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In an effort to provide visualization and understanding to the electronic ‘‘push effect” of axial ligands on
the catalytic activity of cobalt macrocyclic molecules, we design a simple model system involving an
[5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin]cobalt(II) (TMMPCo) monolayer axially-coordinated
on thiol ligand modified Au electrode and explore the activity of the axial-ligand coordinated TMPPCo
toward oxygen reduction reaction (ORR) in acidic medium. Three different ligands, with a decreasing
order of coordinating ability as: 4-mercaptopyridine (MPy) > 4-aminothiolphenol (APT) > 4-
mercaptobenzonitrile (MBN) are used and a maximum difference in ORR onset potential of 80 mV is
observed between the MPy (highest onset potential) and MBN systems (lowest onset potential). The
ORR activity of TMPPCo increases with the increase in binding strength of the axial ligand. A detailed
mechanism study reveals that ORR on the three ligand coordinated TMPPCo systems shares the same
2-electron mechanism with H2O2 as the terminal product. Theoretical calculation into the structure of
the ligand coordinated cobalt porphyrins uncovers the variation in atomic charge of the Co(II) center
and altered frontier molecular orbital distribution among the three ligand systems. Both properties have
great influence on the back-bonding formation between the Co(II) center and O2 molecules, which has
been suggested to be critical toward the O2 adsorption and subsequent activation process.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The transition metal-based N4-metallomacrocyclic molecules,
especially transitional metal (TM) based metalloporphyrins, metal-
lophthalocyanines and more recently the metallocorroles serve as
a promising alternative family for ORR catalysts ever since their
electrocatalytic activity was first uncovered in 1964 [1–8]. The
superiority of these materials is their much lower cost compared
to noble metal Pt based catalysts [9], and their high CO tolerance
[10,11]. Another attractive feature for these molecules is their
easily tailored catalytic activity. The active center for N4-
metallomacrocyclic materials is easy to be defined, and their activ-
ity could be tuned through the substitution on the central metal
ion [12,13], or the modifications on the structure of the N4-
macrocyclic ligand [14,15].

The naturally existing metalloporphyrins take part in various
important biological processes and their activities have been found
to be related to their axial ligands [16–22]. Inspired by this point,
numerous biomimetic materials with brilliant catalytic perfor-
mance have been prepared. A molecular assembly of Cu(3,30-diami
nobenzidine) polymeric complex on carbon black has been
reported with high hydrazine oxidation reaction (HOR) and ORR
activity, in which the 3,30-diaminobenzidine ligand functions like
the Cys-His group in natural laccases in fine tuning the electronic
structure of the Cu center [23]. Cao and co-workers [21] reported
on a highly efficient ORR catalyst (SWCNT-Py-PcFe) and the pres-
ence of a pyridine ligand in the axial vacancy of PcFe has been
highlighted. The role of axial ligand on metallomacrocyclic mole-
cules has been interpreted as being through the ‘‘push effect”.
Namely, the axial coordination of ligand group on the central metal
increases the electron density on the macrocycle ring through
donating electrons toward the unoccupied d-orbitals of the metal
ion, and therefore affects its catalytic activity. Detailed studies con-
cerning the role of axial ligands on the activity of metallomacrocy-
cles have been conducted to address the ‘‘push effect” [24–26].
However, these studies mainly focuses on the Fe porphyrins since
the ‘‘push effect” is mostly pronounced in Fe porphyrin-based
active centers in natural systems [27–29]. In contrast, few atten-
tions have been paid to other metal based macrocycles, such as
cobalt porphyrins, which is another popular family of promising
electrocatalysts. Unlike Fe ion, Co is not involved in the Fenton
reaction, which could cause damage to the carbon skeleton of
material and also lead to the demetallation of the central ion.
Therefore, the Co macrocycle catalyst usually exhibits a better
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long-term stability especially in acidic medium compared with the
Fe family [30]. Therefore, from the aspect of tailoring the ORR
activity of the central Co ion through more efficient means, the
function of its axial ligand deserves to be systematically studied.

