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A highly porous metal-organic framework (MOF) containing copper metal centres and nanocages was
modified onto a glassy carbon electrode as a noble-metal-free electrocatalyst for oxygen reduction
reaction. The nanocages in metal-organic framework were fully activated by solvent-exchange method.
Although both of the as-prepared MOF and the activated MOF samples showed the electrochemical
activity of Cu?*/Cu’ redox pairs by cyclic voltammetric studies, only the activated MOF samples could
catalyze oxygen reduction reaction. In order to avoid detachment of the activated sample from the glassy
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carbon electrodes surface owing to low-effective electron-transfer pathway during electrochemical

scanning in aqueous solution, reduced graphene oxide (RGO) were immobilized onto glassy carbon

electrode surface as an binder and electron transfer mediator under MOF active layer. The MOF layer on

RGO immobilized glassy carbon electrode can catalyze the oxygen reduction reaction through a 2-4

electrons reduction pathway. Furthermore, the occurrence potential of ORR versus Ag/AgCl by MOF

catalyst shifted to the positive near 100 mV in comparison with other MOF catalysts.

Introduction

As one of crystalline porous materials, metal-organic frameworks
(MOFs) have attracted considerable attention for their potentially
valuable applications in the field of gas storage and catalysis.'”
On one hand, pore size and micropore volume of MOF are
critical for their gas storage capacity and gas separation
properties.* On the other hand, the metal content of inorganic
nodes in MOFs offering active sites plays an important role in
determining their catalytic performance.” > Combination of the
porosity and catalytic feature for gas molecules could urge MOFs
to be involved in efficient, clean energy storage and conversion,
especially electrochemistry field.* 7 Oxygen reduction reaction
(ORR) is a fundamental reaction in energy converting systems
such as fuel cell,*'" where oxygen and hydrogen are forming
water by a direct four-electron reduction pathway at the cathode.
The critical challenge for improving fuel cells is making
advancement in the catalyst for ORR to increase the catalytic
efficiency. In this case, as a non-noble metal material, MOF is
expected to act as an oxygen container and an ORR catalyst
simultaneously. The investigation of MOFs in the electrocatalytic
field is quite current and gradually expanding.® '>'° Although
some reports focused on the use of MOF as a sacrificial precursor
for preparing ORR catalysts,”** only few examples of the
preserved MOFs structures have been reported for ORR
electrocatalysis.®® 27 Jahan et al. synthesized a composite
graphene/Fe-porphyrin - MOF  which  exhibited enhanced
electrocatalytic activity towards the ORR in alkaline medium
with an appropriate amount of functionalized graphene building
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blocks added.”” The hybrid catalyst exhibited ORR at -0.23V
versus Ag/AgCl. Another example for ORR is displayed by the
classical MOF compound Cu-BTC and Cu-bipy-BTC with bipy
as an auxiliary ligand.”® The author demonstrated that Cu-bipy-
BTC was more stable in aqueous media than Cu-BTC and it
exhibited a stable electrocatalytic activity towards four-electron
reduction of O,. In contrast to the richness and variety of MOF
structures, unfortunately, only sporadic MOFs have been reported
for the application of ORR. The possible reasons are proposed as
follows: (1) the instability of MOF structure in aqueous medium;
(2) the poor contacts between micro-sized MOF and the electrode
surface, (3) a lack of knowledge on the correlation between MOF
structure feature and electrochemical performance. Actually,
because some functional groups in framework prefer to form
favourable interaction with gas molecues®®, taking knowledge of
the relevance of oxygen storage behavior in pores to
electrocatalysis behavior of porous materials will benefit the
design and selection of MOF electrocatalyst for the purpose of
electrocatalytic ORR.

