RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 8 RSC Advances

VS.

CNTs-TAmPyCu

graphical abstract
75x50mm (300 x 300 DPI)



RSC Advances Page 2 of 8

Journal Name RSC

Copper Complex Covalently Grafted on Carbon
Nanotubes and Reduced Graphene Oxide Promotes
Oxygen Reduction Reaction Activity and Catalyst
Stability

Cite this: DOI: 10.1039/X0XX00000X

Received ooth January 2012,
Accepted ooth January 2012

Ru-Chun Wang, ¢ Tian-Liang Yin, “ Ping-Jie Wei, ¢ and Jin-Gang Liu® "

DOI: 10.1039/X0XX00000X

Developing new non-precious-metal catalysts for oxygen reduction reaction (ORR) is verv
important to the final substitution of a platinum-based noble metal catalyst for large-sca.c
commercialization of fuel cells. Herein, we report two new composites CNTs-TAmPyCu ar ©
rGO-TAmPyCu as ORR celectrocatalysts, where a triazole-pyridine coordinated copper complex
TAmPyCu was covalently grafted onto multi-walled carbon nanotubes (CNTs) and reduced
graphene oxide (rGO), respectively. Covalent immobilization of a copper complex on CNTs or
rGO remarkably improves the catalyst ORR activity and stability compared with that of the
physisorbed counterparts. Furthermore, the rGO-TAmPyCu composite significantly enhanced the
selectivity of 4e” versus 2e reduction of O, relative to the CNTs-TAmPyCu catalyst, suggesting
the beneficial effect of the flat rGO as supporting material for copper complexes. The OR™
activity of the rGO-TAmPyCu catalyst was also compared with a reported multi-nuclear copper
assembly. The results from this study suggest that creating more proximal dinuclear Cu sites on
supporting is an effective approach to promote the oxygen 4e  reduction process, and a
multinuclear Cu assembly is crucial for efficient O, reduction with impressively lowered
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overpotential.

Introduction

The oxygen reduction reaction (ORR) is a very important
process, not only in various biochemical transformations, but
also in energy conversion systems such as fuel cells and air-
batteries.!"*! The sluggish nature of ORR kinetics at the cathode
is one of the key barriers for hydrogen—oxygen fuel cells. The
noble metal Pt is now predominantly used as an ORR catalyst
in fuel cells. However, its mass application is limited by high
costs and scarce reserves.**! Moreover, the Pt catalyst suffers
from issues of stability, susceptibility towards CO poisoning,
and apparent methanol crossover effects. As a potential
replacement for Pt, non-precious-metal catalysts (NPMCs) have
attracted considerable research attention in recent years. Several
types of NPMCs have been investigated, including transition
metal macrocyclic compounds, carbon-supported transition
metal complexes of nitrogen-containing ligands (M-N/C;
normally, M = Fe or Co), chalcogenides, biological enzymes,
and bio-inspired compounds.[** Among the NPMCs studied,
M-N/C catalysts have been investigated most intensively.
Traditionally, these have been prepared by pyrolysis with
carbon, a nitrogen-containing precursor, and metal salt at high
temperatures. Two recent nice examples of M-N/C catalysts
have demonstrated their possible competence in performing as
a state-of-the-art Pt/C catalyst.” ' Nevertheless, the pyrolysis
treatment destroyed the original chemical structures of the
precursors. As a result, the ORR active sites and the related
catalytic mechanism remain elusive, which makes it difficult to
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tailor the structure and surface properties of the catalysts.[''l It
remains a great challenge to replace Pt-based catalysts with
NPMCs while maintaining comparable performance in practic~’
applications.

Copper ions are involved in various bio-transformations, and
copper-containing enzymes such as laccase catalyze the four-
electron reduction of O, to H,O very efficiently with almost nc
overpotential (20 mV).®'? Because of their biological
relevance, various copper-based -catalysts and their ORR
activities have been investigated electrochemically.!'® Copper
macrocycles such as porphyrins and phthalocyanines have
exhibited both limited activity towards ORR and poor stability.
Copper complexes with amino-alkyl ligands have demonstrated
ORR activity with relatively negative onset potentials in neutral
solutions.!'"” Copper complexes with 1, 10-phenanthroline and
its derivatives have shown good ORR activity, and it has been
suggested that the electroreduction of O, proceeds via a
binuclear [Cu,O,] intermediate.>'® A triazole copper
compound [Cu(Hdatrz)] supported on carbon black was fou °
to be one of the most efficient synthetic copper electrocatalysts
for the ORR with an onset potential of 0.86 V (vs. RHE) at pH
13.1") Despite its good ORR activity, this copper cataly .
showed very poor long-term stability in basic solutions.*” The
aforementioned Cu ORR catalysts, prepared without pyrolysis
treatment, have the advantage that their ORR activity is tunab!
through tailoring the structure of the coordinated ligancs.
However, this kind of catalyst suffers from very low stability,
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partly due to poor electron transfer from the support to the
catalyst.

