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Bioinspired Copper Coordination Polymer Catalysts for
Oxygen Reduction Reaction
Rupali Mishra,[a] Bhushan Patil,[b] Ferdi Karadaş,*[a, b] and Eda Yılmaz*[b]

Non–noble metal catalysts have recently emerged as promising
alternatives to the expensive platinum catalysts for the oxygen
reduction reaction (ORR). In this study, a new domain of
materials, copper based coordination polymers, has been
investigated as promising catalysts for ORR. The study was
inspired by copper incorporating biomolecules, which effi-
ciently catalyse the oxygen reduction reaction in nature. Two
coordination polymers, [Cu2(m�AcO)4Po)]n (shortened as[Cu–
A]) and [Cu2(m�BzO)4Po)]n (shortened as[Cu–B]), incorporating
one–dimensional chains of Cu(II) paddle wheel units bridged
with phosphineoxide ligands were combined with multi�
walled carbon nanotubes (MCNTs) to prepare hybrid electro-

catalysts for ORR. The electrochemical analysis demonstrates
that [Cu–A] catalyses ORR with 3.24 numbers of electrons with
Tafel slopes of 122/83 mV dec�1 while it is 2.37 numbers of
electrons with Tafel slopes of 131/84 mV dec�1 for [Cu–B].
Rotating disk electrode measurements and evaluation of Tafel
slopes reveal that acetate moieties attached to Cu site shift the
onset potential of ORR anodically (ca. 40 mV) compared to the
one with benzoate bridging groups. The effect of bridging
ligands to the stability and activity of catalysts in alkaline media
was also evaluated. This study opens a new perspective for the
development of non–platinum ORR catalysts.

Introduction

The oxygen reduction reaction (ORR) is a crucial reaction in
numerous applications including fuel cells[1�3] and metal�air
batteries.[4,5] Platinum is one of the most efficient electro-
catalysts for ORR.[6�10] However, its high cost, scarcity, and
tendency of the surface to poison, constrain its applications.
This triggers the interest of researchers to develop alternative
electrocatalysts for ORR including carbon–based materials such
as carbon nanotubes,[11,12] graphene,[13�15] and transition metal
compounds such as cobalt,[16,17] iron,[18�21] and copper.[22,23] Cu is
a highly abundant element in earth’s crust and it is used in a
wide range of areas such as host�guest systems,[24�29]

catalysis,[30�34] magnetism,[35�39] biological systems,[40�44] and
electrochemistry.[45�47]

Cu can also be found in enzymes participating in several
reactions. Bio–inspired copper catalysts[48,49] and Cu�based
enzymes have been reported to be active catalysts in ORR such
as ascorbate oxidase,[50] bilirubin oxidase,[51�54] and laccase[55�59]

etc. The use of such enzymes for the practical systems is
however, not possible due to the requirement of very limiting

operating conditions such as neutral pH, narrow temperature
range, and etc. Interestingly, ORR mechanism and potential are
different for each biomolecule participating in the process even
though they contain copper as the active site reducing the
oxygen. This suggests that the ligands attached to Cu have a
vital role in the ORR mechanism. During the adsorption and
dissociation of O2 molecules, Cu is significantly affected by the
ligands attached to it.

A 1D coordination polymer incorporating copper paddle–
wheel units has recently been investigated as an active
electrocatalyst for water oxidation.[60] The previous study shows
that copper sites in the paddle–wheel unit can activate water
to form O2. Given the microscopic reversibility of ORR and OER
mechanisms, the electrocatalytic activity of copper paddle–
wheel unit in ORR has been investigated in this work. The
previously reported 1D coordination polymer together with a
new derivative have been used in the study to investigate the
effect of surrounding bridging ligands to the catalytic activity
and stability of copper systems.

Result and discussion

Crystal Structure

Copper acetate was reacted with phosphine ligands in
methanol/dichloromethane mixture in peroxide media, which
results in the formation of dark blue crystals of [Cu–A] and [Cu–
B]. The structure of [Cu–A] was already described in our
previously reported work.[60] The crystal structure of the new
copper catalyst, [Cu–B] was successfully solved in the mono-
clinic space group, P121/n1. Crystallographic data and struc-
tural refinement parameters for the compound are given in
(Table S1). 1D chain of both compounds consists of independ-
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Department of Chemistry, Bilkent University, 06800, Ankara, Turkey

