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Abstract: Understanding factors that influence the catalyst activity for oxygen reduction reaction (ORR) is essential for the ra-
tional design of efficient ORR catalysts. Regulating catalyst electronic structure is commonly used to fine-tune electrocatalytic ORR
activity. However, modifying the hydrophilicity of catalysts has been rarely reported to improve ORR, which happens at the lig-
uid/gas/solid interface. Herein, we report on two Co porphyrins, namely, NO,-CoP (Co complex of 5,10,15,20-tetrakis(4-nitro-
phenyl)porphyrin) and 5F-CoP (Co complex of 5,10,15,20-tetrakis (pentafluorophenyl)porphyrin), and their electrocatalytic ORR
features. By simultaneously controlling the electronic structure and hydrophilic property of the meso-substituents, the NO,-CoP
showed higher electrocatalytic activity than the SF-CoP by shifting the ORR half-wave potential to the anodic direction by 60 mV.
Compared with the SF-CoP, the complex NO,-CoP was more hydrophilic. Theoretical calculations suggest that NO,-CoP is also
more efficient than 5F-CoP to bind with an O, molecule to form Co™-O,~. This work provides a simple but an effective strategy to
improve ORR activity of Co porphyrins by using electron-withdrawing and hydrophilic substituents. This strategy will be also valu-

able for the design of other ORR molecular electrocatalysts.
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1 Introduction and also (2) the structure of metal porphyrins can be

Electrocatalytic oxygen reduction reaction (ORR) systematically modified to investigate structure-func-

is involved in many new energy conversion and stor- tion relationships"**l. Among these studied metal po-
rphyrins, Co porphyrins have shown high activity for
ORR™?], However, further improving the ORR activ-

ity of Co porphyrins is still required.

age techniques, including fuel cells and metal-air bat-
teries!"®). The efficiency of ORR at the cathodes of
these devices determines their overall efficiency for

energy conversion. Therefore, developing efficient Currently, there are many reports on improving

ORR electrocatalysts have attracted increasing inter-
ests in the past decades. Understanding factors that
can influence the catalyst activity is essential for the
rational design of efficient ORR catalysts™. Metal po-
rphyrins have been extensively studied as ORR elec-
trocatalysts because (1) nature uses heme proteins,
such as cytochrome ¢ oxidases, to reduce O, to water

catalytic ORR activity of Co porphyrins®**). Regu-
lating catalyst electronic structure through ligand
substituents is an effective strategy to tune ORR ac-
tivity™#, Tt is known that metal porphyrins with ele-
ctron-withdrawing groups can be easily reduced,
leading to lowered ORR overpotentials™. For exam-
ple, we have recently reported that SF-CoP with four
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strong electron-withdrawing substituents showed an
ORR half-wave potential of E,, = 0.76 V versus
reversible hydrogen electrode (RHE) in 0.1 mol-L"
KOH solutions™!. On the other hand, ORR happens
at the liquid/gas/solid interface. Therefore, the hy-
drophilicity of catalysts should also play crucial roles
in determining the activity™® *. Based on these con-
siderations, we are interested in examining the ORR
activity of Co porphyrins by fine-tuning electronic
structure and hydrophilic property of the meso-sub-
stituents.

Herein, we report on Co porphyrins, NO,-CoP and
S5F-CoP, and their electrocatalytic ORR features.
NO,-CoP is more efficient than 5F-CoP for electro-
catalytic ORR by displaying a 60-mV anodic shift of
the ORR half-wave potential. Compared with SF-CoP,
complex NO,-CoP is more hydrophobic. Theoretical
calculations suggest that NO,-CoP is also more effi-
cient than 5F-CoP to bind with an O, molecule to
form Co"-O,". This work therefore presents a simple
but an effective strategy to improve catalytic ORR
activity by introducing electron-withdrawing and hy-
drophilic substituents to molecular catalysts.