A novel MOF compound (NPC-4, NPC: Nanoporous cage)
containing copper with nanocage structure was synthesized
recently by our group.”’ By activating nanocages of MOF by
solvent-exchange method, this MOF compound possessed high
storage capacity towards hydrogen, carbon dioxide and methane
besides oxygen. It is attractive to consider whether the activated
MOFs sample is optimal choice for the investigation on the
electrochemical property of MOFs or not. To our knowledge, no
research on this issue has been reported to date. In this paper, we
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aim to take knowledge of the relevance of the electrochemical
property and the activated pores in MOFs for the applications of
MOFs as the catalysts in various electrochemical reactions. In
addition, considering the general poor contacts between micro-
sized MOF and the smooth electrode surface, reduced graphene
oxide (RGO)*® which is a good charge-carrier, is expected to act
as an electron transfer mediator and binder between MOF active
layer and electrode to enhance the stability of electrochemical
performance and facilitate the electrocatalytic role of MOF for
ORR. This promising strategy can be applied for the
immobilization of MOFs on electrode surface for various
electrocatalytic reactions.

Experimental procedure
Materials

Graphite was purchased from Sigma-Aldrich. 5% Nafion solution
(5 wt%) was obtained from Aldrich. All other chemicals were of
analytic grade. All solutions were prepared by using Milli-Q
water.

MOF synthesis
This NPC-4 MOF compound Cuy(TMBDI)(H,0), (where
TMBDI=2,3,5,6-tetramethyl-benzene- 1,4-di-isophalate) was

synthesized according to the recent report.”’ Briefly, NPC-4
crystal was obtained by solvent thermal reaction at 373 K for 72
hours of Cu(NO;), and TMBDI in a solvent of N,N-
Dimethylacetamide (DMA)/H,O (volume fraction 3:1) with a few
HNO; addition. All bulk crystals need to be ground in agate
mortar by hands before being modified onto electrode.

RGO synthesis

Graphene oxide (GO) was synthesized from natural graphite
powder following Hummers method.’! Reduced graphene oxide
(RGO) sheets were prepared according to the similar procedure
reported in literature.*? In brief, 0.1 g GO was dispersed in 20 mL
water and to the dispersion was added 0.2 g NaBH,. The mixture
was allowed to stir for 20 min and then heated in a steam bath for
3 h. The isolation of as-made RGO was operated by
centrifugation, good washing with water and acetone, and drying.

Instruments

Gas adsorption isotherms were conducted on IGA gravimetric
analyser (Hiden Isochema, IGA-001, Warrington, UK). Fourier
transform infrared (IR) measurements were performed on a
Nicolet 6700 FTIR spectrometer. Powder X-ray diffraction
(PXRD) was carried out with a BRUKER D8-Focus Bragg-
Brentano X-ray Powder Diffractometer equipped with a Cu ka
radiation (A = 0.154 nm). Atomic force microscopy (AFM)
images were recorded by using Agilent 5400 AFM. Scanning
Electron Microscopy (SEM) images were obtained with a Hitachi
S-4800 (Japan) scanning electron microscope at an acceleration
voltage of 5 kV. Cyclic voltammetry was carried out on a
computer-controlled electrochemical analyzer (CHI 660D,
China). Rotating disk electrode (RDE) experiments were carried
out on a RRDE-3A (ALS Co., Ltd) and CHI electrochemical
workstation (CHI 660D, China). All cyclic voltammeters
measurements were carried out using a three-electrode system
with glassy carbon electrode (GCE) as working electrode, Pt wire

ss as counter electrode, and Ag/AgCl (KCl-saturated) as reference
electrode. Linear sweep voltametry (LSV) was performed at a
glassy carbon RDE working electrode with a 3-mm diameter, a
platinum wire counter electrode, and a Ag/AgCl (KCl-saturated)
reference electrode.
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Fig. 1 (a) Crystal structure of NPC-4. Coordination framework is shown
as ball-and-stick model. (b) O, sorption isotherm at 293K. The inset is
ball-and-stick model representation of nanocage in NPC-4. Coordination
of active center Cu is present by purple polyhedron.