In this study, a model system built on Au electrode has been
designed to study the effect of axial ligands on the ORR activity
of cobalt N4-macrocycles. [5,10,15,20-tetrakis(4-methoxyphenyl)
porphyrin]cobalt(II) (TMPPCo) is chosen as the molecule and three
aromatic thiol ligands: 4-mercaptopyridine (MPy), 4-
aminothiolphenol (APT) and 4-mercaptobenzonitrile (MBN) are
used as the axial ligands. These thiol ligands could spontaneously
form self-assembled monolayer (with ligating header groups) on
Au electrode surface through the formation of Au-S covalent bond
and TMPPCo could be assembled on the surface through the axial
coordination interaction between its central cobalt ion and the
ligand header groups of SAM. The difference for the three ligand
coordinated TMPPCo systems in catalytic activity toward ORR in
acidic medium has been investigated together with detailed mech-
anism study using RDE and RRDE techniques. Combined with the
computational results, a deeper understanding toward the ‘‘push
effect” of axial ligand for cobalt porphyrins has been realized.
2. Experimental

2.1. Reagents

TMPPCo (�96%) was purchased from TCI (China). MPy (95%),
APT (97%) were obtained from Sigma (USA). MBN (95%) was pur-
chased from Nanjing Norris Pharm Technology Co. Ltd (China).
Methyl 4-aminobenzoate (�98%), 4-cyanobenzoic acid methyl
ester (�98%) methyl isonicotinate (�98%) and methyl benzoate
(�99%) were from Admas-beta (China). Aqueous solutions were
prepared using ultrapure water with resistance above 18.2 MX cm
(Millipore, USA).

UV–vis absorption spectra of TMPPCo solutions were obtained
on a UV-1800 spectrometer (Shimadzu, Japan). The surface-
enhanced Raman scattering (SERS) spectra for the ligand modified
Au substrates were collected in air under a Renishaw laser confocal
Raman microscope (Renishaw, UK), using a 633 nm laser beam as
the light source.
2.2. Electrochemical measurements

Electrochemical measurements were carried out on a CHI 660E
(CHI, USA) electrochemical workstation using a conventional
three-electrode configuration. The gold electrode (2 mm in diame-
ter, CHI) was used as the working electrode (WE), a Pt wire was
employed as the counter electrode (CE) and the reference electrode
(RE) was an Ag/AgCl electrode (backfilled with saturated KCl
solution, Gaoss Union, Wuhan). The potential is converted to be
versus reversible hydrogen electrode (RHE) using the equation:
Evs.RHE = Evs.Ag/AgCl + 0.197 + 0.0591 � pH. Before use, the gold disk
electrode was polished in aqueous slurries containing 0.05 mm
alumina oxide powders and sonicated in ethanol and deionized
water successively.

The rotating disk electrode (RDE) and rotating ring-disk elec-
trode (RRDE) tests were carried out using a rotating electrode
setup (PINE Research, USA) with an MSR rotator shaft. The RDE
experiment was carried out using an AFE7R8 ring-disk electrode
from PINE Research. The RRDE electrode was an AFE6R1 Change
Disk ring-disk electrode from PINE Research including a polyte-
trafluoroethylene (PTFE) body tip, an Au disk insert (5 mm in diam-
eter) and a Pt ring (1 mm in width). The officially provided
collection efficiency (N) for this RRDE setup is 25.6% and was
experimentally confirmed prior to use (Fig. S1 online).
2.3. Two-step modification for TMPPCo-ligand modified Au disk
electrode