2 Experimental Section
2.1 Syntheses of Coll Porphyrins (5F-CoP
and NO,-CoP)

Synthesis of SF-CoP™. Pyrrole(670 mg, 10 mmol)
and pentafluorobenzaldehyde (1.96 g, 10 mmol) were
added into acetic acid (100 mL). After stirring for 4 h
at 140 °C, the mixture was then dried in vacuum to
remove acetic acid. The residue was then purified on
a silica column to give a purple solid of tetrakis
(pentafluorophenyl)porphyrin (365.7 mg; yield 15%).
Co acetate tetrahydrate (2.99 g, 12 mmol) and tetrakis
(pentafluorophenyl)porphyrin (365.7 mg, 0.38 mmol)
were added into a mixture of DMF (30 mL) and CHCL;
(6 mL). The mixture was stirred at 120 °C with reflux
for 12 h. After that, the mixture was rinsed with H,O
(150 mL) and then was dried with MgSO,. Further
purification by column chromatography gave the pur-
ple solid product of SF-CoP (360.6 mg; yield 92%).
Single crystals of SF-CoP were obtained by slow eva-

poration of a mixed solution of 5F-CoP in methanol

and chloroform (v:v = 1:1).

Synthesis of NO,-CoP. Pyrrole(670 mg, 10 mmol)
and 4-nitrobenzaldehyde (1.51 g, 10 mmol) were
added into acetic acid (100 mL). After stirring for 0.5
h at 140 °C, the mixture was then dried in vacuum to
remove acetic acid, and was then recrystallized from
acetone. The resulted solid was added into pyridine
with reflux for 1.5 h. The mixture was dried in vacu-
um to remove pyridine and then dried in vacuum a-
gain to give a purple solid of tetrakis(4-nitrophenyl)
porphyrin (319.1 mg; yield 15%). Co acetate tetrahy-
drate (747.2 mg, 3 mmol) and tetrakis(4-nitrophenyl)
porphyrin (79.4 mg, 0.1 mmol) were added into DMF
(15 mL). The mixture was stirred at 120 °C with re-
flux for 12 h. After that, the mixture was rinsed with
H,O (150 mL) and then was dried with MgSO,. Further
purification by column chromatography gave the pur-
ple solid product of NO,-CoP (63.5 mg; yield 75%).
Single crystals of NO,-CoP were obtained by slow
vapor diffusion of n-heptane to the NO,-CoP solution
in tetrahydrofuran.

2.2 Characterizations

Complete data sets for the NO,-CoP (CCDC
2036420) and SF-CoP (CCDC 2150347) were collect-
ed on an X-ray diffractometer (D8 VENTURE, Bruk-
er). Single crystals suitable for X-ray analysis were
coated with Paratone-N oil, suspended in a small
fiber loop, and placed in a cooled gas stream at 153(2)
K. Diffraction intensities were measured using Mo K,
radiation (A = 0.71073A). Data collection, indexing,
reduction, and unit cell refinements were carried
out using APEX2, Absorption corrections were ap-
plied using the program SADABS™., The single crys-
tal structure was solved with direct methods using
SHELXSP and refined against 2 on all data by full-
matrix least squares with SHELXL-975" following
established refinement strategies. All non-hydrogen
atoms were refined anisotropically. All hydrogen
atoms binding to carbon are included in the model at
geometrically calculated positions and refined using a
riding model. The isotropic displacement parameters
of all hydrogen atoms are fixed to 1.2 times the U
value of atoms they are linked to. Details of data
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quality and a summary of residual values of refine-
ments are given in Table S1 for NO,-CoP and Table
S2 for 5F-CoP.