[b] Dr. B. Patil, Prof. F. Karadaş, Prof. E. Yılmaz
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ent copper paddle�wheel units linked by phosphineoxide (Po)
bridging ligands in Figure 1(b). Each metal ion is surrounded by

five oxygen atoms, one of which belongs to oxygen of bis
(diphenylphosphino)phosphine dioxide ligand while the re-
maining four belong to four different benzoate bridging
moieties. In [Cu–B], copper centre is in square pyramidal
coordination environment Figure 1(a). In both compounds the
paddle–wheel units have different metal–to–metal distance.
Cu···Cu distance is 2.6224 Å in [Cu–B] and while it is 2.658 Å for
[Cu–A]. This difference in the metal–to–metal distance obtained
for [Cu–B] could be attributed to the presence of a bulkier
bridging group. The crystal packing diagrams of compounds
displayed in Figures S3 (a) and (b) clearly indicate that the
shortest distance between copper centres in neighbouring
chains is much larger for [Cu�B] 8.086 Å for [Cu�A] and
11.104 Å for [Cu�B] as a result of bulky benzoate groups. The
supramolecular framework of [Cu�B] is stabilized by C–H···p
interactions between H atoms of the phenyl ring of benzoate
molecules (2.822–2.848 Å) with other aromatic ring of benzoate
groups. The supramolecular structure of [Cu�B] is further form
an overall 3D structure in Figure S2 (b). Both compounds show
3D structure in Figure S3 (a) and (b). Selected bond distances
(Å) and bond angles (8) for [Cu�B] are summarized in Table S2.
All the M�O distances are within the normal ranges allowing
for statistical errors.[61,62]

In order to examine the thermal stability and bulk purity of
the both coordination polymers [Cu�A] and [Cu�B] we have
done thermogravimetric analyses (TGA) and powder X-ray
diffraction patterns (PXRD). The details of these analyses are
given in experimental section (supporting information).

Electrochemical measurements

Cyclic voltammetry (CV) measurements were obtained at bare
GC, MWCNT/GC, [Cu–A], and [Cu–B] under N2 (Figure S5) and
O2 (Figure 2) atmosphere in saturated 0.1 M KOH solution.

Figure S6 shows the CVs of individual catalyst under N2 and O2

saturated solutions. Anodic peaks for[Cu–B] under N2 saturated
electrolyte obtained at 0.92 V (peak I) and �0.88 V (peak II) are
attributed to Cu0– Cu1 + and Cu1 +– Cu 2 + oxidation processes,
respectively. An anodic shift of 0.02 V in both of these anodic
peaks were observed for [Cu–A] compared to those obtained
for [Cu–B]. Furthermore cathodic peak attributed to Cu2 +– Cu0

reduction at 0.7 and 0.72 V were observed for [Cu–B] and [Cu–
A], respectively. The overall anodic shift of 0.02 V observed for
[Cu–A] compared to [Cu–B] is likely due to the difference
between ligands attached to the Cu active site. An increase in
the cathodic current density compared to anodic current
density was observed, which is also in good agreement with
the assignment of redox processes involving two one–electron
reduction and a two–electron oxidation processes, where the
oxidation bands are assigned as one electron processes.

In comparison to MWCNT/GC, an anodic shift of 35 mV and
65 mV was observed for the ORR onset potentials obtained at
the [Cu–B] and [Cu–A], respectively. The difference between
onset potentials for ORR is likely due to the difference in the O2

dissociation mechanism of these two compounds and change
in the bonding energy of O2 (or reduced intermediates) at the
Cu active sites. The anodic current intensity was decreased
remarkably under O2 than the N2atmosphere obtained for [Cu–
B], which might be because of strong and almost irreversible
bonding of O2 or intermediates with the Cu site. The onset
potential for ORR of the catalyst [Cu–A] is more anodic, thus,
proving to be a better catalyst than the bare GC, MWCNT/GC,
and [Cu–B]. In comparison with the Pt/C (Figure S4) onset
potential at [Cu–A] is 100 mV cathodic (Figure S6C).

Figure 1. Asymmetric unit of [Cu–B] and hydrogen atoms are omitted for
clarity in (a). In fig (b) showing both different 1D chains of [Cu–A] and [Cu–
B].Colour code: Cu = blue; P = green; O = red; C = black.

