cycles (Figure S12). In addition, an alternate ORR catalytic mechanism could be

envisioned that involves binuclear Pd species similar to 6, 7, and 8, yet in which the two Pd centers

are not bridged by an acetate group, analogous to species 5.

Foot-of-the-wave analysis (FOWA) and reaction orders for ORR catalysis

FOWA was carried out to gain kinetic insights of the ORR process for 1. In Oz-saturated
MeCN, 1 showed quasi-plateau current densities at different concentrations of AcOH between 0.3
M and 1.0 M (Figure S13). These CVs were then fitted using the FOWA equation (Figure 9a and
Figures S16-S19), and the slopes obtained from the FOWA provided the pseudo-first order
reaction rate constants (k;) that can be considered as the maximum turnover frequency at a given

acid concentration (Table S1).* The logarithms of these k; values were then plotted versus the
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logarithm of AcOH concentration and fitted linearly (Figure 9b), and the slope obtained from the
linear fit suggests a first-order reaction with respect to the acid concentration when the
concentrations of catalyst 1 (1.5 mM) and O2 (8.1 mM in MeCN) were held constant. Such first-
order reaction indicates that the first protonation step at the Pd"-superoxide complex (3) involves

one equiv of AcOH that drives the reaction to form the Pd"-hydroperoxo intermediate 4 (Scheme

).
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Figure 9. (a) Fitting of FOWA equation for the CVs of 1 in Oz-saturated MeCN in the presence
of different concentration of AcOH, 0.3 M (blue), 0.5 M (orange), 0.7 M (yellow), and 1.0 M
(purple).’ (b) Plot for the logarithm of k,, as estimated from the FOWA versus the logarithm of
AcOH concentration and fitted linearly. The slope of the linear fit, 0.9, indicates the first-order
rate constant with respect to the acid concentration.

Similarly, keeping the concentration of AcOH (1.0 M) constant in Oz-saturated MeCN,
CVs recorded at low concentrations of 1 (0.12 mM, 0.17 mM, 0.22 mM, and 0.32 mM) showed
that the onset potential moved toward more positive potential with a slight increase in the quasi-
limiting currents as the catalyst concentration was increased (Figure S14). The apparent reaction
rate constants (k,,,) was estimated under these conditions using a modified FOWA equation (Eq.
S5 and Table S2)**~*® and variation of k,,, was then fitted linearly with the varying concentration
of catalysts, and the slope of the linear fit was determined to be ~1.7, thus suggesting an ORR

reaction that is second-order with respect to the catalyst (Figure 10). A similar second order ORR
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reaction was observed for an iron-porphyrin catalyst where a peroxo-bridged Fe'!!

porphyrin dimer
becomes a key intermediate toward H20:2 formation.** Moreover, the second-order dependence of

the reaction on the catalyst concentration also supports our proposal for the formation of a

binuclear Pd intermediate, most likely a binuclear Pd"-peroxo-Pd™" species (5).
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Figure 10. (a) Fitting of FOWA equation for the CVs of 1 at different concentration, 0.12 mM
(black), 0.17 mM (blue), 0.22 mM (orange), and 0.32 mM (purple) in Oz-saturated MeCN + 1 M
AcOH.** (b) Plot for logarithm of kqp, as estimated from the FOWA versus the logarithm of
catalyst concentration and fitted linearly. The slope of the linear fit, 1.7, indicates a primarily
second-order ORR process with respect to the catalyst.

Heterogeneous Electrochemical ORR Studies
CV studies under N,

To investigate the heterogeneous electrochemical activity of our 1 toward ORR, we
immobilized our molecular catalyst by drop-casting onto the EPG electrodes using the
methodology as described in the literature?>? (see Experimental section). All the electrochemical
experiments for heterogeneous ORR were studied in 1 M H2SO4 aqueous solution at pH 0 after
saturating with either N2 or O2. CVs collected for 1 adsorbed onto EPG surface in N2-saturated
aqueous electrolyte showed a quasi-reversible redox wave centered at 0.63 V vs. NHE with the

