
German Edition: DOI: 10.1002/ange.201904075Homogeneous Electrocatalysis
International Edition: DOI: 10.1002/anie.201904075

Fast Oxygen Reduction Catalyzed by a Copper(II) Tris(2-
pyridylmethyl)amine Complex through a Stepwise Mechanism
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Abstract: Catalytic pathways for the reduction of dioxygen can
either lead to the formation of water or peroxide as the reaction
product. We demonstrate that the electrocatalytic reduction of
O2 by the pyridylalkylamine copper complex [Cu(tmpa)(L)]2+

in a neutral aqueous solution follows a stepwise 4e�/4 H+

pathway, in which H2O2 is formed as a detectable intermediate
and subsequently reduced to H2O in two separate catalytic
reactions. These homogeneous catalytic reactions are shown to
be first order in catalyst. Coordination of O2 to CuI was found
to be the rate-determining step in the formation of the peroxide
intermediate. Furthermore, electrochemical studies of the
reaction kinetics revealed a high turnover frequency of 1.5 �
105 s�1, the highest reported for any molecular copper catalyst.

With the shift in the energy landscape from fossil fuels
towards sustainable sources of energy, storage and conversion
of fuels, such as hydrogen, is expected to play an important
role. It is therefore important that efficient fuel cells are
available to minimize energy loss during fuel-to-energy
interconversion. However, the cathodic oxygen reduction
reaction (ORR) is a significant limiting factor in the efficiency
of fuel cells.[1] In nature, multicopper oxidases, such as laccase,
are known to catalyze the four-electron reduction of O2 to
H2O efficiently.[2] Immobilization of laccase on electrodes has
shown that the ORR can be performed close to the
thermodynamic equilibrium potential of water.[3] In an
effort to create synthetic mimics of these copper enzymes,
a wide range of model copper systems have been studied for
their oxygen activation reactivity.[4] While some early exam-
ples of copper complexes have been studied for their activity
towards the ORR,[5] only in the last decade have the first
molecular copper model catalysts been evaluated for their
ORR activity, either by means of sacrificial reductants or in
electrochemical studies.[6] [Cu(tmpa)(L)]2+ (tmpa = tris(2-
pyridylmethyl)amine, L = solvent), as well as many deriva-
tives of the pyridylalkylamine template, has been studied as
a mimic for active sites in redox-active metalloenzymes for its
nonplanar and flexible coordination sphere and its reactivity
towards dioxygen.[4e, 7] The dioxygen binding chemistry of Cu–
tmpa has been thoroughly studied by Karlin and co-workers.[8]

It was shown that in a range of solvents, the binding of

dioxygen to [CuI(tmpa)]+ leads to fast formation of an end-on
CuII superoxo complex, followed by a slower dimerization
step to form a dinuclear copper peroxo complex. Addition-
ally, Fukuzumi, Karlin, and co-workers have studied the ORR
activity of Cu–tmpa in acetone, using decamethylferrocene as
a sacrificial reductant; this reaction involves a dinuclear
intermediate.[6a,d] It was shown that Cu–tmpa and several
derivatives, adsorbed on carbon black, catalyze the electro-
chemical ORR in aqueous buffer solutions.[9] The ORR
activity of Cu–tmpa in solution has also been investigated, as
well as pH effects on the redox chemistry.[10] However, thus
far catalytic rates have not been reported, and the mechanism
wherein ORR occurs has not been solved.

The field of homogeneous electrocatalysis for the con-
version of small molecules (O2, CO2, H2O, H2, etc.) is
expanding rapidly, and great strides have been made to
develop new methods to be able to study their reaction
kinetics and to allow for benchmarking of different cata-
lysts.[11] Foot-of-the-wave analysis (FOWA) has become an
important tool to determine the catalytic performance of
homogeneous electrocatalysts, as it allows for the determi-
nation of rate constants under limiting conditions.[11a,d, 12]

Using these methods, we have quantified the fast electro-
catalytic ORR by homogeneous Cu–tmpa in neutral aqueous
solution. Additionally, a comprehensive study of the product
formation using R(R)DE techniques has provided important
new insight into the electrocatalytic ORR mechanism, and
shows that catalysis occurs by a stepwise mechanism at
a single copper center.