UV-vis spectra were collected using a spectropho-
tometer (U-3310, Hitachi). '"H NMR spectra were ac-
quired on a spectrometer operating at 400 MHz
(Bruker). High resolution mass spectra (HRMS) were
measured using high resolution liquid chromatogra-
phy mass spectrometry (Bruker). For electrocatalytic
measurements, Co porphyrins were directly loaded on
carbon nanotubes (CNTs). Morphologies of catalyst@
CNT hybrids were measured with a scanning electron
microscope (SEM, SU8020, Hitachi) and transmission
electron microscope (TEM, Tecnai G2 F20, FEI). X-ray
photoelectron spectroscopic (XPS) results were mea-
sured with an XPS (Thermo ESCALAB 250XI). Hy-
drophilicities were measured with a video-based con-
tact angle instrument (OCA 20, Dataphysics) for three
times to obtain average values. Co porphyrin molecules
and the catalyst inks were coated on the silicon slice
with the same loading on the electrode.

2.3 Electrochemical Tests

Electrocatalytic ORR measurements were carried
out with a CHI 760E electrochemical workstation
and a Pine Modulated Speed Rotator in 0.1 mol -L"
KOH with a typical three-electrode system. Rotating
disk electrode (RDE, 0.196 ¢cm?), carbon rod, and sat-
urated Ag/AgCl electrode were used as the working
electrode, auxiliary electrode, and reference electrode,
respectively. To prepare catalyst ink, the SF-CoP (1
mmol) or NO,-CoP (1 mmol) and CNTs (1 mg) were
added into DMF (1 mL) with 20 pL Nafion (5wt%,
DuPont). Commercial CNTs (> 95% purity, < 8 nm
outside diameter, 3 nm inside diameter) were used in
this work. The resulting mixture was sonicated for 1
h to obtain a catalyst ink. Typically, 20 L of catalyst
ink was coated onto RDE to form a catalyst film. The
catalyst loadings of SF-CoP/CNT and NO,-CoP/CNT
were 0.21 and 0.19 mg-cm?, respectively. The DMF
solvent, after dropping the catalyst ink on the elec-
trode, was volatilized slowly and completely in 12 h
at room temperature. Linear sweep voltammogram
(LSV) was measured in O,-saturated 0.1 mol-L"' KOH

at 5 mV-s"' and 1600 r-min". The potential between
Ag/AgCl electrode and RHE is calculated according
to Equation 1.
Eri = Engaga + 0.197 + 0.059 x pH (V) (D
Tafel slopes were calculated by measuring LSV
data at 2 mV-s"' and 1600 r-min’'. The number (n) of
electrons transferred per O, molecule was calculated
by measuring LSV with rotating ring-disk electrode
(RRDE; disk: 0.247 ¢cm?, ring: 0.186 cm?) at 5 mV +s™!
and 1600 r-min™. The n is calculated with Equation 2.

ey @
Herein, i, is the disk current, i, is the ring current,
and N is the collection efficiency of ring current (0.39).
The n was also calculated based on Koutecky-Levich
(K-L) equations (3 and 4) by measuring LSV data at
different rotating speeds.
otrh et
B =0.2nFCyD ™" @)
Herein, J is the current density measured with
LSV, J. is the diffusion-limited J, Jx is the kinet-
ic-limited J, w is the angular velocity, F is the Fara-
day constant (96485 C -mol™), C, is the bulk concen-
tration of O, (1.2x10° mol -+ L"), D, is the diffusion
coefficient of O, (1.9x10° cm?-s™) and v is the kine-

matic viscosity of electrolyte (1.0x102 cm?-s™)F2,

3)

2.4 Theoretical Calculations

Density functional theory (DFT) calculation results
are obtained with Gaussian 16 program™, Geometry
optimization and harmonic frequency are conducted
with D3BJF9-B3LYP F>/Def2-SVP . Single-point
energy refinement in an aqueous solution are con-
ducted at the level of D3BJ-B3LYP/Def2-TZVP with
polarized continuum model (PCM)™ and integral eq-
uation formalism PCM (IEFPCM). Atomic charges
conducted natural population analysis (NPA) are
utilized. All thermodynamic data are reported under
298.15K and 1 atm.