Figure 2. Cyclic voltammograms of GC (in green), MWCNT/GC (in blue), [Cu–
A] (in red) and [Cu–B] (in black) performed in 0.1 M KOH, under saturated O2

at 10 mV/s.
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In order to confirm the effect of different ligands attached
to Cu centre, kinetics of ORR was examined using RDE. LSVs of
PtC/GC (Figure 3A), MWCNT/GC (Figure 3C), [Cu–A], (Figure 3E)

and [Cu–B] (Figure 3G) were obtained at various rotation
speeds from 100 to 900 rpm with a scan rate of 10 mV s�1.
Koutecky–Levich plots(K�L plot) were shown in (Figure 3 B, D,
F and H), using the Koutecky–Levich Equation 1;

1=j ¼ 1=jk þ 1=jL ¼ 1=jk þ 1=ðBw1=2Þ ð1Þ

where B = 0.62nFCD2/3v–1/6, jk is the kinetic current density, j is
the measured current density, jL is the Levich current density, n
is the number of electrons transferred per oxygen molecule, F
is the Faraday constant i. e. 96,485 C mol�1, C is the dissolved
oxygen concentration in the solution (1.26 x 10�6mol cm�3), v
is the kinematic viscosity of the solution (1.009 x 10–2 cm2s–1), D
is the diffusion coefficient of oxygen (2.1 x 10�5 cm2 s�1), and w

is the rotation rate (rad s�1). Assuming a four–electron reaction
and the known geometric electrode surface area, the theoret-
ical slope B is 2.5 cm2 rad1/2 mA�1 s�1/2.

Based on the slope of the straight line from K–L plot, the
number of electrons involved in the ORR were estimated to be
2.37 and 3.24 in the examined range of potential (0.4 to 0.8 V)
for [Cu–B] and [Cu–A], respectively. It has been reported that
the number of electrons can be affected due to loading density
of catalyst.[63] Although, loading densities for both the catalysts
(i. e. ca. 450 mg cm–1) were well–above the limit to obtain four–
electrons ORR (i. e. 200 mg cm–1), lower number of electrons
involved in the ORR is proposed due to an effect of different
ligands attached to Cu active sites which results in to the
different ORR pathways.

Figure S11 (A), (B), (C), and (D) was used to estimate Tafel
slope and kinetic current density was determined from
Equation 2:

jk ¼ ðj � jLÞ=ðjL � jÞ ð2Þ

It has been assigned that the two slopes at low current
density (LCD) and high current density (HCD) regions are
representing the change of adsorption of reaction intermedi-
ates from Temkin to Langmurian conditions or because of the
change in the surface coverage of OH, which influences the
adsorption of O2 molecules. The Tafel slopes (HCD/LCD)
obtained for [Cu–A] (Figure S11C) and [Cu–B] (Figure S11D) are
122/83 and 131/84 mV dec�1, respectively. The lower values of
Tafel slope and higher kinetic current densities at the [Cu–A]
clearly show that ORR is kinetically more enhanced compared
to [Cu–B] (Table 1).

Based on the number electrons involved in the ORR, Tafel
slopes and kinetic currents at the [Cu–A], two pathways of ORR
mechanism can be predicted i. e. parallel (k1 = k2 and k3 = 0) and
serial (k2 = 2 3 k3 and k1 = 0) pathways shown in Scheme 1.[64]

However, these parameters estimated for the [Cu–B] demon-
strates that the ORR probably follows the serial pathway (k2 = k3

and k1 = 0) favourably with ca. 2 electron process.
The real surface coverage of electrocatalytically active

catalyst (G) is estimated (Table 1) from the CVs measured at
scan rates (v) from 5 to 100 mV s–1 (data used from the
Figure S7, S9). Equation 3 is used to estimate the G:[65]

Figure 3. (A), (C),(E), (G) Linear sweep voltammetry of Pt/C/GC, MWCNT/GC,
[Cu–A] and [Cu–B] performed with RDE in 0.1 M KOH, at different rpm 100
(in green), 225 (in red), 400 (in blue), 625 (in blue) and 900 (in black) under
saturated O2 at 10 mV/s vs. RHE. (B), (D), (F), (H) shows the Koutecky–Levich
plot respective compounds.

Table 1. Electrocatalytic parameters of [Cu�A] and [Cu�B].