The covalent immobilization of ORR catalysts on supporting
materials might benefit from the facile electron transfer
between the catalyst and the support, as well as holding the
catalyst tightly without detaching. We recently developed a bio-
inspired ORR catalyst in which a biomimetic heme model
compound was covalently grafted onto the support of carbon
nanotubes (CNTs), which showed both superior ORR activity
and stability to that of commercial Pt/C catalysts.*') A multi-
nuclear copper assembly, a mimic of the active site of laccase,
was also immobilized on the surface of reduced graphene oxide
(rGO) via the covalent grafted triazole-dipyridine dinucleating
ligand. The bio-inspired copper catalyst exhibits high ORR
activity, and superior long-term stability to commercial Pt/C
catalyst in alkaline media.”? In this work, a triazole-pyridine
coordinated copper complex (TAmPyCu) was covalently
grafted onto multi-walled CNTs and rGO, producing composite
of CNTs-TAmPyCu and rGO-TAmPyCu as new ORR catalysts,
respectively (Fig. 1). The purpose of this study is to investigate
the effect of different supporting materials (rGO vs. CNTs), and
different immobilization methods (physisorbebd vs. covalent
grafting) of the catalysts on the corresponding ORR
performance.

Figure 1 Schematic representation of the rGO/CNTs-TAmPyCu
composites.

Experimental
Chemicals.

All reagents were purchased commercially and used without further
purification unless otherwise noted. GO was obtained by harsh
oxidation of the graphite powder according to the modified
Hummers method.?* MWCNTs (length 50 pm, OD 8-15 nm, ID
3-5 nm) were obtained from Chengdu Organic Chemical Co. Ltd,
Chinese Academy of Sciences. 4-((triisopropylsilyl)ethynyl)
benzene-diazonium tetrafluoroborate,”™  2-(azidomethyl)pyridine,
1261 2_((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)pyridine (TAmPy) and
TAmPyCu " were prepared according to the literature.

Synthesis of the CNTs-TAmPyCu Catalyst.

The aryl-alkyne-modified MWCNTSs were prepared by reacting 4-
((triisopropylsilyl)ethynyl)  benzene-diazonium tetrafluoroborate
with purified MWCNTSs as previously described.*"! Aryl-alkyne-
modified CNTs (30 mg) were dispersed in 30 mL of DMF by
sonication for 2 h. Tetrabutylammonium fluoride (1.0 M in THF, 0.2
mL, 0.2 mmol) was added to the solution at 0 °C under an N,
atmosphere and the solution stirred for 4 h at room temperature.
Then, CuSO,4-5H,0 (12.0 mg, 0.048 mmol), sodium ascorbate (50
mg, 0.24 mmol), and 2-(azidomethyl)pyridine (150 mg, 0.81 mmol)
were added to the solution and the mixture stirred at 50 °C for 48 h
under an N, atmosphere. The resulting product (CNTs-TAmPy) was
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collected by filtration and then washed thoroughly with DMF (3x%),
50 mmol/L EDTA solution (3x), and ethanol (3x).

The CNTs-TAmPyCu catalyst was prepared by mixing CNTs-
TAmPy (20.0 mg) and CuCl, (40.0 mg) in 10.0 mL of methanol ar.”
10.0 mL of ultrapure water. The solution was stirred at room
temperature for 24 h and filtered. The resultant composite was
washed using deionized water (3x) and methanol (3%) and then dried
under vacuum overnight.

The control sample {CNTs+TAmPyCu} was prepared by
mixing MWCNTs (10 mg) with TAmPyCu (1.0 mg) in
CH;CN, and the suspension solution was stirred for 16 h at
room temperature. The {CNTs+TAmPyCu} was obtained by
centrifugation and dried under vacuum.

Synthesis of the rGO-TAmPyCu Catalyst.

