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The two-electron electrochemical reduction of oxy-
gen is an appealing approach to produce hydrogen e "
peroxide. Metal and heteroatom-doped carbon Qﬁ("}"@x
(M-X/C) materials have recently been recognized as M ‘\"

compelling catalysts for this process, but their per- Ne \"&bﬂ
formance improvement is generally hindered by the
ill-defined structures of active sites. Herein, we dem-
onstrate a theory-driven design of catalysts for oxy-

gen reduction reactions based on molecularly
dispersed electrocatalysts (MDEs) with metal phtha- . NiPc =T
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locyanines on carbon nanotubes. Density functional o

theory calculations suggest that nickel phthalocya- 20 ~OOH g

nine (NiPc) favors the formation of *H,O, over *O, % — \3.“*+H202

thus acting as a selective catalyst for peroxide pro- ;1 5 ‘." H202 _
duction. NiPc MDE shows high peroxide yields of %1 0 ;’ '\‘7—\

~83%, superior to the aggregated NiPc and pyro- & *0p ) —

lyzed Ni-N/C catalysts. The performance is further 505 . _' “OH \::‘*+H o
enhanced by the introduction of the cyano group " 00 402 — NiPc 2
(CN). NiPc-CN MDE exhibits ~92% peroxide yields — NiPe—CN

and good stability. Our studies provide a new per- Reaction coordinate

spective for the development of heterogeneous elec-

trocatalysts for hydrogen peroxide production from Keywords: metal phthalocyanine, oxygen reduction

metal macrocyclic complexes. reaction, peroxide, theory-driven design, molecular
engineering
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Introduction

Driving economically important chemical reactions with
renewable electricity offers an intriguing opportunity to
replace current energy-intensive processes.”* For exam-
ple, the electrochemical oxygen reduction reaction
(ORR) through the two-electron (2e7) pathway is con-
sidered an environmentally benign alternative to the
industrial anthraquinone method to produce hydrogen
peroxide (H>O5), which is widely used as a green oxidizer
in bleaching, waste water treatment, and the chemical
industry.*® An ideal electrocatalyst should possess high
activity toward the 2e™ pathway to the peroxide product
and suppress the competing 4e™ process to water. Plati-
num (Pt) or palladium (Pd) alloys with mercury (Hg) have
been demonstrated as selective electrocatalysts for the
2e” pathway in ORR.”® However, due to the toxicity of Hg
and the limited reserve of noble metals, these elements
are not preferred for practical applications.
Carbon-based materials doped with earth-abundant ele-
ments, however, are compelling candidates as efficient and
affordable electrocatalysts.®™ Carbon nanotube (CNT),
graphene, and activated carbon with oxygen-containing
functional groups were reported to be selective in 2e”
ORR.*™ Embedding coupled boron-nitrogen (BN)
domainsinto graphitic carbon showed enhanced selectivity
and activity for reducing O, to HO,™ compared with the
catalysts with individual B or N doping.” In addition to
metal-free catalysts, metal and heteroatom-doped carbon
(M-X/C) catalysts with isolated heteroatom-coordinated
metal moieties, one type of single-atom catalysts (SACs),
have also been exploited for H,O, production.?°> A series
of M-N/C (M = Mn, Fe, Co, Ni, and Cu) catalysts with
proposed M-N, active sites were synthesized to investigate
their performance in ORR. The Co-N/C catalyst showed
preference for the 2e~ pathway in acidic condition.?* More-
over, SACs with transition-metal centers coordinated by
different heteroatoms, such as O and S, were also reported
to show high selectivities for the 2e™ reduction pathway in
ORR.>*?® However, the lack of well-defined structures and
the copresence of various types of active sites prevent
understanding the structure-performance relationships
and catalyst design principles in these SAC catalysts.
Metal macrocyclic complexes, such as metal phthalo-
cyanines (MPcs) and porphyrins with well-defined M-N4
moieties, have been attractive electrocatalysts since the
report of cobalt phthalocyanine as an active ORR cata-
lyst.?**' For instance, iron phthalocyanine (FePc) has
been reported to be efficient in catalyzing ORR through
the 4e~ pathway to water.’**®* However, the performances
of metal complexes in heterogeneous form are often
limited by their low electric conductivity.**¢ Hybridizing
metal macrocyclic complexes with nanocarbon materials
were found to promote their catalytic perfor-
mances.***® |In the carbon dioxide reduction reaction,
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achieving molecular dispersion on conducting supports
is beneficial to reveal the intrinsic performance of molec-
ular catalysts and establish catalyst design principles.**4°
In addition, previous reports of heterogeneous molecular
ORR catalysts mainly focused on optimizing the perfor-
mance toward the 4e™ pathway with little exploration of
the 2e~ pathway to peroxide production.*>#

