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Constructing molecule@support composites is an attractive strategy to realize heterogeneous molecular
electrocatalysis. Herein, we synthesized metal-organic framework (MOF)-supported molecular catalysts
for hydrogen evolution and oxygen reduction reaction (HER/ORR). Ligand exchange strategy was used
to prepare molecule@support hybrids due to the same functional group. A series of hybrids were ob-

tained using Co porphyrin (1) and different MOFs including MIL-88(Fe), MOF-5(NiCo) and UIO-66(Zr). The
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1@MOF-5(NiCo) had the best HER and ORR activity compared with 1@MIL-88(Fe) and 1@MOF-5(NiCo).
These hybrids also exhibited tunable selectivity for ORR with four-electron process, which can be at-
tributed to the synergistic effect of porphyrin molecules and MOFs. This work provides a possibility for
molecular catalysts to improve activity of HER and tune selectivity of ORR.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, energy-related small molecule activation reactions at-
tracted great attention for sustainable energy utilization and stor-
age [1-6]. Inspired from nature, homogeneous molecular elec-
trocatalysts have attracted great attention for due to their clear
molecular structures [7-12]. This feature is beneficial for in-
vestigating structure-function relationship and catalytic reaction
mechanism to design more efficient molecular catalysts. [13-20].
However, the practical application of molecular catalysts requires
transforming homogeneous molecular electrocatalysts into hetero-
geneous electrocatalysts.

Recently, lots of strategies have been developed to construct
heterogeneous electrocatalysts with molecular catalysts [21-26].
On the one hand, molecular catalysts can be constructed into cova-
lent/metal organic frameworks (COFs/MOFs) [27-29]. The stability
of these frameworks still remains a great challenge. On the other
hand, molecular catalysts can be immobilized on electrode surfaces
or proper substrates directly [23-25,30]. First, molecular catalysts
can be directly adsorbed on proper substrates such as carbon black,
carbon nanotubes and graphene by drop-casting [31]. This strat-
egy usually leads to the aggregation of molecular catalysts. Sec-
ond, molecular catalysts can be covalently attached to the surface
of materials such as Au electrode and carbon nanotube [32-35].
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However, this formation of covalent bond between supports and
molecular catalysts is very difficult. Third, molecular catalysts can
be coordinated to metal-organic framework (MOF) materials such
as ZIF-8 and UIO-66 through ligand exchange [36,37]. The ligand
exchange is an effective strategy to prepare molecule@MOF hybrids
[37-39]. The electrocatalytic activity and selectivity of these hy-
brids for ORR can be tuned through the synergistic effect by reg-
ulating molecules and MOFs [36]. However, rare research has been
reported for HER with this kind of hybrid.

Herein, a variety of molecule@MOF composites were pre-
pared with Co 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (1)
as molecular catalyst and one-dimensional (1D) MIL-88(Fe), two-
dimensional (2D) MOF-5(NiCo), and three-dimensional (3D) UIO-
66(Zr) as MOF supports. Schematic illustration of preparation
(ligand exchange) and electrocatalysis (HER and ORR) for Co
porphyrin-based MOFs is shown in Scheme 1. We measured the
morphology and structure of MOFs and these hybrids systemati-
cally. Electrocatalytic hydrogen evolution and oxygen reduction re-
action (HER/ORR) were evaluated for these hybrids. These hybrids
showed improved activity for HER and selectivity for ORR. With
this strategy, diverse molecule@MOF hybrids with different com-
posites, shapes and sizes can be obtained by regulating molecular
catalysts and MOFs. This work demonstrates the promising appli-
cation of molecule@MOF hybrids in energy-related small molecule
activation.

First, we prepared several MOFs including MIL-88(Fe), MOF-
5(NiCo) and UIO-66(Zr). These MOFs were synthesized from
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Scheme 1. Schematic illustration of preparation (ligand exchange) and electrocatal-
ysis (HER and ORR) for Co porphyrin-based metal-organic frameworks.

Fig. 1. (a-c) SEM images and (d-f) experimental and calculated XRD patterns of
(a, d) MIL-88(Fe), (b, e) MOF-5(NiCo) and (c, f) UIO-66(Zr). Inset: photos of cor-
responding MOFs.

carboxyl coordinated metals. Fig. 1 shows the color, morphology
and structure of as-prepared MOFs. Herein, 1D rod-like MIL-88(Fe)
with brown color was prepared (Fig. 1a). The average length of
MIL-88(Fe) is about 500 nm. 2D plate-like MOF-5(NiCo) with gray
color was obtained (Fig. 1b). 3D octahedral UIO-66(Zr) with white
color was synthesized (Fig. 1c). The size of UIO-66(Zr) is about
100 nm. Experimental and calculated XRD patterns confirm the
successful preparation of MIL-88(Fe), MOF-5(NiCo) and UIO-66(Zr)
(Figs. 1d-f).