The redox and catalytic behavior of Cu–tmpa in a phos-
phate buffer (PB) solution at pH 7, containing 100 mm

phosphate salts (NaH2PO4 and Na2HPO4), was investigated.
Cyclic voltammograms (CVs) of Cu–tmpa were recorded
using a glassy carbon (GC) working electrode (A =

0.0707 cm2). In the presence of argon (1 atm), a well-defined
reversible CuI/CuII redox couple was visible at E1/2 = 0.21 V
versus RHE (Figure 1). In the presence of O2 (1 atm), a peak-
shaped catalytic wave appeared with an onset potential at
0.5 V versus RHE. This peak-shaped catalytic wave is
characteristic of substrate depletion, thus demonstrating the
fast catalysis by Cu–tmpa. The homogeneity of the catalyst
was established by electrochemical quartz crystal micro-
balance (EQCM) experiments, both under noncatalytic and
catalytic conditions (see the Supporting Information).[13]

Determination of the relationship between the catalytic
current and the catalyst concentration would provide useful
insight into the possible mechanism of the ORR. Owing to the
low solubility of O2 in most solvents, aqueous or otherwise,
either very high O2 pressures or low catalyst concentrations
must be used to avoid the O2 mass-transport limitation. By
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measuring CVs in the presence of O2 (1 atm) at low catalyst
concentrations (0.1–1.0 mm Cu–tmpa), a linear first-order
dependence of the catalytic current on the catalyst concen-
tration was observed (see Figure S5 in the Supporting
Information).

To determine product selectivity and the electron transfer
number of the catalyst in neutral aqueous solution, rotating
(ring-)disk electrode (R(R)DE) voltammetry was used.
Previous hydrodynamic studies on the electrocatalytic ORR
performance of Cu–tmpa have been carried out using
a Vulcan-supported surface deposit of Cu–tmpa,[9] or only
evaluated the behavior of Cu–tmpa in aqueous solution under
noncatalytic conditions.[10b] Although R(R)DE voltammetry
is most often used to study heterogeneous catalytic reactions,
it can be used to study homogeneous catalytic reactions under
certain conditions. One of the main difficulties with the use of
R(R)DE methods for homogeneous catalysts is that both the
product and substrate are present in the liquid phase. For
complex multielectron multistep catalytic reactions (ECE or
ECEC’), such as the ORR, this can result in significant
deviations from the behavior dictated by the Koutecky–
Levich (KL) equation, which governs the behavior of
reactions with one diffusing species. In such cases, slow
catalysis will result in nonideal behavior of the measured
limiting currents as a function of the rotation rate, and
deviations from linearity will be observed in KL plots.
However, for fast catalytic reactions, the limiting current
corresponds to the electron transfer number (n) of the
catalytic reaction.[14] In effect, sufficiently fast molecular
catalysts (where k @ rotation rate) can be considered to
behave as heterogeneous catalysts within this time frame, as is
observed in the case of Cu–tmpa. Figure 2A shows a clear
positive shift in the ORR onset potential to 0.5 V versus RHE
in the presence of Cu–tmpa as compared to the bare GC
electrode. KL analysis was performed on the mass-transport
limiting current (IL) obtained at different rotation rates
(Figure 2B,C). Indeed, good linearity was observed in the KL
plot, similar to that of a Pt disk electrode. This result shows

that n is constant as a function of rotation rate under these
conditions. The number of electrons involved in the homoge-
neous ORR catalyzed by Cu–tmpa was determined to be 3.9
(see the Supporting Information), which shows the high
selectivity towards the four-electron reduction of dioxygen.
This selectivity is in agreement with the heterogenized
carbon-black-supported Cu–tmpa system.[9b]

For product determination on the Pt ring electrode, it is
important to account for any contributions from reduced
catalytic intermediate species towards the observed ring
current, as these species could also be oxidized at the ring. A
small oxidative ring current can be seen from 0.5 to 0.1 V
versus RHE during catalysis, which decreases as the mass-
transport-limited current is reached (Figure 2A, red trace). A
thorough analysis showed that this behavior can be attributed
to H2O2 oxidation (see the Supporting Information).