In this work, we present a theory-driven design of
electrocatalysts based on an molecularly dispersed elec-
trocatalyst (MDE) consisting of dispersed MPcs on CNTs
for electrochemical production of peroxide. From densi-
ty functional theory (DFT) calculations, we identify nickel
phthalocyanine (NiPc) as a selective catalyst for 2e” ORR
with experimental peroxide yields of ~83% in the form of
MDE, in contrast to FePc MDE that is selective for 4e-
ORR. Achieving molecular dispersion of NiPc with
well-defined Ni-N, sites is important to the high peroxide
selectivity as proven by the lower peroxide yields of the
physically mixed NiPc and CNT (containing aggregated
NiPc) and a pyrolyzed Ni-N/C SAC. Moreover, molecular
engineering of NiPc MDE with the introduction of cyano
groups (CNs) to the Pc ligand (NiPc-CN MDE) further
enlarges the free-energy preference to the 2e™ pathway
and enhances the selectivity for the electrochemical pro-
duction of peroxide. NiPc-CN MDE exhibits a high per-
oxide yield of ~92% in the potential range of 0.70-0.20 V
versus a reversible hydrogen electrode (RHE).

Experimental Methods

Preparation of MPc MDEs

The preparation of MPc MDEs was based on a reported
procedure with the control of the ratio between MPcs
and CNTs.*° NiPc and FePc were obtained from commer-
cial sources, and NiPc-CN was synthesized according to
a reported method.*° Briefly, 30 mg purified CNTs were
dispersed in 25 mL of N,N-dimethylformamide (DMF)
with the assistance of sonication, in which a calculated
amount of MPcs in 5 mL of DMF was added to obtain a
well-mixed suspension. The mixture was further sonicat-
ed for 30 min and then stirred at room temperature for
20 h. Subsequently, the precipitate was collected by
centrifuge and washed with DMF (three times) and eth-
anol (twice). Finally, the collected precipitate was lyoph-
ilized to yield the final product.

Electrochemical measurements

About 4 mg of MPc MDEs and 10 pL of 5 wt % Nafion
solution were dispersed in 990 pL ethanol under ultra-
sonication to form a homogeneous ink. About 13 pL
catalyst ink was loaded onto the glassy carbon (GC) disk
electrode (5.5 mm in diameter) of a rotating ring-disk
electrode (RRDE) to achieve a catalyst loading of
~0.2 mg cm™. The ink of NiPc + CNT was prepared by
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dispersing 2.8 mg of NiPc, 1.2 mg of CNT, and 10 pL of
5 wt % Nafion solution in 990 pL ethanol under ultra-
sonication, then loaded onto the GC electrode. The RRDE
experiments were conducted with a four-electrode sys-
tem using a saturated calomel electrode (SCE) as the
reference electrode (calibrated with a homemade RHE),
a graphite rod as the counter electrode, and the
catalyst-modified GC disk electrode as the working elec-
trode. Meanwhile, the Pt ring electrode was kept at 1.5 V
(vs RHE, the same for following potentials unless other-
wise stated) for all experiments. The disk and ring elec-
trodes were rotated at a speed of 1600 rpm (Pine
research). Electrolytes (0.1 M KOH) were saturated with
O, by bubbling for 30 min prior to each experiment,and a
flow of O, was maintained over the electrolyte during the
reaction. Linear sweep voltammetry (LSV) was con-
ducted by scanning the disk electrode potential with a
scan rate of 5 mV/s. For the stability test, the disk elec-
trode potential was kept at 0.5 V. Experiments were also
performed under an argon environment to record the
background currents of the disk and ring electrodes,
which were subtracted from the currents under O,. The
peroxide yield and electron transfer number (n) were
determined by the following equations:

Peroxide yield (HO3) = 200x% %
d r
lq
n=4x———
lq+(Ir/N)

where /, is ring current, /4 is disk current, and N is current
collection efficiency of the Pt ring electrode (0.28, cali-
brated with Kz[Fe(CN)gD).