An Au electrode was first pretreated using the procedure as
described above. Before modification, the electrode was electro-
chemically cycled between �0.3 and 1.5 V in 0.5 mol/L H2SO4 for
100 cycles at a scan rate of 100 mV/s to gain a better activity. After
it was washed with deionized water and dried under N2 stream,
this freshly activated electrode was immersed into an ethanol solu-
tion containing 1 mmol/L thiol ligand to attach the SAM molecules
onto the electrode surface through the formation of Au-S covalent
bond. After incubating at 4 �C for 12 h, the electrode was taken out
and rinsed thoroughly with pure ethanol thrice followed by drying
under N2 stream. This ligand modified Au electrode was then
immersed into CH2Cl2 solution containing 1 mmol/L TMPPCo to
assemble the cobalt porphyrin onto the surface through the axial
coordination reaction between the porphyrin Co(II) center and
the ligating header group of the thiol ligand pre-assembled on
Au surface. The reaction was allowed to proceed at 4 �C for 4 h in
dark. The two-step modified Au electrode was then taken out
and washed with pure CH2Cl2 to remove the weakly adsorbed
TMPPCo and dried under N2 stream. Fig. 1a depicts the schematic
illustration on these two-step modification of the Au electrode.

2.4. Fabrication of SERS-active substrate

The Au electrode used for SERS measurements included a
removable Au plate insert (2 mm in Au diameter) and a polyether
ether ketone (PEEK) body tip which was purchased from Gaoss
Union. To fabricate the SERS active substrate, this electrode was
roughened using the electrochemical oxidation-reduction cycling
(ORC) method [31]. The electrode was electrochemically polished
in 0.5 mol/L H2SO4 to remove impurities and gain better activity.
The freshly activated electrode was then cycled in 0.1 mol/L KCl
between the potentials of Au oxide formation (1.2 V vs. sat. Ag/AgCl
RE) and �0.5 V for 40 cycles at a scan rate of 50 mV/s. After com-
pleting the cycle, a bias equal to the reduction peak potential in
the cyclic voltammogram was applied onto the electrode to ensure
a complete reduction of the Au oxide. The gold plate was then
demounted from the body and rinsed thoroughly with deionized
water to remove the surface remaining chloride ions. The gold plate
changed from bright yellow to dark brown with an obvious porous
layer covered on its surface, indicating the successful roughening of
the electrode. The porous structure of the roughened Au substrate
was confirmed by scanning electron microscopy (SEM), which is
obviously different from the planarmorphology of the bare Au elec-
trode (Fig. S2 online). This roughened gold plate was stored in
deionized water at 4 �C before use. To measure the SERS spectrum
of the assembled thiol ligands on Au, the plate was subjected to
similar modifying procedure like that for the Au plate electrode.

2.5. Computational details

To further describe how the different axial ligands effect the
electronic structures of cobalt porphyrin and successive activation
process of adsorbate dioxygen, density functional theory (DFT)
based geometry optimizations and frontier molecular orbital anal-
yses were performed with the Gaussian 09 D.01 package [32]. The
exchange-correlation energy for all the calculated complexes was
described with the hybrid M06-2X density functional, with the
TZVP basis set, which was used in our previous publication and
also found to give relatively accurate geometric and electronic
structures for metal-organic complexes [33]. To compromise the
efficiency and accuracy of the computation, the four methoxyphe-
nyl substituent groups on the meso-position of TMPPCo were
replaced by Hydrogen atoms.



Fig. 1. (a) Schematic illustration on the two steps of modification on Au electrode. (b) SERS spectra collected on the ORC roughened SERS active Au substrate. (c) Reductive
desorption LSVs of MPy, APT and MBN coated Au electrode in N2 saturated 0.1 mol/L NaOH at a scan rate of 50 mV/s.
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3. Results and discussion