Herein, Co porphyrin 1 was selected as model molecular cata-
lyst due to the existence of ~-COOH group. Co porphyrin 1 was first
synthesized according to synthesis procedure shown in Scheme
S1 (Supporting informaiton). Mass spectrometry (MS) and nuclear
magnetic resonance (NMR) results demonstrate the successful syn-
thesis of Co porphyrin 1 (Figs. S1-S5 in Supporting informaiton).
UV-vis curve of 1 shows obvious Soret and Q bands at 428 and
543 nm, respectively (Fig. 2a). Cyclic voltammogram (CV) curve of 1
displays two reversible redox waves of formal Co'/Co! (—1.19V vs.
ferrocene) and Co!/Co® (—2.26V vs. ferrocene) (Fig. 2b and Fig. S6
in Supporting informaiton). The linear correlation of Co!'/Co! peak
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Fig. 2. (a) UV-vis spectrum of Co porphyrin 1 (inset molecule). (b) CV of 1 in ace-
tonitrile with 0.1 mol/L BuysNPFs under Ar with glassy carbon (GC) electrode. (c)
CVs of 0.5mmol/L 1 under argon and with 25 mmol/L HOAc measured in DMF with
0.1 mol/L BusN(PFs). (d) CVs of 0.5 mmol/L 1 under Ar and under O,.

currents and square root of scan rates demonstrates that molecules
of 1 can freely diffuse (Fig. S7 in Supporting informaiton). Electro-
catalytic HER curve of 1 under Ar with 25 mmol/L of HOAc shows
that Co® redox wave converted into a catalytic peak (Fig. 2c),
attributing to the reduction of protons. Furthermore, the current
of catalytic peak increases with increasing of ion concentration
(Fig. S8 in Supporting informaiton). As shown in Fig. 2d, CVs of
0.5mmol/L 1 in DMF under Ar and under O, indicate that 1 has
the properties of ORR.

Then, molecule@MOF hybrids were synthesized with ligand ex-
change method. Fig. 3 displays characterization results of these hy-
brids. According to SEM images of 1@MIL-88(Fe), 1@MOF-5(NiCo)
and 1@UI0-66(Zr), morphology of these MOFs still remains after
grafting molecules (Figs. 3a-c). Color of these composites shown
in inset photos further demonstrates the change of initial sur-
face structures. To further confirm the formation of molecule@MMOF
hybrids, scanning TEM images and distribution of elements of
1@MIL-88(Fe) show obvious and uniform distribution of Co, Fe,
0, N and C (Fig. 3d). UV-vis spectra of 1 and 1@MOF-5(NiCo)
are shown in Fig. 3e. Obvious characteristic Soret and Q bands
were observed, demonstrating the grafting of molecular catalysts
on surface of MOFs. Thermogravimetric analysis data of MOFs
and 1@MOF hybrids demonstrate the formation of composites
(Figs. S9-11 in Supporting information). To further confirm the sta-
bility of structures, XRD patterns of calculated UI0-66 and 1@UIO-
66(Zr) are displayed in Fig. 3f. The main structure of UIO-66 re-
mains after experiencing ligand exchange. High-resolution X-ray
photoelectron spectroscopy (XPS) spectra of N 1s, Co 2p and C
1s for these hybrids further confirm the chemical environment of
N, Co and C atoms (Fig. S12 in Supporting information), which
is consistent with our previous reports [36]. In addition, the mo-
lar amount of loaded Co on 1@MIL-88(Fe) and 1@UIO-66(Zr) is
~1.0%. The Co content on 1@MOF-5(NiCo) is unpredictable due
to the existence of Co in MOF-5(NiCo). Above all, we obtained
molecule@MOF hybrids with porphyrins grafting on MOFs.

To confirm the practical application of these as-prepared
molecule@MOF hybrids, electrocatalytic HER and ORR activities
were investigated (Fig. 4). The results are listed in Table 1. For
HER, 1@MOF-5(NiCo) has the smallest overpotential with a value
of 605mV at 10mA/cm? compared with 1@UIO-66(Zr) (630 mV)
and 1@MIL-88(Fe) (692 mV) measured in 0.5 mol/L H,SO4 with GC
electrode (Fig. 4a). In contrast, Pt/C has an overpotential of 55mV
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Table 1
Performance comparison of 1@MOF hybrids.
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Reaction Condition Parameter 1@MOF-5(NiCo) 1@MIL-88(Fe) 1@UI0-66(Zr)
HER 0.5 mol/L H,S04 n (mV) 605 692 630

Tafel (mV/dec) -74 -94 -75
ORR 0.1 mol/L KOH Eyjp (V vs. RHE) 0.785 0.782 0.781

n 3.6 35 34

Fig. 3. SEM images of (a) 1@MIL-88(Fe), (b) 1@MOF-5(NiCo) and (c) 1@UIO-66(Zr).
(d) Scanning TEM images and distribution of elements for 1@MIL-88(Fe). (e) UV-vis
spectra of 1 and 1@MOF-5(NiCo). (f) XRD patterns of calculated UIO-66 and 1@UIO-
66(Zr). Inset: photos of corresponding 1@MOFs.