Computational Methods

DFT calculations of gas-phase MPc molecules catalyzing
ORR were conducted using the Gaussian 09 program.*?

B3LYP functional*® with D3 correction (Becke-Johnson
damping)** was adopted for calculation.*® The
all-electron 6-31G* basis set (for H, C, N, and 0)**“® and
the Stuttgart-Dresden (SDD) basis set containing all
double-¢ valence with effective core potentials
(ECPs)*° (for Ni and Fe) were used. The geometric struc-
tures were all optimized at 298.15 K and under 1atm. The
harmonic vibrational frequencies were computed with no
imaginary frequency found for all reaction intermediates.
The Gibbs free energies of high- and low-spin forms of all
intermediates were calculated with the harmonic poten-
tial approximation to determine the ground states. The
electrocatalytic mechanisms were investigated with the
computational hydrogen electrode (CHE) model.®® Ad-
ditional details of computational methods are available in
the Supporting Information.

Results and Discussion

Theoretical calculations of MPcs
catalyzing ORR

To understand how the central metals in MPc molecules
affect the product selectivity in ORR, DFT calculations of
the free-energy changes of ORR through the 2e~ and 4e~
pathways were conducted on FePc and NiPc at 1.23 V
versus RHE. The calculated free-energy diagrams sug-
gest distinctly different ORR behaviors of FePc and NiPc
(Figure 1a). On FePc, O, is first adsorbed on the Fe center,
followed by a proton-coupled electron transfer (PCET)
process to form *OOH with an uphill free-energy change.
The divergence of the 2e™ and 4e™ pathways came from
the preference of *OOH reduction with a protonation
mechanism to *H,O, or an O-O cleavage to *O. The
downhill free-energy change to form *O and the large
free-energy increase required for the generation of *H,O»
indicate a high preference for the 4e™ reduction pathway
on FePc, consistent with high selectivities of O, reduction

@ CNPc@123V

— FePc@123V ,q

/. *
[*00H H,0,, H:0;

Free energy (eV)
- N
98

I

|
AN
L

Reaction coordinate

NiPc & FePc
G
Peroxide Hydroxide

Figure 1| Theoretical calculations of ORR catalyzed by MPcs. (a) Calculated free-energy diagrams of ORR through the
2e” and 4e” reduction pathways on NiPc and FePc at 1.23 V. (b) Schematic presentation of ORR selectivity on NiPc and

FePc based on DFT calculations.

DOI: 10.31635/ccschem.021.202000590
CCS Chem. 2021, 3, 585-593


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202000590
https://doi.org/10.31635/ccschem.021.202000590

@CCS

RESEARCH ARTICLE

Chemistry

to water/hydroxide of Fe macrocyclic complexes and
Fe-based SACs in previous reports.>*®' By contrast, the
*OO0H intermediate (generated from O, through an *O,
intermediate with two uphill free-energy changes) on
NiPc shows a slight downhill free-energy change to gen-
erate *H,0,, while the formation of *O in the 4e™ reduc-
tion pathway is energetically uphill (Figure 1a). In contrast
to FePc, the reversed trend in free-energy changes to
form *H,0, and *O on NiPc suggests the preference for
the 2e™ reduction pathway. Therefore, NiPc molecules are
predicted to be selective electrocatalysts for 2e~ ORR to
peroxide product (Figure 1b).