3.1. SERS characterization on ligand SAMs

To confirm the assembly of thiol ligands on Au surface with a
preferred orientation for later porphyrin axial coordination (expos-
ing the ligating header group), SERS spectra of the three thiol
ligands were collected on a roughened Au substrate fabricated by
an electrochemical oxidation-reduction cycling (ORC) protocol.
Fig. 1b presents the SERS spectra of the three thiol ligands. For
MBN, its SERS spectrum (blue curve) is dominated by peaks attri-
butable to the in plane vibration modes, which excludes the possi-
bility that the molecule adsorbs in a flat conformation according to
the surface selection rule in the electromagnetic enhancement the-
ory for SERS [34], indicating that the benzene ring is at least titled
in some angle to the substrate surface. The intense peak at
2,232 cm�1 belongs to the stretching mode of the ACN group
[35]. This peak position is very close to that of neat state, which
indicates that molecule adsorption with ACN group is unlikely,
since the interaction of ACN with metal substrate would induce
significant peak position shift of the ACN stretching mode [36].
In the SERS spectrum of APT molecule (red curve), the several
intense b2-type bands in the region between 1,100 and
1,500 cm�1 are the characteristics of theANH2 derivatives and pro-
vide direct evidence of APT adsorption on the surface with the
ANH2 ligand group unperturbed [37]. Once again, the enhance-
ment of the several strong in-plane vibration bands denies the
assumption that the APT might adsorb in a flat conformation
[38]. Conversely, a titled or even vertical surface orientation is
more rational. For MPy molecule (black curve), its adsorption mode
on SERS active substrate could be analyzed by checking the band
information of the so called X-sensitive bands relative to those of
neat sample [39]. The two X-sensitive bands are marked with an
asterisk (*) on the spectrum. The 6a1 band (bCAC/mCAS) at
703 cm�1 has its counterpart in the spectrum of neat MPy sample
at around 721 cm�1 and the 12a1 band (mring breathing/mCAS) at
1,093 cm�1 is significantly enhanced compared with that of neat
sample. The downshift of the 6a1 band and enhancement of the
12a1 band suggest that the adsorption of MPy might involve the
participation of ASH group [40]. Although the SERS study does
not provide direct spectral information for the AuAS bond, the
SERS spectra of all the three ligands present adequate evidence
for ligand adsorption on the gold substrate with a titled surface ori-
entation while exposing the ligand groups outward, and probably
the involvement of SH group during the adsorption process.

3.2. Reductive desorption of SAMs

Electro-reductive stripping-off protocol has been employed to
confirm the formation of Au-S bond between the thiol ligand and
Au surface [41]. The Au electrodes before and after the modifica-
tion of ligand molecules were subjected to the linear scanning
voltammetry (LSV) from the open circuit potential (OCP) to
�1.35 V in N2 saturated 0.1 mol/L NaOH and the results are shown
in Fig. 1c. As is shown, starting at ca. �0.6 V, the desorption curves
of all the thiol ligands show two to three reduction peaks at lower
potentials, which could be ascribed to the reductive desorption
process of thiol ligands with different adsorption strengths from
the polycrystalline Au surface [42,43]. The calculated surface cov-
erage density for MPy, APT, and MBN ligand thiols are
7.9 � 10�10, 4.3 � 10�10 and 3.9 � 10�10 mol/cm2, respectively.
The slightly varied surface coverage densities for the three ligands
might be due to their structural difference and different adsorption
orientations on the surface [44]. The polarization curve of the bare
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gold electrode does not show such reductive peaks at the same
potential region, the small reduction peak at round �0.2 V could
be due to the electrochemical reduction of the residual O2 mole-
cules adsorbed on the high active bare gold electrode surface.
The reductive desorption result clearly demonstrates that these
three thiol ligands have been successfully assembled on the Au
surface via forming Au-S covalent bond.