dIH/ 11

peak separation of 89 mV, could be attributed to the P redox couple (Figure 11a). The
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reversibility at the Pd"™! redox wave became more prominent as the scan rate was increased up to
5 V/s, and peak current densities obtained for Pd"™!" redox couples at different scan rates showed
a linear correlation with the scan rate (Figure 11b), indicating the efficient immobilization of the
catalyst onto the surface.”>** Peak current densities for this reversible wave were stable upon
repeating CV sweeps (Figure 12, blue), and the electroactive species adsorbed onto the surface of
the electrode, I' = (Qy /nFA) was estimated as 1.65x107'° mol/cm? by considering Q. (1.44 pC)
as the charge passed at the reductive Pd"""" wave in Na-saturated aqueous electrolyte, n is the
number of electrons (equal to 1 for the Pd"™"" couple), F is the Faraday constant, and A is the

surface of the EPG electrode (0.09 cm?).%?
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Figure 11. (a) CVs recorded for 1 adsopbed onto EPG in N2-saturated 1 M H2SO4 aqueous solution
at different scan rates (0.1 V/s — 5 V/s). (b) Peak currents obtained for Pd"™ redox couple were
plotted versus the scan rate (V/s).

CV studies under O;
The CVs collected for 1 immobilized onto the EPG electrode in O2-saturated acidic
medium showed a ca. 5-fold current enhancement at 0.03 V vs. NHE when compare to CVs

recorded under N2 (Figure 12). The peak currents observed for surface deposited 1 showed no

current degradation in the presence of O2 when subsequent CV cycles were collected under
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identical electrochemical conditions (Figure 12). Noteworthy, the peak potential observed for 1
adsorbed onto the EPG electrode was 270 mV more positive than that of the bare EPG electrode

in Oz2-sparged 1 M H2SO4 aqueous solution (Figure S26).

N
(6]

(‘BuN4)PdMeClI
adsorbed onto EPG

o
(@)} [N
T

Current density (mA/cm2)
o

1 0.5 0
Potential (V) vs. NHE

Figure 12. Comparative CVs recorded for 1 immobilized onto EPG surface in (blue) N2- and
(orange) Oz-saturated 1 M H2SO4 aqueous solution (pH 0) upon four repeating CV sweeps. All
CVs were recorded at 0.1 V/s scan rate. The arrow shown in the figure indicates the direction of
these CV scans.

Rotating-ring disk electrode (RRDE) voltammetry for heterogeneous ORR

The selectivity of 1 toward heterogeneous electrochemical Oz reduction was also studied
by carrying out RRDE experiments after drop-casting the catalyst onto a glassy carbon (GC) disk
using 0.1% weight equivalent of Nafion as an adhesive. An unmodified Pt-ring electrode was used
in the RRDE experiments, and the potential of the Pt-ring was kept fixed at 1.0 V vs. reference
electrode to make sure that all Oz2-reduced species will be oxidized back to O2. The RRDE results
obtained for 1 immobilized on the GC disk in Oz-saturated 1 M H2SO4 solution showed quasi-
limiting disk currents at potentials lower than 0.3 V vs. NHE, and such currents increased with the
rotation rates of the disk electrodes (Figure 13a). While the onset potentials for these disk currents
did not match exactly the potentials observed in the CVs recorded for 1 immobilized onto the EPG

