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The electrocatalytic 2e™ oxygen reduction reaction (2e~ ORR) provides an appealing pathway to produce
hydrogen peroxide (H,O,) in a decentralized and clean manner, which drives the demand for developing
high selectivity electrocatalysts. However, current understanding on selectivity descriptors of 2e™ ORR
electrocatalysts is still insufficient, limiting the optimization of catalyst design. Here we study the catalytic
performances of a series of metal phthalocyanines (MPcs, M = Co, Ni, Zn, Cu, Mn) for 2e~ ORR by
combining density functional theory calculations with electrochemical measurements. Two descriptors
(AG+o — AGxoon and AGs,0,) are uncovered for manipulating the selectivity of H,O, production. AGso
— AG+ooH reflects the preference of O-O bond breaking of *OOH, affecting the intrinsic selectivities.
Due to the high value of AG«o — AGsoon. the molecularly dispersed electrocatalyst (MDE) of ZnPc on
carbon nanotubes exhibits high selectivity, even superior to the previously reported NiPc MDE. AG,0,

determines the possibility of further H,O, reduction to affect the measured selectivities. Enhancing the
Received 4th July 2022 hydrophobicity of the catalytic | i AGe o, leading to selectivity | t fall
Accepted 8th September 2022 ydrophobicity of the catalytic layer can increase H,0,. leading to selectivity improvement, especially
under high H,O, production rates. In the gas diffusion electrode measurements, both ZnPc and CoPc

DOI: 10.1035/d2sc03714a MDEs with polytetrafluoroethylene (PTFE) exhibit low overpotentials, high selectivities, and good stability.
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Introduction

Hydrogen peroxide (H,0,) has widespread applications in
industry, health care, and environmental protection." The
electrochemical two-electron oxygen reduction reaction (2e~
ORR) is a promising approach to produce this important
chemical in a green way.” Its application relies on the develop-
ment of electrocatalysts with high peroxide selectivity to lower
electric energy consumption. Various electrocatalysts for this
process have been developed recently, including noble metals,
carbon-based non-metal materials, transition metal single-
atom catalysts (SACs), metal complexes, and metal oxides.?
Noble metal catalysts with isolated active sites have achieved
excellent 2e~ ORR performances. For example, the PtHg, elec-
trocatalyst exhibited selectivities up to 96% in acid.* Neverthe-
less, low-cost alternatives but also possessing high selectivities
remain to be developed for satisfying requirements of practical
applications. Recently, transition metal SACs doped with
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This study provides guidelines for rational design of 2e~ ORR electrocatalysts.

heteroatoms (i.e., N, O, or P) on carbon matrix (M-X-C) have
been found promising for 2e” ORR.*™ Co-N-C structures
exhibited better 2e” ORR performances than other metal active
sites.>” In contrast, Hyeon et al. found that the Co-N, catalyst
exhibited lower selectivities below 50%, while the Co-N,
structure with surrounding oxygen species could show
enhanced selectivities up to 82%.° A recent study showed that
ORR selectivity could be tuned beyond the adsorption site by
a molecular confinement strategy.™

To further optimize the peroxide selectivities, it is important
to understand the structure-property relationship of active sites
and reveal selectivity descriptors. However, it is still challenging
to define them often due to complicated catalyst structures. For
example, Chen et al used the electronic energy difference
between *0, and *H,0, intermediates (E+o, — E+y,0,) as a selec-
tivity descriptor in a porphyrin-containing Co SAC and found
that the 2e” pathway was dominant.” In contrast, Xia et al.
indicated that the 4e~ pathway was dominant for a similar
structure by using a crystal field stabilization energy descriptor.**
Thus, model systems with well-defined active centers are highly
required for identifying universal selectivity descriptors.

