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Strong electronic interaction enhanced
electrocatalysis of copper phthalocyanine
decorated Co-MOF-74 toward highly efficient
oxygen evolution reaction
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Metal—-organic frameworks (MOFs) have been identified as promising electrocatalysts for the oxygen
evolution reaction (OER). However, most of the reported MOFs have low electrical conductivity and poor
stability, and therefore addressing these problems is crucial for achieving higher electrocatalytic
performance. Meanwhile, direct observations of the electrocatalytic behavior, which is of great
significance to the understanding of the electrocatalytic mechanism, remain highly challenging. Here, we
report on a significant electrocatalytic performance enhancement of Co-MOF-74 for the OER after
decoration by copper phthalocyanine (CuPc) molecules. Co-MOF-74@CuPc, synthesized by
solvothermal reactions, displays a low overpotential of 293 mV and a robust long-term stability (70 h) at
10 mA cm™2. The enhancement has been attributed to strong electronic interaction between the -
conjugated CuPc molecule and Co-MOF-74, which promotes the electron transfer, increases the
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Introduction

With the continuous progress of human society, the contra-
diction between energy and environment has gradually become
the main contradiction of sustainable development. Therefore,
the development of clean and renewable energy becomes
particularly important.'* The electrocatalytic water decompo-
sition system can convert renewable energy such as solar energy
and wind energy into clean chemical fuels, thus realizing effi-
cient and sustainable energy conversion and storage. As an
important semi-reaction of electrocatalytic water decomposi-
tion, the kinetics of the OER at the anode is extremely slow,
involving four-electron transfer and multiple reaction interme-
diates, which becomes the bottleneck restricting the efficiency
of electrocatalytic water decomposition. In order to reduce OER
overpotential, a good electrocatalyst is essential. Noble metal-
based oxides (such as IrO, and RuO,) are the best OER cata-
lysts known at present, but their small reserves and high price
limit their large-scale application.**®

In recent years, researchers have explored the application of
non-noble metal-based catalysts in OER. These catalysts show
excellent OER activity. Among them, transition metal organic
framework materials are a kind of organic-inorganic hybrid
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electrocatalytic active surface area and regulates the electronic structure during the OER process.

materials formed by self-assembly of organic ligands and
transition metal ions or clusters, which have large specific
surface area, a large number of monodisperse active centers and
adjustable pore structure, and have a good application prospect
in the field of electrocatalytic decomposition of water.””
However, the oxidation-reduction activity of organic ligands in
MOFs is poor, and there is no conjugation channel between
metal ions and ligands, which leads to the low conductivity and
catalytic activity of most MOFs.'>'* Omar K. Farha's research
group embedded NiCB molecules into NU-1000 channel.
Because NiCB has strong ability to accept electrons, while MOFs
ligand has strong ability to donate electrons, they combine to
form a good electron transport path, thus improving the
conductivity of the catalyst. Different from NiCB molecule,
metal phthalocyanine is a highly delocalized 18 m electron
macrocyclic conjugated compound with strong m-7 electron
interaction.'” It consists of a central cavity surrounded by four
indole units. There are nine nitrogen-carbon conjugated
double bonds in the cavity. The length of each carbon-carbon
bond and carbon-nitrogen bond is almost equal, and the
charge density distribution is uniform. Metal phthalocyanines
have stable chemical properties, good photoelectric properties
and acid and alkali corrosion resistance. However, the -7
structure of metal phthalocyanines makes them easy to reunite,
which affects their physical and chemical properties.
Researchers try to combine metal phthalocyanines with suitable
carriers by electrostatic force, physical adsorption, covalent
bond or w7 interaction, thus avoiding the agglomeration of
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metal phthalocyanines and improving the catalytic ability.
Tang's group modified CoTAPc on the surface of ZIF-90 by
solvothermal reaction to form CoTAPc-ZIF-90 hybrid catalyst.
COTAPc and ZIF-90 are connected in the form of covalent bonds.
Experiments have confirmed that CoTAPc-ZIF-90 has high
catalytic activity and stability.**

In this work, we developed a facile solvothermal approach
for synthesizing copper phthalocyanines decorated Co-MOF-74
(Co-MOF-74/CuPc) as a highly efficient OER electrocatalyst. It
was found that CuPc can make Co-MOF-74 produce more active
sites and increase the electrochemical active area without
changing the structure of Co-MOF-74. At the same time, the
synergistic effect between uniformly dispersed CuPc and Co-
MOF-74 enhances the electron transport ability and acceler-
ates the reaction kinetics, thus promoting the efficient and
rapid oxygen evolution reaction. This work shows promising
potentials of MOF-supported m-conjugate molecular electro-
catalysis for practical applications in energy conversion tech-
nologies and offers profound insights into understanding the
fundamental processes of the structural transformation during
the OER process.