¢s Modification of working electrode

Prior to use, a GCE working electrode was polished mechanically
with alumina slurry and then washed with Milli-Q water and
ethanol and allowed to dry. To avoid the disturbance of GCE
substrates in XRD characterization, Ti electrode was used for
70 XRD measurements. Prior to use, Ti electrode (1 cmx1 cm plate)
was immersed into 10% hot NaOH solution for 30 min to remove
surface grease stains, and then put into the mixture solution of HF:

HNO;: H,O (volume ratio 1:3:80) for 30 min to remove the oxide

layer. Finanlly Ti electrode was washed with Milli-Q water and
75 dried.

To prepare NPC-4 modified electrodes, 2 mg of the as-
prepared samples was dispersed into 1 mL 0.05% Nafion solution
to give homogeneous suspension upon bath sonication. A 5 uL of
the suspension was dip-coated onto a GCE, a RGO modified
GCE or Ti electrode and dried at ambient temperature for 24 h.
RGO aqueous dispersion solution was obtained by dispersing
Img RGO into SmL water upon bath sonication. A 5 uL of RGO
suspension was dip-coated onto GCE and dried at ambient
temperature for 24 h to give a RGO immobilized GCE. All
ss electrochemical  experiments were performed

temperature.
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Results and discussions
Nanocages of MOF for oxygen storage

As shown in Fig.la, methyl functionalized carboxylate ligands
and the di-copper paddle-wheel secondary building units (SBUs)
are assembled in a special way to form a three-dimensional
porous network NPC-4. The network can be viewed as a
connection of many closely arranged nano-scale polyhedron
cages whose diameter is around 1.6 nm. Moreover, the nanocage
in NPC-4 framework has windows of diameter ~ 0.6 nm which is
large enough to enable gas molecule to pass through. Fig.1b
provides the oxygen sorption measurement of NPC-4 at 293K.
This typical isotherm indicates the microporous characteristic of
NPC-4 and its Langmuir surface area is 2130 m%g. Such highly
regular nanoporous structures and high density of open metal
sites enable this material with high gas storage capacity. In the
published results, the adsorption of oxygen molecules by
microporous materials typically originated from the existence of
some interactions between the surface of the pores and the
oxygen molecules and of the fact that they are in an unusual state
arising from an electronic effect and a confinement effect.” From
the single fragment of the 3D polyhedron cages shown in the
inset of Fig.1b, it is observed that the open metal sites of Cu are
in the inner surface of nanocage represented by the large yellow
sphere. Hence, the exposure of active sites to the oxygen
molecules in nanocage will facilitate further reduction of oxygen.
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Fig. 2 IR spectra of as-made NPC-4 (a), activated NPC-4 (b) in KBr
pellet and DMA solvent (c) in silicon slide.

Prior to the gas sorption measurement, a necessary activation
process must be operated by removing guest molecules from
nanocage in order to take up various target gases in nanocage of
MOF.* As for as-prepared NPC-4 crystal, two and a half N,N-
dimethylacetamide (DMA) molecules and four water molecules
have been proved to be involved in the nanocage on the basis of
single crystal X-ray diffraction, thermal gravity analysis and
elemental analysis.?’ Therefore, the activation procedure includes
two steps. First step is the immersion of the sample in acetone for
seven days and refreshing acetone daily to completely extract
DMA molecules encapsulated in nanocage. Secondly, the sample
was dried at 393K under vacuum for one hour to remove acetone
and water molecules from nanocage and finally the fully
activated MOFs were provided. The recent results concluded
from the pore volume, void space ratio and thermogravimetric
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analysis illustrated that the activation process did not cause the
network collapse of NPC-4 crystal .’

Infrared spectroscopy is utilized to verify the solvent exchange
procedure. In the IR spectrum of as-prepared NPC-4 (curve a in
Fig.2), the characteristic peaks at about 1652 cm™ and 1060 cm’
are assigned to the stretching vibration of C=0O in amido bond
and C-N bond in DMA solvent species (curve ¢ in Fig.2),
respectively. When DMA molecules are replaced by solvent
exchange way, the vibration of amido bond in the IR spectra
disappears as shown in curve b of Fig.2, It indicates that DMA
molecules have been fully removed and nanocages were
completely activitated.