3.3. ORR activity in acidic medium

The assembly of TMPPCo on the thiol ligand modified gold elec-
trode is accomplished through the axial coordination reaction
between its Co(II) center and the surface-exposing ligating groups.
The feasibility for this assembling approach and a decreasing
coordinating ability order for the used three ligands as
MPy > APT > MBN has been confirmed by a solution phase UV–vis
absorption spectroscopic study (Fig. S3 online). The ORR activity
of the electrodes after TMPPCo assembly were examined for all
the three ligand systems in acidic medium. In Fig. 2, the solid lines
depict the cyclic voltammograms (CVs) for ORR, while the dashed
lines represent the CVs measured under N2 atmosphere. Faradaic
peaks could not be distinguished in the CVs in N2 saturated solution
for all the three ligand-coordinated TMPPCo systems, giving rise to
no direct electron transfer information between the porphyrin Co
center and the electrodes. However, a good electrocatalytic activity
toward substrate molecule requires efficient direct electron trans-
fer between the electrode and the catalytic active center [22,45],
which in this work is the Co(II) center of TMPPCo. The good catalytic
activity toward O2 electro-reduction undoubtedly demonstrates
the facile electron transfer between the Co(II) ion and the electrode
for all the three systems. The inability for measuring the redox sig-
nal of cobalt (II) ion could arise from that the redox potential of
Co3+/Co2+ and Co2+/Co+ pair is beyond the potential regime of
Fig. 2. (Color online) CVs of the gold electrodes modified with (a) MPy, (b) APT and (c
measured in N2 saturated atmosphere at a scan rate of 50 mV/s (dashed lines). (d) A sum
(inset) in the low polarization regime.
ORR, which means that the redox process of the Co(II) center is
not involved in ORR. This finding has been reported by many stud-
ies concerning the cobalt porphyrin or phthalocyanine based cata-
lysts for ORR [3,12,13,46]. Meanwhile, the ORR activity of ligand
coated Au electrode without further assembly of TMPPCo has been
measured, which demonstrates the excellent blocking capability of
the ligand molecules toward the active Au surface (Fig. S4 online).
Therefore, the Au electrode only functions as a conducting substrate
which provides a steady electron flux toward the surface-attached
TMPPCo catalyst and negligible contribution in the overall ORR cur-
rent could come from the underlying Au active site. The difference
in ORR activities among the three ligand systems is shown in
Fig. 2d. Since the ORR current density given in our model system
is relatively small, the onset potential has been defined as the
potential at which ORR polarization curve deviates from the N2

background. The CV of the MPy ligand shows an ORR onset poten-
tial at round 0.53 V. The ORR peak potential and peak current den-
sity are 0.3 V and 0.46 mA/cm2, respectively. The catalytic curve of
the APT ligand exhibits an ORR onset and peak potentials at 0.48
and 0.23 V, respectively, while the peak current density is
0.45 mA/cm2. The curve of the MBN ligand presents an ORR onset
and peak potential at 0.45 and 0.17 V respectively, while its peak
current is 0.32 mA/cm2. From the comparison on the onset poten-
tials, a decreasing order in ORR activity for ligand coordinated
TMPPCo could be derived in the ligand order as: MPy > APT > MBN,
withMPy coordinated TMPPCo being themost efficient platform for
ORR. The onset potential differs by 80 mV at most between theMPy
and MBN systems. It should be noted that despite having different
ORR onset potentials, the three ligand systems have the same curve
shape in the mixed-controlled potential regime (inset), suggesting
that the O2 reduction reaction follows similar mechanism on the
Co(II) center of TMPPCo, axially coordinated by three different
ligands.
) MBN coordinated TMPPCo in O2 saturated 0.5 mol/L H2SO4 (solid lines) and CVs
mary on the three ORR curves together with a comparison on the onset potentials
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3.4. ORR mechanism study