Experimental
Preparation of Co-MOF-74/CuPc

400 mg Co(NOj3),-6H,0, 4 mg CuPc and 80 mg H,DOBDC were
dissolved in a 30.6 mL solution containing 2 mL water, 26.6 mL
DMF and 2 mL ethanol to form a homogeneous aqueous solu-
tion. Subsequently, the resulting homogeneous solution was
transferred to a stainless steel autoclave lined with Teflon and
heated at 120 °C for 24 hours. After cooling to room tempera-
ture, the precipitate was collected by multiple washing and
centrifugation with ethanol and DMF to remove organic resi-
dues and dried overnight at 60 °C.

Preparation of Co-MOF-74

100 mg of Co(NOs),6H,0 and 20 mg of H,DOBDC were dis-
solved in a 7.65 mL solution containing 0.5 mL water, 0.5 mL
ethanol and 6.65 ml DMF. Stir the mixture with a magnetic
stirrer until it's evenly distributed. Remove the magnet and seal
the lid tightly, then place the glass bottle in a 50 mL water bath,
heating it at a rate of 10 °C min~" until the temperature reaches
120 °C. Keep it there for 24 hours, then let it cool back down to
room temperature. Wash the resulting precipitate several times
with a solution of DMF, water, and anhydrous ethanol, and
finally dry it in a vacuum oven at room temperature for 12
hours.

Preparation of CuPc

Synthesis by two-step method. The first is the synthesis of
copper tetranitrophthalocyanine: mix 8070 mg of CuCl,-2H,0,
1080 mg of H,O, 3800 mg of nitrobenzene-2-carboxylic acid,
4800 mg of ammonium chloride, 90 mg of ammonium molyb-
date, and 5890 mg of urea in a mortar, and grind them into
a fine powder. Transfer the powder to a crucible and heat it to
140 °C, maintaining it for 0.5 hours, and then continue to
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increase the temperature to 220 °C for 4 hours. After cooling to
room temperature, dissolve the mixture in 500 ml of 1.0 M
hydrochloric acid containing saturated sodium chloride, and
boil it. Then, after cooling to room temperature, wash the
resulting precipitate with 1.0 M potassium hydroxide contain-
ing saturated sodium chloride, until the supernatant is color-
less and transparent, and its pH is neutral. Finally, dry the
product and store it for later use. Next is the synthesis of copper
tetraaminophthalocyanine (that is phthalocyanines, CuPc):
1000 mg coppe tetraaminophthalocyanine was dissolved into
DMF, and 4800 mg Na,S-9H,0 was added, and stirred contin-
uously at 120 °C for 5 h; then a large amount of water was added
to it, and the precipitated product was washed with 750 mL
1.0 mol per L HCI saturated NacCl solution, centrifuged, and the
obtained solid product was washed with 500 mL 1.0 mol per L
NaOH saturated NaCl solution until pH was neutral. After
centrifugation, the obtained black green solid product was
washed with deionized water and dried in vacuum.