Electrochemical performance of two MOFs

As-prepared NPC-4 and the activated NPC-4 samples were
modified onto GCE and their electrochemical behaviours were
performed in 0.1 mol/L phosphate buffer (pH 6.0) solution by
cyclic voltammetry (CV), respectively. From Fig.3a, it is
obviously seen that as-prepared NPC-4 sample shows an
electrochemical activity with the appearance of a pair of redox
waves. The redox wave corresponds to Cu**/Cu’ reversible
state,** where the cathodic wave is a prominent peak while the
anodic wave is a wide peak. Such an electrochemical
performance of NPC-4 modified onto GCE is very stable without
decaying after tens of CV cycles. In general, micro-sized MOF
sample provided by manual grind has poor adhesion to the
smooth electrode surface in nanoscale, although small amount of
Nafion was added. But non-activated sample still keep the
stability of adhesion without the ingress of electrolyte ions into
nanocage. Its electrochemical activity mainly depends on the
electron transport between electrode and a few outer metal ions
near electrode surface other than inner metal open sites. In
contrast with zeolites and other microporous aluminosilicates, the
order porosity of MOFs is responsible for significant redox
conductivity.” However, full occupancy of DMA molecules
reduces the redox conductivity of as-prepared NPC-4 sample,
which causes the irreverability of redox peaks.

a

foua f2ua

03 0.0 03  -0.4-0.20.0 0.2 0.4
Potential / V vs. Ag/AgCI
Fig. 3 CVs of as-prepared NPC-4 (a) and activated NPC-4 (b) modified
onto the GCE in 0.1 mol/L phosphate buffer (pH 6.0) solution. Dash line
represents CV of activated NPC-4 after tens of CV cycles. Scan rate: 20
mV/s.

When the nanocages of NPC-4 were activated by removing
solvent molecules, the electrochemical reversibility of sample had
been improved owing to the increased redox conductivity (solid
curve in Fig.3b). There is few difference in the potential of redox
peak pairs comparing with as-prepared sample. Unfortunately,
the activated NPC-4 modified layer was not stable enough during
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electrochemical scanning so that the current weakened about two
third after tens of CV cycles (dash curve in Fig.3b). It is because
that the ingress/issue of electrolyte ions in/from the MOF lattice
causes the rapid extension of the electron transport and hopping
between adjacent metal ions along the entire crystal.”> Such a
change strongly weakens the electron transport across
electrode/crystal interface on the basis of the poor connection
between them. Hence, this incompatibility between an increasing
flexibility of MOF lattice with free electron mobility and a low-
effective electron transport from electrodes resulted in some loss
of MOF sample modified on GCE.

Electrocatalytic behaviors of two MOFs towards ORR

The electrocatalytic activity of NPC-4 towards ORR was
evaluated in 0.1 mol/L phosphate buffer (pH 6.0) solution. Fig.4
shows the voltammograms of as-prepared and activated NPC-4
samples modified onto GCE in a N,- and O,-saturated solution in
the potential range from -0.4 V to 0.4 V. One can see that the
presence of O, into the electrolyte solution does not affect the
currents of reduction peak and oxide peak in Figda. It
demonstrates that as-prepared sample could not catalyze the
electrochemical reduction of oxygen molecules. The increased
reduction current occurred at -0.4 V is contributed by the
response of GCE itself towards ORR. When the NPC-4 was
activated after acetone-exchange ways, the modified GCE began
to response to the electrochemical reduction of oxygen (as shown
in Fig.4b). The cathode peak current at -0.13 V clearly increases
while the reversed anode peak current at 0.05V decreases as the
electrolyte solution is saturated with O,. At the bare GCE, ORR
happened on the potential of -0.3 V (the inset of Fig.4b). By
contrast, the potential of oxygen reduction on activated NPC-4
modified GCE is -0.13 V showing a positive shift of the potential.
It suggests that the activated NPC-4 possess electrocatalytic
activity towards ORR. Furthermore, the reduction of oxygen
begins at the same potential of the reduction of Cu**, and this fact
supports that the oxygen reduction is catalyzed by Cu'.
Simultaneously, the catalytic center Cu” ion is returned to Cu®*
ion by oxygen. In comparison with graphene/Fe-porphyrin
MOF?" and Cu-bipy-BTC?®, the occurrence potential of ORR
versus Ag/AgCl by NPC-4 catalyst shifted to the positive near100
mV.