RDE technique has been used to study the ORR mechanism on
three kinds of electrode surface. The ORR performance measured
under hydrodynamic condition reproduces the activity order as
observed without disk rotation, with MPy-TMPPCo having the
highest onset potential while MBN-TMPPCo giving the lowest
value (Fig. 3a, c and e). The as derived Koutecky-Levich plots which
depict the relationship between 1/i and x�1/2 under certain poten-
tials are presented in Fig. 3 (right panels). The good linearity pre-
sented by the K-L plots indicates that the oxygen reduction
reaction on all the three kinds of electrode surfaces is a well-
defined first order reaction with respect to oxygen concentration.
The calculated ne are all close to 2 for all the three ligand systems,
and the K-L curves are all parallel with the theoretical 2-electron
curve (black dashed lines). The RDE results show that among the
two kinds of ORR pathways, the 2-electron mechanism dominates
Fig. 3. (Color online) RDE voltammetric (a, c, e) and the corresponding K-L (b, d, f) curve
axially coordinated TMPPCo in ORR polarization region under different rotation speeds.
the corresponding potential. The black and green dashed lines in the right panels denot
on the ligand coordinated TMPPCo, yielding H2O2 as the final
reduction product.

The kinetic current under the selected potentials (0.2 and 0.1 V)
could be deduced from the y-axis intercept of K-L plot according to
the K-L equation and is shown in Fig. 4a. Under each of the two
selected potentials, the MPy system presents the largest kinetic
current while MBN having the lowest. This means that the reaction
kinetics of ORR on TMPPCo decreases in the order of:
MPy > APT > MBN.

The mass transfer corrected Tafel plot is deduced using the ORR
polarization curve collected under 150 r/min rotation and is
depicted in Fig. 4b. The three polarization curves all exhibit similar
Tafel slopes with values near 90 mV/dec. The similar Tafel slopes
indicates the identical ORR mechanism for the three ligand coordi-
nated TMPPCo complexes. Therefore, the deviation in onset poten-
tial should be due to different weakening abilities of the Co(II)
center toward the O@O double bond which is induced by the axial
s of the gold disk electrodes modified with MPy, APT and MBN (from top to below)
The legends of the K-L curves denote the calculated electron transfer number under
e the theoretical 2-electron and 4-electron K-L curves, respectively.



Fig. 4. (Color online) (a) Kinetic current values at 0.1 and 0.2 V. (b) Mass transfer corrected Tafel plot for the ORR polarization curves. (c) RRDE voltammetric curves under
150 rpm with the scan rate of 20 mV/s and a Pt ring potential of 1.2 V versus RHE. (d) H2O2% and ne determined from RRDE data. (e) Schematic illustration on the 2-electron
ORR mechanism on axially-coordinated TMPPCo.
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ligand. The information revealed by the Tafel plot agrees well with
the results of RDE tests. The axial ligand does not interfere with the
ORRmechanism on ligand-coordinated TMPPCo, but possibly mod-
ifies the O@O weakening procedure through the electronic ‘‘push
effect”.

The rotating disk-ring electrode (RRDE) technique was
employed to monitor the production of partial reduced oxygen
species (PROS) during ORR, which is considered mainly as H2O2

in acidic medium. The Pt ring potential was held at 1.2 V (vs.
RHE) to oxidize the H2O2 produced from the disk. The recorded
disk and ring currents are shown in Fig. 4c. The H2O2 production
yield (H2O2%) and apparent electron transfer number (ne) could
be determined using the following equations:

H2O2% ¼ 200� Ir
N � Id þ Ir

; ð1Þ
ne ¼ 4� Id
Id þ Ir=N

; ð2Þ

where Id and Ir are the disk current and ring current, respectively; N
is the collection efficiency of the RRDE setup which is measured to
be 25% (Fig. S1 online). The calculated H2O2% and ne values are
shown in Fig. 4d. It is observed that the H2O2 production yield for
the three ligand systems all exceed 95% with calculated ne values
close to 2, indicating that the ORR in the three systems all go
through the 2-electron pathway with most of the reduction prod-
ucts being H2O2. This result matches well with that of RDE tests,
further demonstrating that the 2-electron ORR mechanism of
TMPPCo in acidic medium is not altered by the axial ligand.