Metal macrocyclic complexes with well-defined structures
have been studied as 2e” ORR electrocatalysts in homogeneous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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systems and showed high selectivities. A series of N,-ligated and
N,O,-ligated cobalt complexes exhibited over 90% selectivities
in homogeneous organic electrolytes.*>'® However, heteroge-
neous macrocyclic complex electrocatalysts, which can show
higher reduction current densities and easy catalyst recovery for
practical applications, are still rarely reported with high selec-
tivities."” Metal phthalocyanines (MPcs) have been mainly
considered as electrocatalysts for 4~ ORR before.*** Recently,
we found that the molecularly dispersed electrocatalyst (MDE)
of NiPc anchored on carbon nanotubes (CNTs) showed over
80% selectivities on rotating ring-disk electrodes (RRDEs),
which was superior to the aggregated NiPc sample.**

In this work, we study a series of MPc MDEs with various
metal centers (M = Co, Ni, Zn, Cu, Mn) toward 2e~ ORR and
examine the performance descriptors. The difference in the
binding energy of *O and *OOH intermediates (AG+o —
AG+oon) and the *H,O, binding energy (AG+y,0,) are found as
the selectivity descriptors. ZnPc and CuPc MDEs with more
positive AGxo — AG+oon showed even higher selectivities than
NiPc MDE. A hydrophobic environment can further enhance the
measured selectivities by increasing AG+y o, In the gas diffu-
sion electrode (GDE) measurements, CoPc and ZnPc MDEs can
produce HO, stably and rapidly with high faradaic efficiency of
H,0, (FE(H,0,)).
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Results and discussion, experimental
Theoretical ORR performances

A series of MPcs with different metal centers (M = Co, Ni, Zn,
Cu, Mn) were first studied using the computational hydrogen
electrode model.”® As depicted in Fig. 1a, oxygen molecules are
absorbed on the metal centers of MPcs as active sites and are
further reduced through the 2e~ or 4e” ORR pathway.”® The
calculated free energy profiles in these MPcs are plotted in
Fig. 1b at 0.7 V (theoretical equilibrium potential for 2e” ORR)
to analyze the ORR selectivities and activities of MPcs.

Further reactions of the *OOH intermediate determine
which pathway proceeds. The *-O bond breaks to directly
generate H,O, for the 2e” pathway, while the O-O bond breaks
to produce H,O for the 4e” pathway (details are given in ESI
Methodst). Therefore, the next proton-coupled electron transfer
processes of *OOH determine the selectivities. The catalysts
with high selectivities should be more inclined thermodynam-
ically to form H,0, relative to H,O. Several possible selectivity
descriptors are extracted according to the trade-off relationship
between the 4e™ and the 2e~ pathway. Higher AG+c — AG+oon
(Fig. 1c) and AG«o — AG+y1,0, (Fig. S2af) could inhibit the 4e™
pathway to achieve higher peroxide selectivities. The values of
ZnPc and CuPc are higher than the previously reported NiPc,
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(a) Schematic illustration of the 2e™ and 4e™ pathway on MPcs (M = Co, Ni, Zn, Cu, Mn). Blue, green, grey, and white spheres represent

metal, nitrogen, carbon, and hydrogen, respectively. (b) DFT-calculated free energy profiles of the 2e~ ORR pathway to H,O, (highlight in
a dashed region) and the 4e™ ORR pathway to H,O on MPcs at 0.7 V. (c) Correlation between AG+o — AG+oon and the measured selectivities at
0.7V and 0.3 V. (d) Correlation between AG+oon and the measured 2e™ mass activity at 0.7 V.
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suggesting their higher preference for the 2e™ pathway. On the
other hand, a higher value of AG+oon — AG+y,0, (Fig. S2b¥),
which lowers the free energy required for H,O, formation, could
also facilitate the 2e™ pathway.

As *OOH is the key intermediate in the 2e” ORR pathway, the
binding energy of *OOH (AG+oon) should be neither too strong
nor too weak.” Hence, AG+ooy is used as an activity descriptor to
calculate limiting potentials (details are given in ESI Methodst)
for the 2e” ORR pathway.”” We constructed an activity-volcano
plot based on the limiting potential as a function of AG+gon
in Fig. 1d. It predicts that CoPc has the lowest overpotential for
the 2e” ORR pathway, indicating its highest 2e™ activity. It can
also be seen that the overpotential of MnPc is the largest among
these five MPcs.