The purified GO (40 mg) and 4-((triisopropylsilyl)ethynyl)
benzene-diazonium tetrafluoroborate (200 mg, 0.73 mmol)
were dispersed in 40 mL of deionized water under magnetic
stirring, and hydrazine hydrate (80%, 1.0 mL, ~16 mmol) was
then added. The solution was stirred at 80 °C overnight. Aft~~
cooling to room temperature, the solution was centrifuged, ana
the resultant sediment was washed with deionized water (3
and methanol (CH;0H, 3x) under sonication and then replaced
by DMF. The resulting Phenyl-alkyne-modified rGO was then
dispersed in 40 mL of DMF by sonication.
Tetrabutylammonium fluoride (1.0 M in THF, 0.1 mL, 0.1
mmol) was added to the solution at 0 ‘C under N, atmosphere.
and the solution was warmed up to room temperature and
further stirred for 3 h. Then CuSO,4-5H,0 (6.0 mg, 0.024 mmo. ),
sodium ascorbate (25 mg, 0.12 mmol), and 2-methy]
azidopyridine (83 mg, 0.62 mmol) were added to the solution,
and the mixture was stirred at 50 ‘C for 36 h under N,
atmosphere. The resulting product (rGO-TAmPy) was collected
by centrifugation and then thoroughly washed with DMF (3x).
50 mmol/L EDTA solution (3%), deionized water (3x) and
methanol (3x%).

In order to improve the dispersity of the as-prepared rGO-
TAmPy, TiO, nanoparticles (5.0 mg) was mixed with rGO-
TAmPy (10.0 mg) in 20 mL of methanol with sonication,
which CuCl, (20 mg) was then added. The solution was stirred
at room temperature for 24 h and centrifuged. The prepared
rGO-TAmPyCu composite was thoroughly washed by
deionized water (3%), methanol (3x), and then dried under
vacuum.

The control sample {rGO+TAmPyCu} was prepared by
mixing rGO (10 mg) with TAmPyCu (1.0 mg) in CH;CN, and
the suspension solution was stirred for 16 h at room
temperature. The {rGO+TAmPyCu} was obtained by
centrifugation and dried under vacuum.

Catalyst Characterization.

The morphology of CNTs-TAmPyCu/rGO-TAmPyCu was
examined using TEM (JEOL JEM-2011) operating at 100 kV.
XPS data were collected on a Thermo Escalab 250 Xto
instrument with a monochromatic Al Ko X-ray source (hv =
1486.6 eV). All binding energies were referenced to the Cls
peak (284.6 eV) arising from adventitious carbon. Ram..
spectra were collected on a confocal microscopy Raman
spectrometer (Renishaw, RM-1000) with a laser excitation
wavelength of 532 nm. FTIR spectra were recorded on a
Shimadzu Fourier transform infrared spectrometer (IRPrestig -
21).

This journal is © The Royal Society of Chemistry 20 2
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Electrochemical Experiment.

The catalyst ink was prepared as follows. The catalyst (10.0 mg)
were mixed in a glass vial with a 5 wt% dispersion solution of
Nafion (50 pL, Aldrich) and isopropanol (450 pL). The ink was
sonicated in a bath sonicator for 2 h. The catalyst ink (10 puL) was
applied to the surface of a glassy carbon disk (0.196 cm?), and the
solvent evaporated at room temperature under air to produce a
uniform film with a catalyst loading of about 1.0 mg cm >
Commercial 20 wt% Pt/C on Vulcan XC72R carbon (Johnson
Matthey) was used as the reference catalyst.

A rotating ring-disk electrode (RRDE) (Pine Instruments)
with a 5.0-mm-diameter glassy carbon disk and Pt ring
(geometric area 0.110 cm ?) was used to evaluate the catalyst
performance on a CH Instrument Model 760D potentiostat in a
standard three-electrode cell. To avoid any potential
contamination of the catalyst by Pt, a graphite rod was used as
the counter electrode. A Hg/HgO electrode was used as the
reference electrode in a 0.1 M KOH electrolyte. All cyclic
voltammetry (CV) and RRDE tests were performed at room
temperature with a scan rate of 10 mVs ', The electrolyte was
bubbled with O, for 30 min prior to each experiment, and O,
purging was maintained over the electrolyte during the
electrochemical measurements. A 20-s potential hold at the
open cell potential preceded every polarization experiment.