3 Results and Discussion

3.1 Synthesis and Characterization
Porphyrin ligands and the corresponding Co por-
phyrins (Figure la and 1b) were synthesized. Their
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identity and purity were confirmed by 'H NMR and
HRMS (Figure S1-S4). Complex SF-CoP displayed an
ion with a mass-to-charge ratio of 1030.9750, which
is consistent with the calculated value of 1030.9756
(Figure S2). Complex NO,-CoP displayed an ion with
a mass-to-charge ratio of 851.1031, matching well
with the calculated value of 851.1044 (Figure S4).
Single crystal X-ray structures of NO,-CoP and
5F-CoP were obtained, further confirming the forma-
tion of these Co porphyrins (Figure 1c and 1d). Crys-
tallographic studies reveal that the NO,-CoP crystal-
lized in the monoclinic space group P2,/c with a =
10.8572(9) A, b = 16.7957(13) A, ¢ = 13.2241(10) A,
and B = 109.280(3)° (Table S1), while the SF-CoP
crystallized in the orthorhombic space group Pnnm
with @ = 7.3850(8) A, b = 14.4400(14) A, ¢ = 24.902
(3) A (Table S2). In both NO,-CoP and 5F-CoP, the Co
ions are coordinated by the corresponding porphyrin
ligand through four N atoms, leading to the same
Co-N, square-planar coordination structure. The av-
erage Co-N bond distance is 1.974(3) A for NO,-CoP
and 1.991(3) A for 5F-CoP. Furthermore, the plane of
both pentafluorobenzene and 4-nitrobenzene sub-
stituents is perpendicular to the plane of their por-
phyrin macrocycles. These results showed that the
coordination structures of the Co ions with NO,-CoP
and 5F-CoP are similar to each other.

Cyclic voltammogram of Co porphyrins in 0.1
mol - L' Bu,N(PF;) DMF solution under N, was mea-
sured (Figure S5). The redox peaks of Co"/Co' and
Co'/Co° for the 5F-CoP appeared at -1.12 V and -2.14
V (vs. ferrocene), respectively. Similarly, the cyclic
voltammtric (CV) curve of NO,-CoP displayed peaks
at -1.14 V and -2.38 V (vs. ferrocene) corresponding
to redox potentials of Co"/Co' and Co'/Co’, respec-
tively. The peaks appeared at -1.54 V (vs. ferrocene)
is attributed to the redox features of the nitrobenzene
substituents. The Co porphyrins were then loaded on
the CNTs for electrocatalytic ORR measurements
(Figure 2a). The resulted molecule/CNT hybrids were
named as NO,-CoP/CNT and 5F-CoP/CNT. Com-
pared with the unmodified CNTs (Figures S6 and S7),

no obvious changes were observed for the NO,-CoP/
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Figure 1 Molecular structures (a, b) and thermal ellipsoid plots
(50% probability) of the X-ray crystal structures (c, d) of NO,-
CoP and 5F-CoP. Color codes: green Co, red O, blue N, yel-

low green F, white C. (color on line)

CNT (Figure 2b and 2¢) by scanning electron micros-
copy (SEM) and transmission electron microscopy
(TEM), indicating the absence of aggregated Co por-
phyrin particles in the hybrid. Scanning TEM and el-
ement distribution images of Co, N, and O showed
that NO,-CoP molecules were evenly loaded on
CNTs (Figure 2d). Similar results were also obtained
for the SF-CoP/CNT.

X-ray photoelectron spectroscopic (XPS) analysis
of these hybrids was made to further confirm the ex-
istence of Co porphyrins (Figure S8). From high res-
olution XPS spectra of Co 2p, two weak but charac-
teristic peaks at 780.1 and 795.6 eV were observed
for both hybrids (Figure 2e), demonstrating the for-
mation of molecule/CNT catalysts. In addition, the
NO,-CoP/CNT showed XPS signal of O 1s at 533.4
eV (Figure 2f), while the SF-CoP/CNT exhibited XPS
peak of F 1s at 688.4 eV (Figure 2g). XPS peak ap-
peared at 286.6 eV of C Is for the NO,-CoP/CNT
further confirmed the existence of C-N bond (Figure
S9). All XPS results above confirmed the successful
preparation of molecule/CNT hybrids.