Fig. 4. (a) LSV data and (b) Tafel plots of 1@MIL-88(Fe), 1@MOF-5(NiCo), 1@UIO-
66(Zr) and Pt/C measured in 0.5 mol/L H,SO4 with GC electrode. (c) LSV data and
(d) electron transfer number of 1@MIL-88(Fe), 1@MOF-5(NiCo), 1@UI0-66(Zr) and
Pt/C measured in 0.1 mol/L KOH with RRDE electrode.

4001

at the same condition. Tafel slope of 1@MOF-5(NiCo), 1@UIO-
66(Zr), and 1@MIL-88(Fe) is 74, 75 and 94 mV/dec (Fig. 4b).

For ORR, the activity and selectivity of Co porphyrin 1 and
MOF-5(NiCo) were first measured. The onset potential Egpser and
half-wave potential E;, of 1 is ~0.81V (vs. reversible hydrogen
electrode, RHE) and 0.74V (vs. RHE), respectively, measured in
0.1 mol/L KOH with rotating ring disk electrode (RRDE) (Fig. S13 in
Supporting information). The electron transfer number (1) of 1 was
also measured and calculated. The 1 has a n value of 2.6, demon-
strating a 2e ORR process (Fig. S14 in Supporting information). In
addition, the Eonset and Eqj, of MOF-5(NiCo) is 0.67 V (vs. RHE) and
0.57V (vs. RHE), respectively (Fig. S15 in Supporting information).
The n value of MOF-5(NiCo) is ~3.5, demonstrating a 4e ORR pro-
cess (Fig. S16 in Supporting information). Then, the activity and se-
lectivity of these molecule@MOF hybrids for ORR were measured.
The Eqj, of 1@MOF-5(NiCo) is 0.785V (vs. RHE), which is slightly
larger than that of 1@MIL-88(Fe) (0.782V vs. RHE) and 1@UIO-
66(Zr) (0.781V vs. RHE) (Fig. 4c). Furthermore, 1@MOF-5(NiCo) has
a limited current density of 4.6 mA/cm?2, which is larger than that
1@MIL-88(Fe) (4.1 mA/cm?) and 1@UIO-66(Zr) (4.3 mA/cm?). For
comparison, Pt/C has an E;;, of 0.87V (vs. RHE). Electron trans-
fer number of these hybrids was also measured and calculated.
All these hybrids experienced 4e ORR process (Fig. 4d). Specifi-
cally, 1@MOF-5(NiCo) has an average n value of 3.6, which is larger
than that of 1@MIL-88(Fe) (3.5) and 1@UI0-66(Zr) (3.4). These re-
sults demonstrate the synergistic effect of molecular catalysts and
MOFs. The reduced H,0, on the active site of Co porphyrin may
experience further reduction on the surface of MOF to realize 4e
reduction process for ORR. This result is also consistent with pre-
vious reported molecule@MOF hybrids [36]. The controlled poten-
tial electrolysis test of hybrid catalysts for HER and ORR further
confirm the durability (Fig. S17 in Supporting information). SEM
images and high-resolution XPS spectra of these catalysts further
confirm the stability of molecule@MOF hybrids (Figs. S18-S20 in
Supporting information).

In summary, we report a simple and universal strategy to re-
alize immobilization of molecular catalysts on MOF supports for
HER and ORR. Co porphyrin was selected as model molecular cata-
lyst, and 1D MIL-88(Fe), 2D MOF-5(NiCo) and 3D UIO-66(Zr) were
selected as MOF supports. Our results demonstrate that 1@MOF-
5(NiCo) exhibits the best HER performance with an overpotential
of 605mV at 10 mA/cm?2 and a Tafel slope of 74mV/dec measured
in 0.5mol/L H,SO4. All molecule@MOF hybrids show similar ORR
activity with an E;j, of 0.79V (vs. RHE) measured in 0.1 mol/L KOH.
The combination of Co porphyrin and MOFs greatly improves the
4e selectivity of ORR due to the synergistic effect. This work dis-
cussed a new kind of porphyrin@MOF electrocatalysts for HER and
ORR to transform molecular catalysts into heterogeneous catalysts.
This strategy can be also used to develop other hybrid electrocata-
lysts for other energy-related small molecule activation reactions.
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