The amount of H2O2 produced during ORR as a percent-
age (%H2O2) was quantified using Equation (1) from the disk

%H2O2 ¼
2� ðiring=NH2O2

Þ
idisk þ ðiring=NH2O2

Þ � 100 ð1Þ

current (idisk), ring current (iring), and the collection efficiency
of H2O2 of the Pt ring (NH2O2

). The %H2O2 values were
determined from chronoamperometric (CA) measurements
at a range of potentials below 0.5 V versus RHE for Cu–tmpa
concentrations of 0.3 mm and 1.0 mm (see the Supporting
Information). At the onset of the catalytic activity, significant
amounts of H2O2 were detected, for catalyst concentrations of
both 0.3 mm (ca. 75 %) and 1.0 mm (ca. 90%; Figure 3). A
plateau of %H2O2 was clearly visible at the catalytic onset at
the lower concentration but less pronounced at the higher
catalyst concentration. These percentages decreased with

Figure 1. CVs of Cu–tmpa (0.32 mm) in the presence of Ar (1 atm;
blue, zoom in inset) or O2 (1 atm; red). Ecat/2 =0.31 V versus RHE.
Conditions: pH 7 PB ([PO4] =100 mm), O2 (1 atm), 293 K, 100 mVs�1

scan rate.

Figure 2. a) RRDE CVs of bare GC (dotted line) under O2 (1 atm) and
Cu–tmpa (0.3 mm) under Ar (1 atm; blue) and O2 (1 atm; red) at
1600 rpm. b) Disk current of Cu–tmpa (0.3 mm) under O2 (1 atm) at
different rotation rates from 400 rpm (blue line) to 2800 rpm (red
line); 400 rpm increments. c) Koutecky–Levich plot of the inverse
limiting current (IL

�1) at �0.2 V (vs. RHE) as a function of the inverse
square root of the rotation rate. Conditions: pH 7 PB
([PO4] = 100 mm), 293 K, Pt ring at 1.2 V versus RHE, 50 mVs�1 scan
rate.
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decreasing potential, and upon reaching the limiting current
potential regime the %H2O2 value stabilized at 4 and 20% at
0.0 V versus RHE for 0.3 mm and 1.0 mm Cu–tmpa, respec-
tively. However, below 0.1 V a contribution of the GC
electrode towards H2O2 production cannot be excluded.
These results show that a catalytic reaction that leads to the
formation of H2O2 is active over the entire catalytic potential
window.

Conversion of idisk measured during RDE experiments
into the kinetic current density (jk) enabled the evaluation of
Tafel slopes of the ORR in the potential region in which the
current was not mass-transport-limited. By plotting the
applied potential as a function of the logarithm of jk, a Tafel
plot can be constructed (Figure 4). As we are dealing with

a homogeneous multielectron multistep catalytic reaction
with several diffusing species, care should be taken not to
overinterpret the Tafel slopes or derive specific e�(/H+)
transfer steps from the Tafel slope values. In the presence of
O2, a clear change in Tafel slope was seen around 0.38 V
versus RHE, whereas in the presence of H2O2 under
otherwise identical conditions no change in slope was
observed. The observed slope change during ORR indicates
that a different process becomes rate-determining. The

potential at which this change occurs closely matches the
potential at which half the limiting current is observed and is
below the onset potential (ca. 0.45 V) of H2O2 reduction by
Cu–tmpa (see Figure S14). The Tafel slope observed for the
reduction of H2O2 by Cu–tmpa is very similar to the
�136 mVdec�1 slope between 0.38 and 0.20 V during the
ORR, which indicates that the same step in the mechanism is
rate-determining in this regime. Tafel slopes derived from
measurements performed at low (1.0 mm) catalyst concentra-
tion showed the same behavior as at higher Cu–tmpa
concentration (see Figure S15).