Results and Discussion

Synthesis and characterization of the CNTs-TAmPyCu and
rGO-TAmPyCu catalysts

The TAmPy-grafted CNTs/rGO were prepared in two steps
following a similar method as previously reported.?" A
protected aryl-alkyne monolayer was first grafted onto the
CNTs/rGO by reacting with triisopropylsilyl (TIPS)-protected
ethynyl aryldiazonium. During the process of alkyne
functionalization, the GO was reduced by the presented
hydrazine at the same time, thus affording the aryl-alkyne
modified rGO. Then, de-protecting the TIPS group in situ
afforded a grafted reactive ethynyl aryl, which further reacted
with 2-(azidomethyl)pyridine through a typical “click”
chemistry reaction to produce the triazole-pyridine grafted
CNTs/rGO.

The TAmPy functionalized CNTs (CNTs-TAmPy) were
characterized by various spectroscopic methods. The FTIR
spectrum of CNTs-TAmPy displayed new signals at 1096,
1154, 1210, 1443, and 1580 cm ' compared with the pristine
MWCNTs (Figure 2A), among which the signals at 1096 and
1443 cm ' were assignable to stretching vibrations of the
triazole ring;®'"***! the remaining additional peaks were
attributable to vibrations of the pyridine ring. The Raman
spectrum of CNTs-TAmPy displayed D and G bands at 1343
and 1584 cm™', respectively. The D/G band intensity ratio for
CNTs-TAmPy (Ip/lg = 1.18) was higher than that of the pristine
MWCNTs (Ip/ Ig = 1.07, Figure 2B), suggesting additional
defects were formed on the surface of the MWCNTs after
covalent modification with the TAmPy ligand. This observation
agrees well with previously reported covalent-grafted CNTs.?"
21 The XPS survey spectrum of CNTs-TAmPy revealed the
successful incorporation of nitrogen atoms onto the CNTs with
a nitrogen content of 4.58 at% (Figure 2C). The XP Nj;
spectrum showed a broad nitrogen signal that is deconvoluted
into three peaks with binding energies (BEs) of 398.2, 400.0,
and 401.1 eV (Figure 2D). The N, peak at 398.2 eV was
assignable to the nitrogen atom of the pyridine group F% and
the peaks at 400.0 and 401.1 eV were attributed to the nitrogen

This journal is © The Royal Society of Chemistry 2012

atoms of the triazole ring.?'?®! Consequently, all the

spectroscopic characterization results indicated that a triazole-
pyridine functional group was successfully grafted onto the
surface of MWCNTs.
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Figure 3 (A) TEM image of CNTs-TAmPyCu. (B) XPS survey spectrum of CNTs-

TAmPyCu. (C) High resolution XP Cu2P spectrum of CNTs-TAmPyCu. (D) High
resolution XP N1s spectrum of CNTs-TAmPyCu.

Coordination of copper ions with the triazole-pyridine-
functionalized CNTs produced the CNTs-TAmPyCu catalyst. The
morphology of the CNTs-TAmPyCu was examined usi g
transmission electron microscopy (TEM, Figure 3A), which reveale
that it maintained the morphology of the individual nanotubes ar '
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had a length of about 2.0 um. The XPS survey spectrum of the
CNTs-TAmPyCu showed signatures of carbon, nitrogen, oxygen,
chlorine, and copper (Figure 3B). The copper content was
determined to be 0.94 at% by XPS analysis. The Cu,, core level XP
spectrum displayed peaks at 931.3 and 951.2 eV, which were
assigned to the BE values of Cuy,s/, and Cuy,ip, respectively (Figure
3C).B"34 Broad Cu(l) satellite peaks at 940947 and 960-967 eV
were also presented. The Nj; XP spectrum of the CNTs-TAmPyCu
showed a broad nitrogen signal that was deconvoluted into three
peaks with BE at 399.4, 400.3, and 401.5 eV (Figure 3D). After Cu
incorporation, the binding energies assignable to the pyridine-N
(399.4 ¢V) and the triazole-N (400.3, 401.5 ¢V) with the CNTs-
TAmPyCu catalyst displayed up-shifts relative to those of the un-
coordinated CNTs-TAmPy (pyridine-N: 398.2 eV triazole-N: 400.0,
401.1 eV). This suggests the coordination of the triazole-pyrdine
TAmPy ligand with Cu ions. The N-to-Cu ratio of about 4 indicates
the overall covalent-attached TAmPy ligands most probably
coordinate with Cu ions in a 1:1 ratio, as suggested in Figure 1.