Results and discussions

Fig. 1(a) shows the XRD patterns of Co-MOF-74/CuPc, CuPc, Co-
MOF-74 and simulated Co-MOF-74. The XRD patterns of Co-
MOF-74/CuPc match well with simulated Co-MOF-74, which
shows the successful synthesis of MOF-74 structure.”® The XRD
spectra of Co-MOF-74/CuPc were consistent with that of Co-
MOF-74 after adding CuPc, and there were no other miscella-
neous peaks, which indicated that the crystal structure of MOF-
74 was not changed by CuPc. The presence of CuPc in the
composite can be determined by Fourier transform infrared
spectroscopy. As shown in Fig. 1(b), the peak at 1570 cm ™" wave
number can be attributed to the stretching vibration of C=0,
which is mainly due to the carbonyl functional groups con-
tained in the ligand. The peak at 1433 cm ™' wave number can
be attributed to the stretching vibration peak of benzene ring
C=C."* Pure CuPc has a large m-skeleton characteristic
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Fig. 1 (a) Powder XRD patterns of the simulated Co-MOF-74, Co-
MOF-74/CuPc, CuPc and Co-MOF-74. (b) FT-IR patterns of Co-MOF-
74/CuPc, CuPc and Co-MOF-74. (c) Raman spectra of CuPc, Co-
MOF-74 and Co-MOF-74/CuPc. (d) Enlarged view of the Raman
spectra.
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vibration absorption peak at 1607 cm ™" wave number, and also
has a large m-skeleton characteristic vibration absorption peak
in Fourier transform infrared spectrum of Co-MOF-74/CuPc,
which indicates the existence of CuPc in the formed
material.””** Fig. 1(c) shows the Raman spectra of CuPc, Co-
MOF-74 and Co-MOF-74/CuPc. For Co-MOF-74, the Raman
peaks at 821 cm ™! is assigned to the benzene ring C-H bending
modes. The peaks at 561 cm ™' is assigned to the Co-O bond
vibration. The »(COO™) vibration at 1412 cm ™" and the »(C-0O)
vibration peak appearing at 1275 cm " are derived from the
organic linker. The peaks at 1616 and 1562 cm ™" are attributed
to the stretching vibrations of the benzene ring within the
organic linker of Co-MOF-74.*° For CuPc, the Raman peaks
appear at 591, 678, 749, 1040, 1143, 1340, 1455 and 1526 cm ™.
The Raman spectrum of Co-MOF-74/CuPc shows characteristic
vibrational peaks of both Co-MOF-74 and CoPc.* However,
compared to the Co-MOF-74, the »(C-O) and »(COO™) signals of
Co-MOF-74/CuPc exhibit a slight blue shift (Fig. 1(d)), indi-
cating a change in the electronic density around the cobalt
atom.*>*

As shown in Fig. 2(a), the copper phthalocyanine is granular,
with the particles stacked upon each other. Co-MOF-74 forms
fan-shaped clusters composed of micron-sized rods. As shown
in Fig. 2(b), the size of these fan-like clusters ranges from 20 to
40 um, with the rods measuring 10 to 25 um in length and about
2.5 um in width. After the addition of copper phthalocyanine,
the Co-MOF-74/CuPc exhibits a rod-like cluster morphology
(Fig. 2(c and d)). It can be observed from the end of the cluster
that the stacking between the bands and rods becomes rela-
tively loose, which can enhanced charge transfer process. TEM-
EDS scan and corresponding mapping show that Co, Cu, O, C
and N elements are uniformly distributed in Co-MOF-74/CuPc,
indicating that CuPc in the four composites is uniformly
distributed (as shown in Fig. 2e-j), and there is no uneven
aggregation phenomenon. Combined with XRD and Fourier
transform infrared data, it can be inferred that CuPc are com-
pacted with MOF in an amorphous manner.

Fig. 3(a) shows the LSV polarization curve and the Tafel slope
measured in 1 M KOH electrolyte aqueous solution when the
sample is coated on glassy carbon electrode, which is used to
evaluate the OER performance of the sample. All tests have
reached the standard under reversible hydrogen electrode
(RHE) through conversion. Compared with Co-MOF-74 and

Fig. 2 (a and b) SEM images of CuPc and Co-MOF-74. (c and d) SEM
images of Co-MOF-74/CuPc. (e)-() HAADF-STEM and mapping
images of Co-MOF-74/CuPc. (Cu: blue, Co: green, C: yellow, N: azure,
O: red).
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Fig. 3 (a) Steady-state polarization curves and (b) Tafel plots of Co-
MOF-74/CuPc, Co-MOF-74 and CuPc.

CuPc, the composite Co-MOF-74/CuPc exhibited the best elec-
trocatalytic activity. The overpotential of Co-MOF-74, CuPc and
composite Co-MOF-74/CuPc at the current density of 10 mA
cm 2 was 355 mV, 402 mV and 293 mV, respectively. It shows
that the addition of CuPc can effectively promote the oxygen
evolution performance of Co-MOF-74. At the same time, the
Tafel slope of Co-MOF-74, CuPc and composite Co-MOF-74/
CuPc was calculated. It can be seen from Fig. 3(b) that Co-
MOF-74/CuPc has the smallest Tafel slope of 56.4 mV dec !,
indicating that composite Co-MOF-74/CuPc has higher catalytic
reaction kinetics.