3.2 Electrocatalytic ORR Studies
The activity and selectivity of molecule/CNT
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Figure 2 (a) Preparation of molecule/CNT hybrids. (b) SEM image, (¢) TEM image, (d) scanning TEM and corresponding elemental
images of NO,-CoP/CNT. (e) XPS spectra of Co 2p for NO,-CoP/CNT and 5F-CoP/CNT. (f) XPS spectrum of O 1s for NO,-CoP/CNT.

(g) XPS spectrum of F 1s for SF-CoP/CNT. (color on line)

hybrids for ORR were evaluated in 0.1 mol-L"' KOH
aqueous solutions (Figure 3). The CV curve of NO,-
CoP/CNT showed large catalytic currents under O,
(Figure 3a), indicating its electrocatalytic activity for
ORR. The ORR peak potential with the NO,-CoP/CNT
(0.74 V) was more positive than that of the SF-CoP/
CNT (0.69 V) (Figure S10). The LSV curves of mo-
lecule/CNT hybrids, CNTs and commercial Pt/C
(20wt%) were measured at 1600 r-min” with a rotat-
ing ring-disk electrode (RRDE). The E,, value of
the NO,-CoP/CNT was 0.82 V (versus RHE) (Figure
3b), while the £, value of the SF-CoP/CNT was 0.76
V (versus RHE). Note that the commercial Pt/C
(20wt%) exhibited an E,, value of 0.88 V (versus
RHE). The ORR performance of blank RDE was
negligible (Figure S11). The ORR performance of
NO,-CoP/CNT was remarkable compared with many
other porphyrin based molecular catalysts reported in
the literature (Table S3). It is worth noting that both
NO,-CoP/ CNT and 5F-CoP/CNT are more active

than the unmodified CNTs (E,, = 0.72 V versus
RHE) for electrocatalytic ORR. The ORR Tafel slope
of NO,-CoP/CNT (31 mV -dec™) was smaller than that
of 5F-CoP/CNT (44 mV -dec') (Figure 3c). Tafel
slopes of CNT and Pt/C were 55 and 70 mV -dec”,
respectively.

In addition, the number (n) of electrons transferred
for ORR was determined with the RRDE measure-
ments, giving n = 3.19 for the SF-CoP/CNT and n =
3.10 for the NO,-CoP/CNT (Figure 3d). Similar n
values were also obtained by using Koutecky-Levich
(K-L) analysis (Figure 3e and 3f)"*¥). Therefore, the
SF-CoP/CNT and NO,-CoP/CNT displayed similar
selectivity for ORR.

3.3 Electronic Structures and Hydrophilicity

The UV-vis spectrum of NO,-CoP under N, showed
characteristic Soret and Q bands at 420 and 531 nm,
respectively (Figure 4a). Similar spectrum of SF-CoP
under N, was obtained with Soret and Q bands at 410
and 526 nm, respectively (Figure 4b). The UV-vis spe-
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Figure 3 (a) CV curves of NO,-CoP/CNT under argon and O,. (b) LSV curves, (c) Tafel plots, and (d) n values of SF-CoP/CNT,
NO,-CoP/CNT, CNTs and Pt/C(20wt%) for electrocatalytic ORR in 0.1 mol-L' KOH. Conditions: RRDE, 5 mV +s”, and 1600 r-min™.
LSVs at different rotating speeds and Koutecky-Levich plots with n values of SF-CoP/CNT (e) and NO,-CoP/CNT (). (color on line)

ctrum of NO,-CoP under O, displayed new peaks at
429 nm and 540 nm in 30 min (Figure S12), indicating
the formation of Co™-O, - species!®. However, unlike
NO,-CoP, the UV-vis spectrum of SF-CoP under O,
displayed no obvious changes compared to that under
N.. These results suggested that the NO,-CoP is more
efficient than the SF-CoP to bind with O,.