ORR performance of MPc MDEs and
aggregated MPcs

Dispersed NiPc and FePc molecules were supported on
the CNTs via n-rn interactions to fabricate MPc MDEs
according to our previous method?*° to examine the cal-
culated trends in ORR. The metal contents in MDEs were
controlled to be ~0.7 wt % (Supporting Information Table
S1), which were measured by inductively coupled plasma
mass spectrometry (ICP-MS). The electrochemical beha-
viors of NiPc MDE and FePc MDE were first investigated
in O,-saturated 0.1 M KOH electrolytes with the RRDE
setup (0.2 mg cm™ catalyst loading). The MDEs were
drop-coated on the disk electrode as the working elec-
trode to reduce O,, while the ring electrode (Pt) was
maintained at 1.5 V to detect the produced peroxide.
FePc MDE shows more positive onset potential
(0.94 V at —0.025 mA, corresponding to a current densi-
ty of ~—0.1 mA cm™) than that of NiPc MDE (0.79 V)
(Figure 2a). The current of FePc MDE is saturated to
-1.41 mA at ~0.58 V. The saturation current for NiPc MDE
is about —0.63 mA at the same potential. The peroxide
yield and n of MPc MDEs calculated from the disk and ring
currents are depicted in Figure 2b and Supporting

Information Figure S1, respectively. NiPc MDE shows
good peroxide yields of ~83% in the potential range of
0.70-0.53 V, which decline at more negative potentials.
Correspondingly, n of NiPc MDE is below 2.34 in the
potential range of 0.70-0.53 V, which gradually increases
to 2.83 from 0.53 to 0.20 V (Supporting Information
Figure S1). In contrast, low peroxide yields of ~1% togeth-
er with n above 3.97 in the potential range of 0.70-0.20 V
are observed with FePc MDE (Figure 2b and Supporting
Information Figure S1), confirming its strong preference
toward the 4e™ reduction pathway. These results indicate
that the preferred ORR pathways of NiPc MDE and FePc
MDE are the 2e™ and 4e™ reduction pathways, respective-
ly, which are consistent with the DFT calculations
(Figure 1a).

The effects of aggregation state of NiPc were further
investigated. The NiPc molecules directly deposited on
substrates easily formed aggregates due to their strong
intermolecular interactions (Supporting Information
Figure S2). Due to the poor electric conductivity and
limited exposure of active sites of aggregated NiPc, the
neat NiPc electrode shows minimal activity in ORR
(Figure 2a). Therefore, we physically mixed NiPc with
CNTs (denoted as NiPc + CNT) to enhance the conduc-
tivity. LSV shows that the physically mixed NiPc + CNT
possesses higher activity than that of neat NiPc
(Figure 2a). Although NiPc + CNT exhibits even more
positive onset potential than NiPc MDE, the low peroxide
yields of NiPc + CNT (under 60% in the potential range of
0.70-0.20 V) suggests much less preference toward the
2e” pathway compared with NiPc MDE (Figure 2b).
Topological defects and N-dopants have been consid-
ered as active sites for ORR." However, Pc MDE (prepared
by anchoring Pc molecules on CNTs) without metal cen-
ters shows inferior ORR activity and selectivity for the 2e~
pathway compared with NiPc MDE (Supporting
Information Figure S3). These results suggest the critical
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Figure 2 | ORR performance of MPc-based electrocatalysts on RRDE. (a) Disk and ring currents of NiPc, NiPc + CNT,
NiPc MDE, and FePc MDE in Os-saturated 0.1 M KOH electrolytes on RRDE test rotating at 1600 rom. (b) Calculated

peroxide yields of NiPc MDE, NiPc + CNT, and FePc MDE.
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role of dispersed Ni centers rather than the N-dopants or
topological defects in the selective electrocatalysis of
2e” ORR.

To investigate the origin of the different ORR behaviors
of neat NiPc, NiPc + CNT, and NiPc MDE, their structures
were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
TEM (Supporting Information Figure S4a) and SEM
(Supporting Information Figure S4b) images of NiPc
MDE show the bundles of multiwalled CNTs and excluded
the formation of nano- or microsized NiPc aggregates.
The isolated bright spots in the high-angle annular
dark-field (HAADF) image of NiPc MDE obtained with a
Cs-corrected scanning TEM (STEM) indicate the exis-
tence of single-Ni sites, suggesting the molecular disper-
sion of NiPc on CNTs (Supporting Information Figure S5).
No appreciable signature peaks of NiPc molecules are
observed in the Raman spectrum of NiPc MDE
(Supporting Information Figure S6), which could be due
to the low content of NiPc in NiPc MDE. On the contrary,
physically mixed NiPc + CNT contains microsized NiPc
aggregates, as revealed by SEM and confirmed by
energy-dispersive spectrometry (EDS) mapping of the
Ni signals (Supporting Information Figures S4c and S7).