Compared to GO, the FTIR spectra of rGO-TAmPy shows
additional signals at 1409 and 1096 cm™' which were assignable
to stretching vibrations of a triazole ring (Figure 4A).[! 2% 28
The Raman spectrum of rGO-TAmPy displayed D and G bands
at 1347 and 1589 cm ', respectively. The D/G band intensity
ratio for rtGO-TAmPy (Ip/Ig = 1.19) was higher than that of GO
(In/Ig = 0.97, Figure 4B), which indicates that more defects
were created on the surface of the GO after covalent grafting.[**
¥ The XPS survey spectrum of rGO-TAmPy showed
signatures of carbon, nitrogen, and oxygen (Figure 4C). The
Nl1s XP spectral of rtGO-TAmPy showed a broad nitrogen
signal that can be deconvoluted into three components with
binding energies of 399.2 eV, 400.3 eV and 401.3 eV (Figure
4D). The N1s peaks at 399.2 eV is assigned to the pyridine-N,
another two peaks are attributed to the triazole-N. The nitrogen
content is measured to be 4.47 at%. Thus, all the spectroscopic
evidence suggested the successful grafting of a TAmPy ligand
on rGO.

Coordination of copper ions with the triazole-pyridine-
functionalized rGO produced the rGO-TAmPyCu catalyst. The
TEM image of rGO-TAmPyCu revealed the lamellar
morphology, where the TiO, nanoparticles that used for
preventing re-stacking of rGO were scatter on the graphene
surface (Figure 5A). The XPS survey spectrum of rGO-
TAmPyCu showed signatures of carbon, nitrogen, oxygen,
chlorine, titanium, and copper (Figure 5B), and the copper
content was determined to be 0.95 at%. The Cu2p core-level
XP spectrum displayed two major peaks at 930-937 eV and
950-956 eV (Figure 5C), similar to that observed with the
CNTs-TAmPyCu catalyst. The N1s XP spectrum of the rGO-
TAmPyCu showed a broad nitrogen signal that can be
deconvoluted into three components with binding energies of
399.3 eV, 400.5 eV and 401.6 eV (Figure 5D), which showed
up-shifts compared to that of the rGO-TAmPy.

ORR Electrocatalytic Activity

Cyclic voltammetry (CV) performed with the CNTs-
TAmPyCu-modified GC electrode in an O,-saturated 0.10 M
KOH solution revealed that the CNTs-TAmPyCu catalyst was
electrochemically active toward O, with a well-defined
reduction wave at a formal potential of ca. —0.20 V vs. Hg/HgO
(Figure 6A). However, the simple mixture {CNTs+TAmPyCu}
(—0.23 V, Figure S1) and pristine CNTs (—0.30 V, Figure S2)
showed negative shifts of potential for O, reduction compared
with the CNTs-TAmPyCu catalyst. The cyclic voltammogram
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of the rGO-TAmPyCu catalyst showed O, reduction wave at
the same potential as that of CNTs-TAmPyCu (Figure 7A).
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Figure 4 (A) FTIR spectra of GO, and rGO-TAmPy. (B) Raman spectra of
GO (black), and rGO-TADPy (red). Excitation = 532 nm. (C) XPS survey
spectrum of rGO-TAmPy. (D) High resolution XP Nls spectrum of rGO-
TAmPy.
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Figure 5 (A) TEM image of rGO-TAmPyCu (B) XPS survey spectrum of
rGO-TAmPyCu. (C) High resolution XP Cu2P spectrum of rGO-TAmPyCu.
(D) High resolution XP N1s spectrum of tGO-TAmPyCu.

A rotating-disk electrode was employed to investigate the
ORR pathway for the catalysts in 0.1 M KOH solution at roor
temperature. Figure 6B displays the ORR polarization curv 's
with CNTs-TAmPyCu, {CNTs+TAmPyCu} (a simple mixturc
of pristine CNTs and the TAmPyCu complex), and pristir -