electrode in the Oz-saturated aqueous medium (Figure 12), we assigned these differences to the
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different carbon surfaces used in the cyclic voltammetry and RRDE experiments, the EPG
electrodes and GC disk with nafion as adhesive, respectively, which could effect the degree of
immobilization of 1 onto the surface of electrodes, and hence the onset potentials. However, 1
showed comparatively low ring currents in Oz-saturated aqueous electrolyte under the same
electrochemical conditions, suggesting higher selectivity for Oz reduction toward H2O formation.
The Faradaic efficiency (FE) for H2O was then calculated at different rotation rates using the Eq.
(2). When catalyst 1 was immobilized onto the GC disk electrode, an 80% FE for H2O formation
was observed at the rotation rate of 150 rpm and applied potentials lower than 0.3 V during the
ORR electrocatalysis in acidic aqueous electrolyte, and the percentage of H2O formation increased
up to ~90% when the rotation of the RRDE electrode was increased up to 700 rpm (Figure 13b).
Although even under optimal conditions for electrochemical ORR catalyzed by the Pd complex 1,
a small amount of H20:z is still formed, which is not desirable when designing practical energy
devices, the finding that a surprisingly stable high-valent organometallic Pd"™ complex can serve
as a heterogeneous catalyst for ORR under a very acidic (pH 0) aqueous environment medium,
without any notable catalyst decomposition while reducing Oz in water, is deemed to be quite
unique. Detailed studies aimed at understanding the identity of complex 1 upon immobilization

onto the electrode surface will be focus of our future research efforts.
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Figure 13. (a) RRDE data for 1 immobilized on a glassy carbon disk in Oz-saturated 1 M H2SO4
solution at different rotation rates (®); 150 rpm (black), 300 rpm (orange), S00 rpm (magenta), 700
rpm (blue). The ring currents obtained at 300 rpm, 500 rpm, and 700 rpm are magnified by 5, 10,
and 15 times, respectively, for clarity. Scan rate = 0.02 V/s. The potential for Pt-ring was held at
1 V vs. reference electrode. (b) The Faradaic efficiencies (FE) for H202 (%H20:2) were calculated
from (a) using Eq. (2). %H20 = 100 — %H20:.

Koutecky-Levich plots and ORR kinetics

To calculate the number of electrons involved in heterogeneous ORR using our catalyst,
the Koutecky-Levich (K-L) plots, ij;} versus w~/2, were constructed, where i;;,, is the limiting
disk currents observed for our catalyst immobilized disk electrode at a given angular rotation rate
(w, Figure 14). For a better comparison, we have also included the theoretical K-L plots
corresponding to 2e” and 4e” events of the ORR process. The linear fit of the experimental K-L
plot for 1 adsorbed EPG at the applied potential of 0.1 V vs. NHE is parallel to the theoretical K-
L plot of the number of electrons, n = 4, suggest a 4¢” reduction of O2 to H2O. The number of
electrons associated with the ORR process (nexp) for the heterogeneous catalyst 1 was also
extracted from the slope of the experimental K-L plots and found to be 4.03 at an applied potential
of 0.1 V vs. NHE (Figure 14), while a range of nexp of 3.74 —4.03 was found considering the quasi-

limiting disk currents within the potential window between 0.2 V and 0.1 V vs. NHE (Figure
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S28b). Moreover, the intercepts obtained from the linearly fitted experimental K-L plots were used
to estimate the overall second-order reaction rate constant, k., for our heterogeneous ORR

catalyst 1, and found to be 1.26x10°M's7",

T T T
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Figure 14. Koutecky-Levich (K-L) plots for 1 adsorbed onto a rotating carbon disk electrode
considering the limiting currents observed at 0.1 V (blue), and the theoretical K-L plots for 2e~

(orange) and 4e” (black) processes are shown for comparison. ng,,is the number of electrons
involved in the ORR process estimated from the slope of the K-L plot for 1.

Standard potentials and overpotential analysis

To benchmark the thermodynamic parameters obtained for homogeneous and
heterogeneous ORR using 1 in MeCN and aqueous solutions, respectively, we first calculated the
standard potential (Eg2 JH,0Mecny) Tor the 4H'/4e™ reduction of O2in MeCN in the presence of
AcOH using Eq. (3).*! Considering the pKa of AcOH in MeCN as 23.51,>* we obtained
Egz /H,0Mecn) — —0.182 V vs. Fc*. However, the standard potential for the same redox reaction

in aqueous medium is +1.23 V vs. NHE*? that can be referenced as +0.59 V vs. Fc"°, by subtracting

~0.64 V according to Eq. (4).%

Oyg) + 4H' (vecn) + 4€mecn)y =~ 2H20meen)
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ES i oaecny = 1.21 V = 0.0592x pKAOH, = —0.182 V vs. Fc™; Eq. (3)
+ -
Oyg T 4H (aq) T 4€aq) === 2H,O(y,