Electrochemical ORR performances

We prepared a series of MPc MDEs (M = Co, Ni, Zn, Cu, Mn) by
anchoring MPc molecules on CNTs according to our previous
approach.”®?" The metal contents of all MPc MDEs were
adjusted to around 0.6 wt% (Table S21). MPc MDEs show
nanotubular structures of CNTs and no noticeable aggregations
of MPc molecules are observed in transmission electron
microscope (TEM) (Fig. S3a-et). Discrete bright spots can be
seen on the side walls of CNTs in HAADF-STEM (Fig. S3ff),
suggesting the dispersion of MPc molecules in MDEs.

Then, we evaluated their electrochemical ORR performances
by using RRDEs in 0.1 M KOH. The ORR polarization curves of
MPc MDEs vary with the metal centers and are significantly
different from that of CNT (Fig. 2a), suggesting MPc molecules
are catalytically active in MDEs. The disk currents mainly
compose two parts of currents originating from 2e™ and 4e” ORR
pathway, while the ring currents are produced by the oxidation of
HO, on the ring electrodes of RRDEs. The peroxide selectivities
can be calculated from the disk currents and the ring currents
(details are given in ESI Methodst), which are plotted in Fig. 2b.
The selectivities of ZnPc and CuPc MDEs reach over 90% in
a wide potential range from 0.5 to 0.75 V, which are superior to
the previously reported NiPc MDE. CoPc MDE shows around
78% selectivities above 0.5 V, but it drops sharply below 0.5 V and
reaches 35% at 0.2 V. In contrast, MnPc MDE exhibits large
limiting disk reduction current density and small ring currents,
indicating that it mainly facilitates the 4e” pathway. The highest
selectivity of MnPc MDE is only 36% at 0.75 V, and a sharp
decline is observed with the increase of overpotentials.

To reveal the selectivity descriptor, we plotted the selectivities
of MPc MDEs at a high potential of 0.7 V and a low potential of
0.3 Vin Fig. 1c, which show similar tendencies as the theoretical
predictions of AGxo — AG+oon. The sharply reduced selectivities
of MnPc MDE compared to others are attributed to the very
negative AG«o — AGxoon Oof MnPc. However, the other descrip-
tors showed certain contradiction with the experiment data. For
example, there is a huge difference in AG+o — AGxy,0, between
NiPc and CoPc, suggesting the CoPc is supposed to have
substantially lower selectivities than NiPc (Fig. S2at). And NiPc is
supposed to exhibit higher selectivities than ZnPc deduced from
the descriptors of AGxoon — AGsiy,0, (Fig. S2bT). CoPc would
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Fig. 2 (a) ORR polarization plots for MPc MDEs (M = Co, Ni, Zn, Cu,
Mn) with the loading of 0.2 mg cm™2 on RRDEs at 1600 rpm in 0.1 M
KOH saturated with O,. (b) Corresponding selectivities of MPc MDEs
calculated from RRDE measurments.

show much lower selectivities based on the previously reported
descriptor of Exg, — Ewy,0, (Fig. S2¢t).” Therefore, the AGso —
AG+ooy descriptor can better describe the experimental selec-
tivities of these MPc MDEs.

Onset potential is often used to describe ORR activities. CoPc
MDE exhibits the most positive onset potential (defined as the
potential at the reduction current density of 0.1 mA cm™?) of
0.85 V (Fig. 2a) compared to other MPc MDEs. However, to verify
the 2e™ activity descriptor, it should be noted that the experi-
mental activities cannot be simply extracted from ORR onset
potentials due to the interference of the 4e™ pathway. Therefore,
2e” mass activity calculated from the product of mass activity
and FE(H,0,) is proposed to evaluate the activity of 2e” ORR. As
shown in Fig. 1d, the trend of experimental 2e™ mass activity at
0.7 V is consistent with the theoretical activity volcano plot.
Moreover, after a two-hour chronoamperometric measurement
under 0.6 V, the UV-vis adsorption profiles show that the
molecular structure in CoPc MDE remains unchanged, sug-
gesting its good structural stability (Fig. S57).