Electrochemical impedance spectroscopy (EIS) was
further conducted to gain insights into the ORR kinetics
of the NiPc catalysts in aggregated and dispersed states.
The Nyquist plots in Supporting Information Figure S4d
show that the charge transfer of NiPc MDE for ORR is
more favorable than that of NiPc and NiPc + CNT. The
neat NiPc exhibited the largest charge-transfer resis-
tance, in agreement with its low activity from LSV
(Figure 2a). It should be noted that DFT calculations with
individual NiPc molecule-catalyzing ORR suggest high
selectivity toward the 2e™ transfer pathway, which is only
observed in dispersed NiPc as in NiPc MDE but not in
aggregated NiPc as in NiPc + CNT. These results empha-
size the importance of correlating free-energy diagrams
calculated with individual catalyst molecule with the
electrocatalytic performance of dispersed molecular cat-
alysts as opposed to aggregated molecules.

Comparison with the pyrolyzed Ni-N/C SAC

SACs have gained extensive attention recently due to
their superior electrocatalytic properties. In electrocata-
lytic applications, SACs are generally fabricated by pyro-
lyzing metal salts and N-containing organic precursors at
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Figure 3 | Comparison of electrocatalytic ORR performance between NiPc MDE and Ni-N/C. (a) Schematic presen-
tation of ORR with NiPc MDE and Ni-N/C. (b) Disk and ring currents of NiPc MDE and Ni-N/C in O,-saturated 0.1 M
KOH electrolytes. (¢) Calculated peroxide yields of NiPc MDE and Ni-N/C. (d) Stability tests of NiPc MDE and Ni-N/C
under the constant potentials of 0.50 V for the disk electrode and 1.50 V for the ring electrode.
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high temperatures. However, these pyrolyzed SACs often
contain parasitic active sites due to the insufficient struc-
tural control during the high-temperature synthesis.?
For comparison, a nickel SAC with Ni-N, structures
(denoted as Ni-N/C) was synthesized by pyrolyzing a
Ni-containing zeolitic imidazolate framework (ZIF) pre-
cursor according to the reported method with minor
modifications.>® The Ni content of the Ni-N/C catalyst
was also controlled to be ~0.7 wt % (measured by ICP-
MS) to compare with NiPc MDE. TEM images of Ni-N/C
suggest the absence of metallic Ni particles in the cata-
lyst (Supporting Information Figure S8). The X-ray dif-
fraction (XRD) pattern of Ni-N/C only shows broad
features attributable to graphitic carbon (Supporting
Information Figure S9),% further indicating the absence
of metallic Ni or crystalline Ni-containing compounds.
The Fourier-transformed extended X-ray adsorption fine
structure (FT-EXAFS) curve of Ni-N/C exhibits a peak
at ~1.4 A (without phase correction) corresponding to
Ni-N coordination, but little signal at ~2.1 A correspond-
ing to Ni-Ni coordination (Supporting Information
Figure S10), confirming the presence of single Ni sites
in Ni-N/C.

Although no Ni particles are observed, parasitic active
sites such as N-doped carbon sites could still be present