The electrochemical impedance of Co-MOF-74/CuPc, CuPc
and Co-MOF-74 were measured experimentally. It can be seen
from Fig. 4(a) that the impedance semicircle of the original
CuPc is the largest, which shows that the aggregated CuPc is not
conducive to electron transport. When the CuPc is modified on
Co-MOF-74 to obtain Co-MOF-74/CuPc composite, compared
with the original Co-MOF-74 and CuPc, the composite Co-MOF-
74/CuPc shows the smallest loop, and the size of loop represents
the speed of reaction kinetics. The smaller the loop, the faster
the reaction kinetics,* so the charge transfer of Co-MOF-74/
CuPc material is the fastest when oxygen evolution reaction
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Fig. 4 (a) Nyquist plots of Co-MOF-74, Co-MOF-74/CuPc and CuPc.
(b) Difference of current density (Aj = j; — jo) at 1.25 V vs. RHE as
a function of scan rate for Co-MOF-74, Co-MOF-74/CuPc and CuPc.
(c)-(e) CV curves for Co-MOF-74, Co-MOF-74/CuPc and CuPc. (f)
Chronoamperometric testing of Co-MOF-74 and Co-MOF-74/CuPc.
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occurs. To some extent, the electrochemical active area can
represent the active area of the catalyst in electrochemical
reaction, so the OER activity can also be determined by the
electrochemical active area of the catalyst. By scanning the
cyclic voltammetry curves of Co-MOF-74/CuPc, CuPc and Co-
MOF-74 (Fig. 4(c)-(e)), the linear curve of the difference of
current density and scanning rate is obtained, and the electric
double layer capacitance is obtained. As shown in Fig. 4(b),
because the electrochemical active area is proportional to the
electric double layer capacitance, the effective electrochemical
active area of the catalyst can be evaluated by the electric double
layer capacitance (Cq;).>* The electric double layer capacitance of
Co-MOF-74/CuPc, CuPc and Co-MOF-74 are 91.4 mF cm_z, 4.2
mF cm ™ and 38.2 mF cm >, respectively, which indicates that
the composite Co-MOF-74/CuPc has larger electrochemical
active area. In order to evaluate the catalytic stability of the
catalyst, we did a comparative test. As shown in Fig. 4(f), the
potential-time curves of Co-MOF-74/CuPc did not change
obviously under the electrocatalytic state of 70 hours, which was
much better than the original Co-MOF-74. It shows that Co-
MOF-74/CuPc composites have excellent stability.

The thermogravimetric analysis of Co-MOF-74, CuPc and Co-
MOF-74/CuPc shows that the thermogravimetric curves of Co-
MOF-74 and Co-MOF-74/CuPc can be divided into three stages
from Fig. 5(a). The thermogravimetric temperature of the first
stage is about 100 °C, which is about 6% compared with Co-
MOF-74. The thermogravimetric ratio of Co-MOF-74/CuPc is
smaller, about 3.5%. This phenomenon shows that Co-MOF-74/
CuPc has more unsaturated metal centers than Co-MOF-74.
Because the thermogravimetric mass of the first stage can be
attributed to the removal of coordination solvent molecules and
guest solvent molecules. Therefore, there are fewer coordi-
nating and guest solvent molecules in the three-dimensional
pores of Co-MOF-74/CuPc. This further shows that CuPc can
promote Co-MOF-74 to produce more unsaturated metal coor-
dination centers, which is beneficial to the electrocatalytic
oxygen evolution reaction. The TG temperature of Co-MOF-74/
CuPc and Co-MOF-74 in the second stage is 340 °C and 305 °
C, respectively. The TG temperature of Co-MOF-74/CuPc and
Co-MOF-74 in the third stage is 555 °C and 520 °C, respectively.
In the second and third stages, the TG temperature of Co-MOF-
74/CuPc is higher than that of Co-MOF-74, which is caused by
the strong electronic interaction between Co-MOF-74 and
CuPc.?* In Fig. 5(b), Co-MOF-7/CuPc has stronger EPR signal
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Fig. 5 (a) TG plots of Co-MOF-74, Co-MOF-74/CuPc and CuPc. (b)
EPR plots of Co-MOF-74, Co-MOF-74/CuPc and CuPc.
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than Co-MOF-74, which further proves that Co-MOF-7/CuPc has
more unsaturated coordination centers than the original Co-
MOF-74, indicating that CuPc can promote Co-MOF-74 to
produce more open metal sites, and these unsaturated metal
sites can promote OER performance as catalytic active centers.””