ES, m,0mecny = 1.23 V (vs. NHE) - 0.64 V = 0.59 V vs. Fc¢""; Eq. (4)

Considering these standard potentials (vs. Fc*%) for the reduction of Oz to water in MeCN and
aqueous electrolyte, we then estimated the overpotentials for the ORR catalyzed by 1 within the
applied potential (Egppiieq) between the onset (E,pns.:) and the catalytic peak potential (E 4,
Figure 15). For the homogeneous case, 1 exhibited an overpotential (Eg2 /Hy0MmecN) — Eapptiea)

within the range of 0.32 V and 0.82 V (Figure 15, top). By contrast, the estimated overpotential

(Eg2 /H,0(aqueous) — Eappliea) for 1 immobilized onto the EPG electrode is comparatively much
higher and in between 0.77 V and 1.3 V (Figure 15, bottom). The rationale to support the less-
than-optimal thermochemistry obtained for 1 in the heterogeneous case is not known at this time,
since the nature of the adsorbed catalyst still needs to be better characterized.

Homogeneous case in MeCN electrolyte:

0.82V 0.32V oV
; ; 1 Overpotential (V)

iPotentiaI (Vmecn) Vs. Fc*®

Ecqr;—1V Epnset; —0.5V Egz/HZO(MeCN) =-018V

Heterogeneous case in aqueous electrolyte:

1.3V 0.77V oV
j : + Overpotential (V)

Potential (V,q) vs. Fc*®

E.0t;—0.51V  Epneor; —0.18 V  E0,/m,0(aqueous) = 0-59 V

Figure 15. Calculated diagrams for 1 to estimate the overpotentials involved in homogeneous (top)
and heterogeneous (bottom) ORR processes in 0.1 M TBAPFs/MeCN and 1 M H2SO4 aqueous
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solution (pH 0), respectively. The potential windows for both cases are referenced versus Fc¢° for
a better comparison.

CONCLUSIONS

In conclusion, herein we report an organometallic Pd™ complex, [(‘BuN4)Pd"'MeC1]PFs,
1°PFg, as a molecular and heterogeneous ORR catalyst in organic and aqueous medium using
graphite electrodes that are earth-abundant and less expensive than the typical Pt-based cathode
catalysts commonly used in fuel cells. The homogeneous and heterogeneous ORR reactivity of
1°PF¢ was studied in detail, and its reactivity was benchmarked for the selective reduction of O2
to H20. This complex exhibited elevated ORR kinetics in the MeCN solution in the presence of
AcOH at low overpotential (0.32 V) to the onset potential. Analysis of electrochemical data
suggests the formation of a binuclear Pd"! intermediate in solution, likely a Pd™-peroxo-Pd™
species, which dictates the thermochemistry of the ORR process for [(‘BuN4)Pd"'MeCl]* in
MeCN, and thus being a rare example of a bimolecular ORR process. The selectivity for H20
production under these homogeneous ORR conditions was investigated using hydrodynamic
electrochemical methods, and the FE for H2O formation was as high as 70%. Furthermore, the
immobilization of the molecular Pd™ ORR electrocatalyst onto graphite electrodes led to the
reduction of Oz in acidic aqueous solution with a FE greater than 80% for H2O formation. Although
the overpotential observed for heterogeneous case is comparatively high, the performance of an
organometallic Pd™ complex toward Oz reduction under strong acidic conditions is impressive in
terms of its catalytic stability, selectivity, and turnover number. This uncommon stability of the
Pd complex 1°PFg under reducing conditions and the lack of any Pd metal deposition is unique

and likely due to the hard donor atoms of the ‘BuN4 ligand and the presence of an organic methyl
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ligand that severely destabilize the low oxidation states of the Pd center. Overall, these studies
suggest that organometallic molecular Pd catalysts could be potentially used in paired electrolysis
applications to couple the ORR with oxidative organometallic transformations of interest to the

chemical and petroleum industry.
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