Polarization curves with 1 mmol/L H2O2 in the ORR potential
regime under N2 atmosphere were recorded to check if H2O2 could
be reduced on the axial vacancy of axially coordinated TMPPCo. No
apparent Faradaic wave could be observed on the CVs (Fig. S5
online), which means that H2O2 cannot be reduced in this potential
regime. This finding supports the results of RDE and RRDE tests,
which demonstrates that the adsorbed O2 on the axially-
coordinated TMPPCo is only reduced to H2O2 and the further
electro-reduction of H2O2 could not proceed, so the total electron
transfer number in ORR is 2.

3.5. Computational results

To get further insights into the microscopic mechanism on the
role of axial ligand in tuning the TMPPCo catalyzed ORR, first prin-
ciples density function theory (DFT) based calculation is carried
out. Fig. 4e depicts the possible 2-electron mechanism for O2

reduction on ligand complexed TMPPCo.
It is generally accepted that the catalytic site of transition

metal-based N4-metallomacrocyclic molecules in electrocatalytic
reactions is their metal center, on which the substrate molecule
is adsorbed and subsequently activated through an inner-sphere
interaction [7]. The oxygen reduction reaction initiates with the
adsorption of oxygen molecules on the unoccupied axial vacancy
of TMPPCo central cobalt ion. After forming the O2-bounded
adduct, the O@O double bond within the O2 is weakened which
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triggers the following reduction reaction. The back-bonding
between the Co(II) center and O2 molecule, which describes the
partial electron injection from the d band of cobalt ion into the
p* orbital of adsorbed O2, has been suggested to play a crucial role
in determining the feasibility for both the O2 adsorption process
and the O@O double bond activation procedure [47,48]. Therefore,
computational analysis on ligand-coordinated porphyrin is carried
out to investigate the factors that might be altered by the axial
ligand and then exert influence on the back-bonding procedure.

Fig. 5a depicts the fully optimized molecular structures of the
uncoordinated porphyrin and ligand-coordinated cobalt por-
phyrins. The calculated atomic distances within the porphyrin ring
(R(Co-NPor)) agrees well with previously reported values (Table S1
online), which demonstrates the validity of our calculations. Mean-
while, the atomic distance between the Co(II) center and ligand N
atom (R(Co-NLig)) is obviously smaller than the sum of their van
der Waals radius [49] in all three ligand-coordinated porphyrin
systems (Table 1), which indicates the strong chemical interaction
between the cobalt porphyrin and the axial ligand.

The atomic charge of porphyrin central ion is one of the several
important factors that might affect the back-bonding formation
and a higher positive charge of the metal center would lead to
weaker back-donation and less stable adsorption while a smaller
positive charge could enhance the back-bonding formation and
trigger the more stable bonding of the adsorbate [47]. The Hirsh-
feld atomic charge (QCo) distributed on the central cobalt(II) ion
in the optimized configuration is analyzed (Fig. 5a). As shown in
Table 1, the positive charge accumulated on cobalt ion without
the axial ligand is 0.263e. The introduction of three different axial
Fig. 5. (a) Optimized structures of uncoordinated cobalt porphyrin and MPy, APT, MBN c
frontier molecular orbitals in cobalt porphyrin and axial ligand coordinated porphyrins,
ligands leads to different extents of decrease in the charge popula-
tion of the central cobalt(II) ion, which is due to the electron dona-
tion effect from the axial ligand (donor) toward the cobalt ion
(acceptor). An increasing order in positive charge population of
cobalt(II) ion when porphyrin is complexed with axial ligands is
presented as follows: MPy < APT < MBN. Since the MPy system is
least positively charged on Co(II) center, the back electron-
donation from cobalt ion toward the p* orbital of O2 is most effi-
cient, which promotes the adsorption and activation of O2 on the
reaction site. For APT and MBN systems, the positive charge popu-
lation of cobalt ion is slightly larger, which is not favored for the
back-bonding formation between cobalt ion and O2, so the cat-
alytic reduction of O2 should be harder in these two systems as
compared with the MPy system.