The electronic interaction between CuPc and Co-MOF-74 can
also be verified by XPS test. As shown in Fig. 6(a), the fine
spectra of Co-MOF-74 and Co-MOF-74/CuPc are Co 2p. For the
fine spectra of Co 2p in Co-MOF-74, two groups of peaks, Co 2p3,
» and Co 2p,,, are fitted. The peaks at 781.85 and 797.44 eV can
be attributed to the existence of Co®*, and the sub-peaks at
785.86 and 802.58 eV are corresponding satellite peaks. For the
fine spectra of Co 2p in Co-MOF-7/CuPc, two groups of peaks,
Co 2p3,, and Co 2p,,, are also obtained by fitting. The peaks at
781.58 and 797.57 eV can be attributed to the existence of
Co0**,?®?° and the sub-peaks at 785.78 and 801.86 eV are corre-
sponding satellite peaks. After modification of CuPc, the fitting
peak at Co 2p;/, of Co-MOF-7/CuPc shifts slightly to the lower
binding energy, which indicates that charge transfer occurs
between MOF and CuPc, which is in good agreement with the
results of thermogravimetry. Fig. 6(b) is a Cu 2p fine spectrum
with weak signal tested to Co-MOF-7/CuPc, which also shows
that the amount of CuPc recombined with MOF by electronic
interaction is limited regardless of the amount of CuPc added,
which echoes the results of LSV test.

The crystal structures of Co-MOF-74 and Co-MOF-74/CuPc
samples after electrochemical reaction were analyzed by XRD.
It can be seen from Fig. 7(a) that the crystal phase stability of Co-
MOF-74 changed obviously after testing. The diffraction peaks
at 26 of 30.9°, 36.9°, 45.6°, 59.1° and 65.4° can be attributed to
Co30, (JCPDS No. 74-1656). The diffraction peak of C appears at
26 of 28.8°, which is caused by the shedding of carbon cloth
during the ultrasonic process. Compared with pure Co-MOF-74,
the XRD spectra of Co-MOF-74/CuPc after electrochemical
reaction show not only the diffraction peaks of Co;0,, but also
the diffraction peaks of Cu,O at 26 of 36.4°, 59.1° and 61.5°,
which proves that Co-MOF-74/CuPc is transformed into
a complex of Co;0, and Cu,O in situ after stability test. Fig. 7(b)
shows Fourier transform infrared spectra of Co-MOF-74/CuPc
and Co-MOF-74 after stability test. It can be seen from the
figure that the characteristic vibration peak of functional
groups in MOFs disappears in infrared spectrum, and the

Co2p Cu2p
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Fig. 6 (a) High-resolution spectra of Co 2p for Co-MOF-74 and Co-
MOF-74/CuPc. (b) High-resolution spectra of Cu 2p for Co-MOF-74/
CuPc.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) XRD patterns of Co-MOF-74 and Co-MOF-74/CuPc chro-
noamperometric test. (b) FT-IR spectra of Co-MOF-74 and Co-MOF-
74/CuPc chronoamperometric test.

intensity of vibration peak attributed to M-O at the wave-
number of 591 cm ! increases, which proves that MOFs trans-
form into oxides after stability test, which is consistent with
XRD test results.

SEM and TEM were used to characterize the morphology of
Co-MOF-74/CuPc after stability test, as shown in Fig. 8(a) and
(b). After electrochemical test, Co-MOF-74/CuPc changed into
nano-sheet morphology, which can increase the specific surface
area of the catalyst and facilitate the charge transfer and mass
transfer of the catalyst in electrocatalytic water oxidation reac-
tion. High resolution TEM (HRTEM) images show lattice stripes
with interlayer distances of 0.203 nm and 0.246 nm, corre-
sponding to the (400) plane of Co;0, and the (111) plane of
Cu,0, respectively (as shown in Fig. 8(c)).*® Fig. 8(d)-(h) shows
the high-angle annular dark field image and the corresponding
element distribution diagram of Co-MOF-74/CuPc composite
catalyst after stability test. From the diagram, it can be seen that
Co, Cu, O, C and N elements are uniformly distributed, which
proves that Coz04 and Cu,O are uniformly distributed (Fig. 7).