in the Ni-N/C catalyst,***® which are known to be active
for 4e~ ORR (Figure 3a). The ORR performance of the
Ni-N/C catalyst was further characterized in the RRDE
setup with identical conditions as NiPc MDE. Given the
LSV curves (Figure 3b), Ni-N/C possesses more positive
onset potential (0.83 V) than that of NiPc MDE (0.79 V).
The peroxide yields of Ni-N/C are under 43% with n
larger than 3.1 in the potential range of 0.70-0.20 V
(Figure 3c and Supporting Information Figure S11). The
much worse selectivity of the Ni-N/C catalyst toward the
2e” reduction pathway than that of NiPc MDE is attribut-
ed to the structural heterogeneity in the pyrolyzed Ni-N/
C catalyst. Additionally, the stability tests were carried
out at the constant potentials of 0.50 V for the disk
electrode to conduct ORR and at 1.50 V for the ring
electrode to detect generated peroxide. As shown in
Figure 3d, Ni-N/C shows obvious decay of both the disk
and ring currents in the first half hour, suggesting the
instability of the pyrolyzed structure. By contrast, NiPc
MDE exhibits much better stability without appreciable
decay of the disk and ring currents during the measure-
ment. Therefore, the molecularly dispersed and
well-defined Ni-N4 sites in NiPc MDE render it a better
ORR catalyst for the 2e™ reduction pathway than the
pyrolyzed Ni-N/C. NiPc MDE can be a model catalyst
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Figure 4 | Enhanced ORR electrocatalysis with NiPc-CN MDE. (a) Calculated free-energy diagrams of ORR through
the 2e~ and 4e™ reduction pathways on NiPc and NiPc-CN at 1.23 V. Inset shows the molecular structure of NiPc-CN.
(b) Disk and ring currents of NiPc and NiPc-CN MDEs in O,-saturated 0.1 M KOH electrolytes. (c) Calculated peroxide
yields and n of NiPc and NiPc-CN MDEs. (d) Stability test of NiPc-CN MDE under the constant potentials of 0.50 V for

the disk electrode and 1.50 V for the ring electrode.
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system to establish the relationship between the active
site structure and electrocatalytic performance.

Molecular engineering of NiPc MDEs for ORR

A unigue advantage of the MDE system s the capability of
manipulating the properties of the active sites and the
associated electrocatalytic performance through molec-
ular engineering. Hence, we seek to further improve the
performance of NiPc MDE for 2e- ORR for peroxide
production with the introduction of pedant groups to
the Pc ligand. We examined NiPc-substituted with
electron-withdrawing CNs (NiPc-CN, nickel(ll) 2,3,9,10,
16,17,23,24-octacyano-phthalocyanine, see Figure 4a in-
set for molecular structure) as an ORR catalyst by DFT
calculations. The free-energy diagrams suggest that, sim-
ilar to NiPc, NiPc-CN shows strong preference toward the
2e” reduction pathway, and the energy difference of gen-
erating*H,0O,over *Oisenlarged from 0.22 eV with NiPcto
0.37 eV with NiPc-CN (Figure 4a), indicating that NiPc-CN
can be a more selective catalyst for 2e” ORR.

NiPc-CN MDE was synthesized (Supporting
Information Figure S12) and characterized with the RRDE
setup. The LSV curve shows more positive onset poten-
tial of NiPc-CN MDE (0.82 V) than that of NiPc MDE
(0.79 V) (Figure 4b). Moreover, the saturation current for
NiPc-CN MDE remains similar in the potential range of
0.60-0.20 V together with constant ring currents. The
peroxide yields of NiPc-CN MDE were calculated to be
~92% from 0.70 to 0.20 V, superior to NiPc MDE with
decreased peroxide yields below 0.45 V (Figure 4c). The
enhanced peroxide yields of NiPc-CN MDE are consistent
with the improved preference toward the 2e™ reduction
pathway from DFT calculations with the introduction of
CNs (Figure 4a). NiPc-CN MDE also shows good stability
in ORR with little decay in the disk and ring currents and
the peroxide yields during the operation (Figure 4d). The
performance of NiPc-CN MDE for oxygen reduction to
peroxide is among the best for the reported single-metal
and nonprecious metal catalysts, demonstrating high
peroxide selectivity of ~92% at a wide potential window
in alkaline conditions (Supporting Information Table S2).

Conclusions

Driven by rational catalyst design with DFT calculations,
we identify NiPc MDE as a good ORR catalyst for the 2e~
reduction pathway and further enhance its performance
through molecular engineering. The enhanced NiPc-CN
MDE with CN substitution shows superior selectivity with
peroxide yield of ~92% in the potential range of 0.70-
0.20 V. The molecularly dispersed and well-defined Ni-N4
sites on CNTs endow NiPc MDEs with higher 2e™ selec-
tivities than the aggregated NiPc and pyrolyzed Ni-N/C
catalysts. These results also imply that the MPc MDE
system can act as excellent model electrocatalysts for
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the establishment of the relationship between active site
structures and electrocatalytic performances of molecu-
lar catalysts and SACs.

Supporting Information

Supporting Information is available and includes
methods, Figures S1-S12, Tables S1 and S2, and Refer-
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