Electrode Gnmol
/
cm2

Onset poten-
tial
/V vs. RHE

N Tafel
slope
HCD/LCD
mV/dec

E1/2

at 400 rpm/
mV

[Cu�A] 11.03 0.866 3.24 122/83 741

[Cu�B] 5.5 0.834 2.37 131/84 701

MWCNT/
GC

– 0.8 2.0 185/96 620

Pt/C/GC – 0.96 3.9 119/59 850
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G ¼ Q=nFA ð3Þ

where the amount of charge (Q) is calculated by the integration
of area under the cathodic peak current for the reduction of
Cu2 + to Cu0 (corrected for the background current). Herein this
relationship, n is the number of electrons involved in the redox
reaction (n = 2 for this process), F is the Faraday constant, and
A is the geometric electrode area (0.07068 cm2). The G for [Cu–
B] and [Cu–A] are 5.5 and 11.03, respectively. The Nicholson and
Shain plot shows linearity with I vs. square root indicating the
process is diffusion controlled at both catalysts (Figure S8, S10).

Along with the catalytic activity, stability is equally
important for their practical applications. Thus, the stabilities of
these catalysts were assessed by CV in the potential window of
0.1 to 1.1 V vs. RHE for consecutive 100 cycles under the N2

saturated atmosphere. Figures S12 and S13 clearly demonstrate
that [Cu–A] is more stable than the [Cu–B]. These results
noticeably reveal that stability is drastically affected by the
ligands. Further studies are going on to enhance its stability
and to analyse an effect of other ligands on the Cu catalytic
activity and their stabilities.

In the literature, examples of mononuclear and binuclear
copper complex catalysts can be found for ORR, while the latter
exhibits higher catalytic activity.[66] In the present study both
[Cu–A] and [Cu–B] are mononuclear copper catalysts. Thus, it is
noteworthy to compare the onset potential of [Cu–A] with the
reported Cu-based catalysts (Table S3 Blue). The onset potential
of [Cu–A] (0.866 V vs. RHE) is anodic compared with other
reported mononuclear Cu-based catalysts such as CuINPD/C,
copper phenolato complex bearing a pyrene group immobi-
lized CNT, CNTs + TAmPyCu, [Cu(tripic)(NCMe)]PF6, and rGO +

TAmPyCu which proves the best ORR catalyst among all these
catalysts. However, its onset potential is cathodic to the Cu
catalyst covalently attached to the carbon substrates (i. e. CNTs–
TAmPyCu and rGO–TAmPyCu), most probably due to the
synergistic effect of graphitic carbon surface towards ORR. The
number of electrons involved in the ORR catalysis on the [Cu–
A] is in agreement with the physisorbed mononuclear copper
catalysts (ca. 3.2). These findings clearly show that [Cu–A]
catalyses ORR with low overpotential. The onset potentials and
the number of electrons involved in the ORR are also compared
with binuclear copper catalysts which proved to be efficient
than the [Cu–A]. These binuclear copper catalysts are proved to
be efficient due to the bimetallic active site which catalyses the
ORR through the formation of Cu–OOH specie. This mechanism
is totally different than the catalysis on the [Cu–A] and [Cu–B],

which is expected to follow through the paddle-wheel
mechanism as proposed earlier.[60] Therefore, lower number
electrons involved in the ORR at the [Cu–A] than these
binuclear copper catalysts is expected. To summarize, among
the mononuclear copper catalysts [Cu–A] shows more anodic
onset potential with 3.24 number of electrons involved in the
ORR.

Conclusions

In this study, an influence of the acetate and benzoate ligands
attached Cu on an electrochemical ORR catalysis and stability
has been realized. These results clearly demonstrate that [Cu–
A] is thermodynamically and kinetically more favourable than
[Cu–B] towards ORR. Although both catalysts have the same
type of active metal site different ligands attached to Cu centre
can change the catalytic ORR activity and stability. The
enhanced catalytic activity observed for [Cu–A] compared to
[Cu–B] could be attributed to two factors: i) Given the same
amount of catalysts, [Cu–A] contains more active sites than
[Cu–B] since it has lower molecular weight as a result of lighter
bridging groups in paddle–wheel units. Chains in [Cu–A] are
much closer to each other, which results in a higher number of
copper sites per volume. ii) Although copper sites in both
systems adopt square pyramidal geometry they have slightly
different coordination environments proven by the comparison
of Cu…Cu distances and O–Cu–O bond angles. The study herein
implies that such small changes in the coordination environ-
ment of the active metal site, which is originated from the type
of bridging unit, could lead to significant changes in the
catalytic activity. This study demonstrates the possibility of
tuning the ligands attached to Cu centre further can provide us
catalysts that can replace platinum in future.

Supporting information

Detailed experimental, crystal structure and their character-
ization i. e. TGA, XRD, FTIR electrochemical measurements and
stability are summarized in the supporting information.
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