We also measured the electrochemical performances of
aggregated molecule samples. We prepared the mixture
samples of MPc and CNTs by drop-drying from the ethanol
dispersion (denoted as MPc + CNT). Significant aggregates of
MPc molecules can be observed in MPc + CNT from the scan-
ning electron microscope (SEM) (Fig. S6t). In Fig. S7a,} the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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onset potentials of CoPc + CNT, NiPc + CNT, and MnPc + CNT
are positively shifted compared to their MDE counterparts,
whereas those of CuPc + CNT and ZnPc + CNT are negatively
shifted. Moreover, the selectivities of NiPc + CNT and CuPc +
CNT (Fig. S7bt) show opposite trends when compared to the
theoretical predictions. We also prepared neat MPc samples
without CNTs. All of them are less active than their MDE
counterparts, showing similar onset potentials at ~0.7 V
(Fig. S7ct) and lower reduction current densities. In brief, the
performances of MPc electrocatalysts in aggregated states (MPc
+ CNT and neat MPcs) are inconsistent with the theoretical
calculations, revealing the interference of molecular aggrega-
tion on studies of intrinsic electrocatalytic performances.

H,0, reduction performances of MDEs

The produced H,0, from 2e~ ORR could be trapped inside the
catalyst layer and be further reduced.® It is found that the
selectivities of all MPc MDEs show sharp drops below certain
potentials (Fig. 2b). For example, the selectivity of CoPc MDE
decreases dramatically below 0.5 V. When we reduced the cata-
lyst loading amount of CoPc MDE from 0.2 to 0.05 mg cm ™2, the
selectivity also became higher below around 0.5 V (Fig. S87). A
similar phenomenon was also observed in the reported Co SAC.®
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The diffusion pathways of the produced H,0, would be short-
ened as the catalyst loading amount becomes lower, decreasing
its chance for further reduction. The H,O, reduction reaction
(H,O,RR) performances of MPc MDEs on rotating disk elec-
trodes (RDEs) were evaluated in 0.1 M KOH containing 1 mM
H,O0, (Fig. 3a). The H,O,RR onset potential of MnPc MDE is the
most positive, followed by CoPc MDE. The H,O,RR activities of
the other three samples are much lower. The onset potentials of
H,0,RR highly coincide with the potentials at which selectivities
begin to sharply decrease (Fig. 3b), and the currents of H,O,RR
are almost positively correlated with the extent of selectivity
reduction. These results indicate that the further reduction of
H,0, could lower the measured selectivities.

To investigate the reason for high H,0, reduction abilities of
CoPc and MnPc MDEs, we carried out theoretical calculations
for H,O,RR (Fig. 3c). The adsorption pathway of H,O, mole-
cules on NiPc, CuPc, and ZnPc is endothermic, while that for
CoPc and MnPc is exothermic. The differences in the H,O,
reduction ability of these two types of MPc MDEs are depicted in
Fig. 3d. It indicates that catalysts in real production conditions
should have higher AG+ 0, to hinder H,O,RR from diffusive
H,0, adsorption for higher measured selectivities. Therefore,
AG+y 0, is another selectivity descriptor.
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(@) HO2RR performances of MPc MDEs loaded on RDEs at 1600 rpm in Ar saturated 0.1 M KOH (containing 1 mM H,05). (b) Comparison

of H,O,RR performances (solid line) and peroxide selectivities (dash line) of CoPc and MnPc MDEs. (c) DFT-calculated free energy profiles of
H>O,RR on MPcs at 0.7 V. (d) Schematic illustrations of H,O,RR on two different types of MPc MDEs.
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(a) Linear sweep voltammetry of MPc MDEs (M = Co, Ni, Zn, Cu) with PTFE and CoPc MDE* without PTFE in 1 M KOH tested by GDEs. (b)

The measured FE(H,O,)s at different applied potentials. (c) Schematic illustrations of the hydrophobic effect of PTFE on inhibiting further
reduction of H,O, and contact angles of CoPc MDE with and without PTFE loaded on carbon paper. (d) DFT-calculated free energy profiles of
the H,O, adsorption process on CoPc with different relative permittivity. (e) Long-term stability tests of CoPc and ZnPc MDEs at the reduction

current density of 100 mA cm™2

electrocatalysts.