Complex NO,-CoP had a good hydrophilicity by

featuring a small contact angle of 8.6° (Figure 5a). In
contrast, SF-CoP was much more hydrophobic by
displaying a large contact angle of 111.4° (Figure
5b). The contact angles of CNTs and molecule/CNT
hybrids were also measured. The CNTs were hy-
drophobic with a large contact angle of 138.5° (Fig-
ure S13). The contact angles of NO,-CoP/CNT and
SF-CoP/CNT hybrids were 121.3° and 136.6°, re-
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Figure 4 UV-vis spectra of (a) NO,-CoP and (b) SF-CoP measured under N, and O,. (color on line)

spectively (Figure Sc and 5d). These results showed
that after loading on CNTs, the resulted NO,-CoP/CNT
is still more hydrophilic than SF-CoP/CNT.
3.4 Theoretical Calculations

The ORR processes associated with the NO,-CoP/
CNT and 5F-CoP/CNT were also investigated by us-
ing DFT calculations. As shown in Figure 6a, starting
from the Co" state, Co porphyrins are considered to
bind with an O, molecule to afford Co™-O, . Herein,
the O, binding process is calculated to have proper
association free energies (AG,). Importantly, the AG,
value of NO,-CoP (14.3 kcal - mol™") is smaller than
that of 5F-CoP (18.6 kcal - mol"), demonstrating that
NO,-CoP is more efficient to bind with O,. This re-
sult is consistent with the findings observed during

a b l

NO,-CoP 5F-CoP

6=28.6°

S5F-CoP/CNT

NO,-CoP/CNT
6=121.3° 6 = 136.6°

8 O

Figure 5 Contact angles of (a) NO,-CoP, (b) SF-CoP, (c) NO,-
CoP/CNT, and (d) SF-CoP/CNT. (color on line)

the UV-vis measurements of NO,-CoP and 5F-CoP.
In addition, the spin density distributions of Co"-O,"
are analysed (Figure 6b and 6¢). The Co™-O bond
length in the Co™O," form of NO,-CoP is 1.86 A,
while that of 5F-CoP is 1.859 A. The similar Co™-O
bond length is attributed to the similar electron-with-
drawing features of NO,- and F-substituents. Howev-
er, the O-O bond length in the Co™-O, " form of NO,-
CoP (1.251 A) is larger than that of SF-CoP (1.248 A),
demonstrating the improved O, activation with NO,-
CoP as compared with that with SF-CoP. To conclude,

a AG;: 18.6 @5F-CoP
14.3 @NO,-CoP

CO” COIII_O2'—

b 1 ) ° C % 9 ?
Pl e e et e
by ‘m%’;g@—‘\, 3 h "A;JA;Q g5 g4
\. %
W T
Ap A,
N B A

Co'"-0, "~ formed with NO,-CoP  Co'"-O,*~ formed with 5F-CoP

Figure 6 (a) O, binding with Co porphyrins (free energies re-
ported in kcal - mol™). Snapshots of spin density distribution of
Co"-O; - formed with NO,-CoP (b) and 5F-CoP (c) from the side

view and top view. (color on line)
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with fine-tuned electronic structures, NO,-CoP outper-
formes over SF-CoP for O, activation, which is consis
tent with the experimental results.

4 Conclusions

In summary, we reported on two Co porphyrins,
NO,-CoP and 5F-CoP, and their electrocatatlytic ORR
features. By fine-tuning the electronic structure and
hydrophilic feature, the NO,-CoP displayed signific-
natly imporved ORR activity compared with the
5F-CoP. Importantly, the NO,-CoP exhibited an £,
value of 0.82 V (versus RHE), making it one of the
most efficient moleculr ORR electrocatalysts in liter-
ature. Results from both experimental and theoretical
studies suggested that NO,-CoP is more efficient than
5F-CoP to bind with O,. Therefore, this work pro-
vides a strategy to use substituents to fine-tune the
electronic structure and hydrophilic feature of molec-
ular catalysts for improved ORR.
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