Turnover frequencies (TOFs, s�1) were obtained from
electrochemical measurements, either by direct determina-
tion using the catalytic current enhancement method,[11b] or
by applying foot-of-the-wave analysis (FOWA).[11a,d, 12a,b] At
the onset of the catalytic wave, the catalytic reaction is
assumed to be under kinetic conditions. As such, FOWA is
not affected by side phenomena, such as substrate consump-
tion, catalyst deactivation, or product inhibition. It is there-
fore especially useful for the ORR, in which substrate
consumption plays an important role. If more reliable kinetic
conditions can be achieved during catalysis, the observed first-
order rate constant kobs (or TOF) for the ORR can be directly
determined from the catalytic current enhancement (icat/ip) by
applying Equation (2):

icat

ip
¼ 2:24n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RT
Fv

kobs

r

ð2Þ

in which icat and ip refer to the maximum catalytic current and
the peak reductive current of the Cu(II/I) redox couple,
respectively (Figure 1).[11b] From the current enhancement
derived at low catalyst concentration (0.1–1.0 mm), a TOF of
(1.5 � 105� 0.2 � 105) s�1 was obtained (see Section 2.10, and
Figure S16 in the Supporting Information). This TOF is
associated with anoverall 4e catalytic reaction. However, as
shown by the RRDE measurements and Tafel slope analysis,
there are two different rate-determining catalytic regimes.
Interestingly, FOWA can be employed to determine the kobs

(or TOFmax) associated with the partial reduction of O2 to
H2O2, as FOWA only uses the foot of the catalytic wave,
where H2O2 reduction rates are still negligible. The TOFmax

for Cu–tmpa in pH 7 phosphate buffer in the presence of O2

(1 atm) was found to be (1.8 � 106� 0.6 � 106) s�1.
It has been firmly established by stop-flow experiments

that oxygen binding to [CuI(tmpa)]+ proceeds through a fast
equilibrium to initially produce [CuII(O2C

�)(tmpa)]+ as
a detectable intermediate.[8b] This species subsequently
forms the [{CuII(tmpa)}2(m-O2)]2+ dimer in a reaction that is
consistently slower than the initial oxygen binding over a wide
temperature and solvent range. If catalysis were to proceed
via such a dimeric species, it should lead to a second-order
dependence in Cu–tmpa. Instead, the observed linearity in
the FOWA region is in agreement with a catalytic first-order
relationship in catalyst (see the Supporting Information),[12a]

and is in good agreement with the first-order catalyst-
concentration dependence discussed previously. That catal-
ysis can indeed occur at a single-site copper species was
demonstrated previously using a site-isolated immobilized

Figure 3. %H2O2 obtained from RRDE CA (dots and triangles) and
linear sweep voltammetry measurements (lines, 50 mVs�1) as a func-
tion of applied potential at a rotation rate of 1600 rpm with 0.3 mm

(red) and 1.0 mm Cu–tmpa (black). Conditions: pH 7 PB
([PO4] = 100 mm), 293 K, Pt ring at 1.2 V versus RHE.

Figure 4. Plot of Tafel slopes derived from RRDE CV at 1600 rpm in
the presence of O2 (1 atm; red lines) or 1.1 mm H2O2 (blue line).
Conditions: pH 7 PB ([PO4] =100 mm), [Cu–tmpa] =0.3 mm, 293 K,
50 mVs�1 scan rate.
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copper phenanthroline system, albeit with a very low catalytic
conversion into H2O2.

[6b]

The TOFmax associated with the first 2e�/2 H+ reduction
step to H2O2 is the same, within the error margin, as the TOFs
(also determined by FOWA) of the fastest iron porphyrin
complexes (2.2 � 106 s�1) recently reported by Mayer and co-
workers, which are the fastest homogeneous ORR catalysts in
acetonitrile reported to date.[6e,15] When accounting for the
oxygen solubility difference using TOF = kO2

[O2], where [O2]
� 1.1 mm in water ([PO4] = 100 mm) under O2 (1 atm), the
obtained second-order rate constant kO2

= (1.6 � 109� 0.5 �
109) M�1 s�1 is an order of magnitude faster than those of
the aforementioned iron porphyrins. This kO2

is comparable
to the second-order rate constant of O2 binding, kO2

= 1.3 �
109

m
�1 s�1, found for CuI–tmpa in THF, which represents the

fastest kO2
among copper complexes and hemes, both

synthetic and natural.[8c]