H,0, production in gas diffusion electrodes

To further explore practical application of MPc MDESs toward 2e™
ORR, we measured MPc MDEs in GDE devices (Fig. S107), which
could afford higher reduction current densities by increasing
oxygen concentration on catalyst layers.** The catalyst inks of
MPc MDEs with polytetrafluoroethylene (PTFE) were loaded on
gas diffusion layers and tested in flowed 1 M KOH. CoPc MDE
can still exhibit the highest activity among all MPc MDEs
(Fig. 4a). The chronoamperometry measurements at 10 to 225
mA cm > were conducted (Fig. S111), and the determined
FE(H,0,)s at varied applied voltages are shown in Fig. 4b. NiPc,
CuPc, and ZnPc MDEs can exhibit over 95% FE(H,0,)s in the
whole current density range, which are even higher than the
RRDE measurements (Fig. S127). Interestingly, the FE(H,O,)s of
CoPc MDE are around 90%, which are substantially higher than
those of CoPc MDE without PTFE. The H,O,RR performances of
CoPc MDE with and without PTFE are compared in Fig. S13.f
CoPc MDE with PTFE shows much smaller H,O, reduction
current densities than the one without PTFE. These results
suggest that H,O,RR is inhibited in CoPc MDE with PTFE,
leading to higher FE(H,0,)s.

As shown in Fig. 4c, PTFE increases the hydrophobicity of
catalyst layers. For simulating the influence of the hydrophobic
environment with PTFE in the implicit solvation model, we
assumed that the access of water around active sites is limited
and the relative permittivity (¢,) in the DFT calculations becomes
lower than that of bulk water (78.4).>*** When ¢, decreased from
78.4 to 2-5, the calculated AG+y 0, at 0.7 V increases from 1.97 eV
to 2.26-2.18 eV (Fig. 4d), respectively, suggesting the inhibition
of H,0, adsorption. However, the value of another selectivity

1264 | Chem. Sci, 2022, 13, 11260-11265

. (f) Comparison of the FE(H,O,)s and production rates of CoPc and ZnPc MDEs with other reported

descriptor AG+o — AG+oon remains basically unchanged (less
than 0.05 eV) with decreasing relative permittivity (Table S47).
These results indicate that the hydrophobic effect (low &)
increases FE(H,0,)s by decreasing H,O,RR.

In the stability test for 10 hours (Fig. 4e), CoPc MDE can
produce HO, stably with a high reduction current density of 100
mA cm 2 at ~0.7 V. The FE(H,0,) maintained 89% and the
production rate is calculated to be 8200 mmol g.,, * h™" on the
average (calculation details are provided in ESIt). ZnPc MDE can
also deliver ~98% FE(H,0,) and a production rate of 9100 mmol
g.ac ~h™' at around 0.65 V. CoPc and ZnPc MDEs outperform
the reported catalysts with relatively high FE(H,O,)s under
higher production rates (Fig. 4f and Table S5). The cathodic
energy efficiency (calculation details are provided in the ESIY)
was also analyzed. Although ZnPc MDE has lower activity than
CoPc MDE, it exhibits similar cathodic energy efficiency of
around 80% to CoPc MDE owning to its higher FE(H,0,)s.

Conclusions

With the advantages of well-defined active sites and no influ-
ence from molecular aggregation, MPc MDEs are beneficial for
studying intrinsic performances. Two selectivity descriptors
toward 2e~ ORR are uncovered. The first descriptor AG«o —
AG+oon emphasizes the importance of O-O bond breaking for
intrinsic selectivity. The second descriptor AGsy,o, determines
the extent of further H,O, reduction that affects measured
selectivity. The hydrophobic environment in the catalyst layer
can increase AG«y,o, to inhibit H,0, reduction. In GDE devices,
ZnPc and CoPc MDEs can continuously produce HO, at over

© 2022 The Author(s). Published by the Royal Society of Chemistry
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8200 mmol g.,. * h™' with 98% FE(H,0,) and 89% FE(H,0,),
respectively. This work can benefit the development of high-
performance electrocatalysts toward 2e~ ORR, and facilitate
the rational design of noble-metal-free electrocatalysts.
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