08 04 00 04 08
Potential V va. AG/AGCI

04 -02 00 02 0.4
Potential / V vs. Ag/AgClI

Fig. 4 CVs of as-prepared NPC-4 (a) and activated NPC-4 (b) modified
onto the GCE in 0.1 mol/L phosphate buffer (pH 6.0) solution saturated
with N, (solid curves) and O, (dot curves). The inset represents the CVs
obtained at bare GCE. Scan rate: 20 mV s™'. Corresponding schematics for
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the electrochemical reduction of O, by the catalytic role of as-prepared
NPC-4 (c) and activated NPC-4 (d).

Such results of electrocatalytic reduction of oxygen triggered
by activating the nanocages can be tentatively explained by the
following reasons. Because the oxygen reduction is catalyzed by
Cu" and the reduction of Cu*" to Cu® was performed in the
nanocage of NPC-4, the precondition for oxygen reduction is O,
being encapsulated in the nanocage. As for as-prepared NPC-4
sample, the occupancy of nanocage by DMA molecules can
hinder the diffusion of dissolved oxygen in electrolyte solution
into nanocage, which results in no electrocatalytic response to the
oxygen reduction (see Fig.4c). With the enlargement of free
space in nanocage by removing the DMA molecules, dissolved
oxygen molecules can enter into nanocage and was
electrocatalytically reduced by Cu” (see Fig.4d).

Electrocatalytical stability of activated MOF layer

Stability in the electrochemical process is a very important
parameter for the application of electrocatalyst. XRD can provide
direct evidence for monitoring stability of MOF structure during
electrocatalytical process. Fig.5 exhibits XRD patterns of

Intensity / a.u.

20

2 Theta / degree
Fig. 5 XRD patterns of as-made activated NPC-4 on Ti electrode (a),
activated NPC-4 on Ti electrode after ten electrocatalytical cycles for
ORR (b), and activated NPC-4 on Ti electrode after twenty
electrocatalytical cycles for ORR (c).

5 10

activated NPC-4 sample on Ti electrode during electrocatalytical
ORR. Curve a displayed very good diffraction pattern of
crystalline NPC-4 on Ti electrode. After the modified Ti
electrode was operated in electrocatalytical ORR for ten cycles,
crystallinity of NPC-4 was partly kept while the diffraction
pattern obviously weakened as shown in Curve b. After the
application in twenty electrocatalytical cycles for ORR, activated
NPC-4 modified on Ti electrode showed very weak diffraction as
shown in Curve c. Although part samples were considered to
detach from Ti electrode surface because of weak interaction with
Ti electrode, the gradual disappearance of diffraction pattern was
mainly caused by network collapse of crystalline NPC-4. These
results demonstrated activated NPC-4 layer was stable in a
limited period for ORR and longer-period application for ORR
caused the network collapse of crystalline NPC-4. The main
reason may be that consecutive electron-transfer from catalytic
center Cu' to oxygen molecule weakens the stability of
coordination polyhedron in SBUs and induces the network
collapse of the whole crystalline NPC-4. Although details about
collapsed species were unknown, they still showed weak
electrocatalytical signal toward ORR owing to the existence of
residual di-copper paddle-wheel SBUs.