The changes of surface structure and chemical state of Co-
MOF-74/CuPc and Co-MOF-74 after electrochemical test were
further analyzed by XPS. Fig. 9(a) shows the XPS full spectrum
data of Co-MOF-74 and Co-MOF-74/CuPc after stability test. It
can be seen from the figure that Co, O and C elements coexist on
the surface of the catalyst after stability test. As shown in
Fig. 9(b), after stability test, the XPS spectrum of Co-MOF-74/

100 nm 100 nm
— —

100 nm
—

B

Fig. 8 (a) SEM images of Co-MOF-74/CuPc after chronoampero-
metric test. (b) TEM images of Co-MOF-74/CuPc after chro-
noamperometric test. (¢) HRTEM images of Co-MOF-74/CuPc after
chronoamperometric test. (d)-(h) HAADF and mapping images of Co-
MOF-74/CuPc after chronoamperometric test.
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Fig. 9 (a) The XPS survey spectra of Co-MOF-74 and Co-MOF-74/
CuPc after 12 h chronoamperometric test. (b) High-resolution spectra
of Co 2p for Co-MOF-74 and Co-MOF-74/CuPc after 12 h chro-
noamperometric test.

CuPc is fitted to two pairs of related spin orbit peaks, which
correspond to Co 2p3,, (780.20 eV) and Co 2p,,, (795.47 €V) of
Co*" and Co 2p3, (781.46 €V) and Co 2p4,, (796.94 €V) of Co>*
respectively, while the peaks at 788.46 eV and 804.27 eV belong
to satellite peaks. The XPS spectra of Co-MOF-74 are also fitted
to two pairs of related spin orbital peaks, which correspond to
Co 2p3/» (780.31 eV) and Co 2p,/, (795.47 eV) of Co*>*, and Co 2p;,
2 (781.95 eV) and Co 2py, (797.10 eV) of Co**, respectively, while
the satellite peaks are located at 787.00 eV and 803.95 eV. The
Co** 2p;, XPS peaks of Co-MOF-74/CuPc and Co-MOF-74 both
shift to lower binding energies compared with the original
MOFs. The reason is that the bond between the organic ligand O
atom and the metal atom breaks, which increases the electron
cloud density around the metal atom.*" The XPS peak of Co 2p
of Co-MOF-74/CuPc after stability test also shifts compared with
that of Co-MOF-74, which indicates that there is charge transfer
between Co;O, and Cu,O formed in situ during the water
oxidation process of the composite catalyst Co-MOF-74/
CuPc.?>%

Conclusions

In conclusion, Co-MOF-74/CuPc composite catalyst was
prepared by hydrothermal method. XRD and FT-TR character-
ization showed that the addition of metal phthalocyanine did
not affect the crystal structure of Co-MOF-74. ICP-AES charac-
terization shows that the content of metal phthalocyanine in the
composite catalyst is very low. XPS and TGA characterization
revealed that there was electron interaction between Co-MOF-74
and CuPc. EPR characterization showed that CuPc could induce
more active sites in Co-MOF-74. The study of electrochemical
performance showed that trace CuPc could promote the elec-
trocatalytic oxygen evolution of Co-MOF-74. The electro-
chemical measurements showed that compared with Co-MOF-
74 and CuPc, the electrochemical impedance of Co-MOF-74/
CuPc composite catalysts was the smallest, and the electro-
chemical active area of Co-MOF-74/CuPc composite catalysts
was the largest. Co-MOF-74/CuPc composite catalyst has good
stability, and can stabilize oxygen evolution for 70 h. The
stabilized samples were characterized by XRD, FT-IR and TEM.
It was found that Co-MOF-74/CuPc in situ changed into a nano-
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sheet C030,/Cu,O composite catalyst, and there was charge
transfer between Co;0, and Cu,O, which promoted the oxygen
evolution reaction to occur efficiently and stably.
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