The energy level of the frontier molecular orbitals, including
highest singly occupied molecular orbital (SOMO) and lowest
unoccupied molecular orbital (LUMO), of cobalt porphyrin has a
great impact on the back-bonding process and a higher HOMO
energy could facilitate the partial d electron transfer process from
the metal ion toward the p* orbital of O2, producing stronger weak-
ening toward the O@O double bond [48]. As is shown in Fig. 5b, the
interaction with three axial ligands all leads to the increase in
SOMO level of cobalt porphyrin, which indicates the promoted
back-bonding for O2 adsorbate compared with the case of uncoor-
dinated cobalt porphyrin.

Although the above-mentioned computational results could not
be directly correlated to the observed difference in ORR onset
potential, a microscopic understanding toward the internal effects
of axial ligand in tuning the ORR activity of cobalt porphyrin has
omplexed cobalt porphyrins. (b) Electron density distribution and energy profiles of
obtained from DFT calculation.



Table 1
Calculated properties of the optimized cobalt porphyrin (CoP) and ligand coordinated
porphyrins.

System Spin
multiplicity

QCo (e) R(Co-NPor) (Å) R(Co-NLig) (Å)

CoP 2 +0.263 2.00 –
CoP-MPy 2 +0.171 2.02 2.24
CoP-APT 2 +0.182 2.02 2.33
CoP-MBN 2 +0.188 2.01 2.35
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been realized. The participation of axial ligands modifies the
charge density of central cobalt ion and also changes the frontier
molecular orbital distribution within the porphyrin, both proper-
ties have influence on the back-bonding formation between the
cobalt ion and O2 adsorbate. Thus, the O2 adsorption and the sub-
sequent O@O weakening processes on the central cobalt ion are
tailored and therefore affects the overall ORR activity. The ligand
with a stronger binding ability such as MPy in this study leads to
the more easily formed back-bonding, thus the ORR activity of
the ligand coordinated cobalt porphyrin is higher. On the contrary,
the back-bonding is weaker when a weak-binding ligand is
involved which leads to a lower ORR activity of the porphyrin.
More detailed DFT-based calculation on oxygen adsorption energy,
Gibbs energy changes in elementary steps, and theoretical predic-
tion on ORR onset potential is undergoing in our lab.
4. Conclusion

In summary, the ‘‘push effect” of axial ligand toward the cat-
alytic activity of cobalt porphyrin has been studied using a model
system. Three aromatic thiol ligands, MPy with pyridinic N atom,
APT withANH2 and MBNwithACN as the ligand groups have been
adopted to impose different extends of electronic donating effect
on the Co(II) center of the TMPPCo model molecule. The titled
SAM formation of these thiol ligands on Au electrode surface has
been confirmed by Raman and electrochemical characterizations,
which is necessary for the construction of the desired molecular
structure on electrode surface. The catalytic activity of the TMPPCo
monolayers on ligand SAM coated Au electrode toward ORR in
0.5 mol/L H2SO4 is compared among the three ligands, which exhi-
bits a maximum onset potential difference of 80 mV between the
MPy and the MBN systems. The ORR activity of ligand-complexed
cobalt porphyrin increases with the increase in coordination
strength of the axial ligands. The mechanism study with RDE and
RRDE techniques declares no difference in the 2-electron ORR
pathway for all the three ligand coordinated TMPPCo systems.
The H2O2 polarization study has evidenced the inability in H2O2

decomposition for ligand complexed porphyrin. The origins for
the difference in ORR activity are explored using theoretical calcu-
lation, which unravels the modification of positive charge on cen-
tral cobalt ion and altered frontier molecular orbital distribution on
TMPPCo by the axial ligand. Both properties have severe impact on
the back-bonding formation between Co(II) center and adsorbed
O2, which might affect the important elemental steps in ORR,
including oxygen adsorption and O@O double bond weakening
procedure. Through this way, the overall ORR activity of cobalt por-
phyrin can be efficiently tailored by the engineering of using differ-
ent axial ligands.
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