SEM technology was also applied to investigate the stability of
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activated NPC-4 layer on GCE. It was seen that some activated
NPC-4 aggregated on GCE surface in Fig.6a. From the SEM
image of single crystalline NPC-4, the order laminar structure
was observable in Fig.6b. Because the sample was treated by
grind and ultrasonication, activated NPC-4 did not show perfect
crystallinity as as-synthesized single crystal. After the application
in ten electrocatalytical cycles for ORR, rod-like structures began
to appear and coexisted with crystalline NPC-4 as shown in
Fig.6¢c. Such rod-like structure with 50 percent occupancy was
regarded as the collapsed products of laminar NPC-4 crystals.
More CV scans for ORR caused the large-scale collapse of order
laminar structure, as shown in Fig.6d. These results are
consistence with the above conclusions from XRD.

Fig. 6 SEM images of as-made activated NPC-4 on GCE (a) and (b),
activated NPC-4 on GCE after ten electrocatalytical cycles for ORR (c),
activated NPC-4 on GCE after twenty electrocatalytical cycles for ORR
(d).

In view of the structural changes of activated NPC-4 on GCE
during electrocatalytical ORR, all data and discussions were

based on activated NPC-4 sample with mostly preserved network
structure on GCE during electrocatalytical process.

RGO modified layer on GCE

Although the electrocatalytic behaviour of activated NPC-4
sample towards ORR is visible, the detachment of NPC-4
modified layer on GCE limits its application. In order to satisfy
the exertion of NPC-4 for electrocatalytic ORR, it was considered
to modify RGO onto GCE surface under MOF active layer. On
one hand, besides large specific surface area, the grafold and
dense exposed edges of RGO could provide more contact points
for the adhesion of MOF than bare GCE.*®*” On the other hand,
the highly electric conductivity of RGO could significantly
facilitate the electron transport between MOF layer and electrode.
In view of the above two aspects, introduction of RGO was
expected to provide more pathways for highly effective electron
transport from electrode to MOF layer and ensure the expression
of electrocatalytical role of MOF toward ORR.

s os

Intensity / a.u.

\/‘\

10 20 30 40 50
2 Theta

Fig. 7 XRD patterns of reduced graphene oxide (a) and AFM image of
40 reduced graphene oxide sanple prepared by drop-casting RGO aqueous
dispersion onto mica sheet (b).

The obtained RGO is characterized by the powder X-ray
diffraction. As shown in Fig.7a, the XRD pattern of RGO
exhibits a typical broad peak around 24°. The dispersion of RGO

45 in water was drop-cast onto mica and one single sheet of RGO is
obvious observed from AFM image as shown in Fig.7b. The
average thickness of as-prepared RGO is about 1.0 nm.
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Potential / V vs. Ag/AgCI

Fig. 8 (A) CVs of RGO immobilized GCE (a) and activated NPC-4

so modified RGO/GCE (b) in N,-saturated 0.1 mol/L phosphate buffer (pH
6.0) solution. Curve ¢ represents CV of activated NPC-4 modified
RGO/GCE in O,-saturated 0.1 mol/L phosphate buffer (pH 6.0) solution.
Scan rate: 20 mV/s. (B) LSVs of bare RDE (d), RGO immobilized RDE
(e) and NPC-4 modified RGO/RDE (f) in O,-saturated 0.1 mol/L

ss phosphate buffer (pH 6.0) solution. Electrode rotation rate: 1600 rpm.
Scan rate: 2 mV/s.

Electrocatalytic behaviors of MOFs modified RGO/GCE
towards ORR

RGO itself did not show any redox response in the potential
o range from -0.4V to 0.4V when it was modified onto GCE
surface (as curve @ in Fig.8A). When the activated NPC-4 was
modified onto RGO/GCE surface, its CV curve exhibited well-
defined redox peaks as shown curve b in Fig.8A. Moreover, its
electrochemical response seemed very stable without peak
shrinking after tens of CV scans. When the electrolyte solution
was saturated with O,, the activated NPC-4 modified RGO/GCE
performed observable electrocatalytic response at -0.13V (as
curve ¢ in Fig.8A). In order to make clear the electrocatalytic
behaviour of multi-composite electrode for ORR, the linear
sweep voltametries were operated on bare GCE (curve d in
Fig.8B), RGO modified GCE (curve e in Fig.8B) and NPC-4
modified RGO/GCE (curve f in Fig.8B) in a solution saturated
with O, in the same condition, respectively. By comparing curve
d, e and f, it further proves that NPC-4 plays a main role in
75 catalyzing ORR on the potential of -0.13 V. However, the