The %H2O2 quantification and analysis of Tafel slopes
derived from RRDE measurements provide a strong indica-
tion that the ORR proceeds by a stepwise mechanism
(Scheme 1). Herein O2 is first reduced to H2O2, which in

turn is further reduced to H2O upon reaching the required
potential. In this case the overall reaction will still yield
a catalytic electron transfer number close to 4 in the O2 mass-
transport-limited regime, as was established by KL and
RRDE analysis. The onset potential of H2O2 reduction by
Cu–tmpa is around 0.45 V versus RHE, roughly 50 mV lower
than that of O2 reduction. The difference between onset
potentials is small, which explains why %H2O2 quickly
decreases when the potential is decreased. At low catalyst
concentration a catalyst diffusion effect is observed, and
%H2O2 is stable over a larger potential range before
decreasing. This behavior is expected, as oxygen is a compet-
itive inhibitor for H2O2 reduction. Peroxide will accumulate
more at low catalyst concentrations, whereas it is more rapidly
reduced at higher catalyst loadings while maintaining the
same amount of oxygen in solution. As both the ORR Tafel
slope below 0.38 V and the Tafel slope for H2O2 reduction by
Cu–tmpa are the same, it gives a strong indication that the
reduction of H2O2 to H2O is rate-determining in this potential

window during the ORR. When FOWA is applied to
determine the rate constant of the partial reduction of O2 to
H2O2, linearity of the catalytic current is only observed when
applying the FOWA expression corresponding to a first-order
catalytic system (see the Supporting Information). This result
shows that the partial reduction of O2 to H2O2 is also first
order in catalyst. The initial quantitative accumulation of
hydrogen peroxide, the kink in the Tafel slope and its
independence of the Cu–tmpa concentration, and the first-
order rate dependence on Cu–tmpa point to two separate
catalytic cycles, wherein H2O2 is readily replaced in the
coordination sphere of copper (see Scheme 1).

Our findings contrast with the previously proposed
dinuclear mechanism for the ORR by Cu–tmpa using
sacrificial reductants in acetone, where fast O2 binding
resulting in a copper superoxo species was followed by
a slower dimerization step.[6a] Under aqueous electrochemical
conditions, fast electron transfer and high proton mobility
allowing for a fast PCET step most likely favor the formation
of the hydroperoxo complex over dimerization.

To conclude, the electrocatalytic ORR activity of Cu–
tmpa in neutral aqueous solution was quantified, revealing
very fast kinetics and high TOFs. The rate constants reported
herein are the first rate constants reported for the electro-
chemical reduction of O2 by a homogeneous copper complex.
Application of FOWA revealed that the TOF associated with
the partial reduction of O2 is very close to the O2 binding
constant with Cu–tmpa. This result suggests that coordination
of dioxygen to CuI is the rate-determining step in the
formation of peroxide. Additionally, we have shown that in
aqueous solution the ORR occurs at a single Cu–tmpa center
through a stepwise mechanism, in which O2 first undergoes
two-electron reduction to H2O2, followed by two-electron
reduction of H2O2 to H2O. This stepwise mechanism was first
mentioned as one of the possible mechanisms for Cu–tmpa by
Asahi et al. on the basis of the ability of Cu–tmpa to catalyze
the H2O2 reduction.[10a] However, until now there has been no
direct evidence that a stepwise reaction takes place during
ORR. This study provides new insight into the oxygen
reduction reaction mediated by copper, and opens new
possibilities for the electrochemical synthesis of hydrogen
peroxide that are relevant to energy-conversion reactions,
since peroxide is an excellent candidate as a renewable fuel.
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Scheme 1. Proposed stepwise mechanism for the electrocatalytic ORR
by Cu–tmpa in neutral aqueous solution. For clarity, the tmpa ligand is
not depicted. PCET= proton-coupled electron transfer.
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Homogeneous Electrocatalysis

M. Langerman,
D. G. H. Hetterscheid* &&&&—&&&&

Fast Oxygen Reduction Catalyzed by
a Copper(II) Tris(2-pyridylmethyl)amine
Complex through a Stepwise Mechanism

Step by step : The mechanism of the
electrochemical reduction of dioxygen by
a mononuclear pyridylalkylamine copper
complex was investigated (see picture). It
was shown that in neutral aqueous
solution dioxygen undergoes stepwise
reduction, wherein hydrogen peroxide
plays a key role. The rate constants
determined for this electrocatalytic reac-
tion are among the highest reported for
molecular oxygen-reduction catalysts.
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