coexistence of RGO with NPC-4 exactly enhanced the adhesion

stability of MOF electrocatalyst upon retaining the catalytic
activity for ORR. As expected, the fast electron mobility
ofgraphene and its unique surface properties facilitated and
so accelerated the electron transfer between GCE and NPC-4
immobolized sample through highly electrically conductive RGO
channels. Such a fast electron transfer route across
electrode/crystal interface can resist the detachment of active

NPC-4 layer from GCE surface caused by the extended redox

ss conductivity along the whole MOF lattice.
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A more detailed analysis of the oxygen reduction properties of
NPC-4/RGO catalysts has been carried out by RDE
measurements. Fig.9 shows typical RDE curves obtained at

04
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o
1

100

Current / pA

0.02

0.03 0.04
w2 [ pm 2
0.3
Potential / V vs. Ag/AgCI

150

s Fig. 9 RDE linear sweep voltammograms of activated NPC-4 in O,-
saturated 0.1 mol/L phosphate buffer (pH 6.0) solution with various
rotation rates at a scan rate of 2 mV/s. Inset is Koutecky—Levich plots of
activated NPC-4 at different electrode potentials.

different rotation rates. Koutecky—Levich plots,” the inset of Fig.9,
is obtained as a linear fit of the data taken from the corresponding
polarization curves (Fig.9) by applying reported values for
oxygen solubility oxygen diffusivity (D=1.4 X 10” cm’s) and the
kinematic viscosity of 0.1 mol/L PBS electrolyte (v=0.01 cm?s)
to 0.62 nFAD**v 6Cy, equation.*® From the slope of Koutecky—
Levich plots at -0.3 V and -0.6 V, B factor was estimated to be
3.3 pArpm ™ and 5.9 pA-rpm™?, respectively. According to the
value of B, the number of electrons transferred during the
reduction of an oxygen molecule is about 1.8 electrons at -0.3 V
and 3.2 electrons at -0.6 V. At a potential of -0.3 V, ORR occurs
via the near 2-electron reduction pathway where it is reduced to
hydrogen peroxide. At a potential of -0.6 V, ORR is regarded to
proceed via almost 4-electron reduction pathway where it is
reduced to H,O. This result shows that the stably attached MOF
layer on RGO immobilized glassy carbon electrode can catalyze
the oxygen reduction reaction through a 2-4 electrons reduction
pathway depending on the overpotential.

@

Conclusions

This work demonstrates the first example of the electrocatalytic
reduction of oxygen triggered by solvent-exchange method in the
nanocage of highly porous metal-organic framework. Solvent-
exchange procedure activates the nanocage, and the reduction of
oxygen exactly occurred in the nanocage. Introduction of reduced
grahene oxide immobilized glassy carbon electrode under NPC-4
active layer provide more contact points for the adhesion of NPC-
4 than bare GCE, in other words, more effective pathways for
electron transport from electrode to NPC-4 layer. The
electrochemical stability of NPC-4 layer was enhanced to large
extent and the detachment of activated NPC-4 sample from
glassy carbon electrode surface was effectively avoided.
Moreover, NPC-4/RGO catalyst exhibits a more positive ORR
onset potential at —0.13 V vs Ag/AgCl (KCl-saturated) than other
reported MOF electrocatalysts, and it can catalyze the oxygen
reduction reaction through a 2-4 electrons reduction pathway
depending on the overpotential. This strategy of the catalysis

4s triggered by solvent-exchange way and the usage of RGO
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mediator can offer researchers a new direction to develop MOF
as electrocatalysts in many fields.
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Graphical abstract

Porous MOF

A stable highly porous metal-organic framework (MOF) layer on reduced graphene oxide

immobilized glassy carbon electrode performs good electrocatalytic activity for oxygen reduction
reaction.