This journal is © The Royal Society of Chemistry 20 2
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CNTs catalysts. The half-wave potential (E£;,) was usually
taken for estimating the electrocatalytic activity of catalysts in a
mixed kinetic/diffusion region. The E;, value of CNTs-
TAmPyCu was —0.21 V, which was much higher than that of
the {CNTs+TAmPyCu} (-0.29 V) and CNTs (—0.30 V)
catalysts. While for the graphene grafted rGO-TAmPyCu
catalyst, it demonstrated the same ORR half-wave potential as
the CNTs-TAmPyCu catalyst (£, = —0.21 V, Figure 6B), and
the E, value is more positive than that of the physisorbed
{rGO+TAmPyCu} (£, = —0.29 V, Table 1, Figure S4).
Moreover, both of the covalently grafted catalysts showed a
significant increase of limiting current density relative to the
pristine CNTs and 1rGO, respectively. Under similar
experimental conditions, the £, value of about -0.10 V was
obtained for the Pt/C catalyst (Figure 7B). Consequently, these
results clearly verified that covalent immobilization of copper
complex on the surface of CNTs/rGO significantly reduces the
ORR overpotential compared to their physisorbed counterparts.

Rotating-disk voltammograms of the CNTs-TAmPyCu/rGO-
TAmPyCu catalysts at different rotation rates are shown in Figure
6C and 7C, and its rotation-rate-dependent current—potential curves
are depicted in Figure 6D and 7D, respectively. Koutecky—Levich
plots at various potentials exhibited good linearity. The electron
transfer number (n) was calculated to be around 3.50 for the CNTs-
TAmPyCu catalyst in the potential range from —0.35 to —0.60 V by
the slopes of the Koutecky—Levich plots.®® It is worth to note that
under similar experimental conditions, the value of electron transfer
number was calculated as high as 3.82 for the graphene grafted rGO-
TAmPyCu catalyst, suggesting a close 4e” oxygen reduction process.

The RRDE was further employed to compare the ORR
electrocatalytic activity of different samples. The partially 2e
reduced product hydroperoxide (HO,) can be detected from the ring
electrode. Figure 6 E and 7E depicted the results of peroxide
generated by different samples, respectively. It is evidently shown
that the yields of peroxide generated from the covalently grafted
catalysts CNTs-TAmPyCu/rGO-TAmPyCu were remarkably lower
than that of their physisorbed counterparts (Table 1), suggesting the
grafted catalyst has a higher selectivity of 4e” versus 2e” reduction of
O,. This could be explained by the fact that the covalently arranged
two proximal Cu sites on the surface of supporting, where O, bridges
two Cu sites as suggested previously,!" ' might promote more
efficient O, reduction than that of the physisorbed discrete single Cu
site.

It is noteworthy that the rtGO-TAmPyCu catalyst generated much
less amount of peroxide (~ 9%) compared to that of the CNTs-
TAmPyCu catalyst (~ 19%). Under similar grafted Cu density that
was analysed by XPS analysis, the rGO-TAmPyCu and CNTs-
TAmPyCu catalysts showed almost the same ORR half-wave and
onset potentials, while the rGO-TAmPyCu catalyst significantly
enhances the selectivity of 4e” reduction of O, relative to the CNTs-
TAmPyCu catalyst. This phenomenon may reflect the effect of
different catalyst supporting. It is anticipated that for the same
surface distance, the spatial distance between two neighbor Cu sites
on the planar rGO is much shorter than that on the tubular CNTs.
Thus, the graphene grafted catalyst rGO-TAmPyCu may produce
more formal adjacently arranged Cu sites than that of the CNTs
grafted CNTs-TAmPyCu catalyst, which might contribute to the
enhanced 4e reduction process. It is interesting to note that a
graphene covalently grafted multinuclear Cu assembly, rGO-
TADPyCu,*? displayed much more positive ORR half-wave and
onset potentials than the rGO-TAmPyCu catalyst (Table 1). These
results clearly indicate that proximal dinuclear Cu sites significantly

This journal is © The Royal Society of Chemistry 2012

promote the oxygen 4e” reduction process, and a multinuclear Cu
assembly further effectively lowers the ORR overpotential.

Table 1 ORR activity of the catalysts *
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Catalyst "Eons ‘Ein H,0,% “ n’
{CNTs+TAmPyCu}  -0.076 -0.29 42% 3.18
CNTs-TAmPyCu -0.045 -0.21 19% 3.50
{rGO+TAmPyCu} -0.071 -0.29 47% 3.20
rGO-TAmPyCu -0.044 -0.21 9% 3.82
rGO-TADPyCu ® -0.019 -0.185 8% 3.85.

“ Electrochemical evaluation was performed in a 0.1 M KOH solution.
Catalyst loading: 1.0 mg/cm™. Potential was reported in V vs. Hg/HgO. * The
Eonset 1s defined as the potential where the current deviates from that of the
background under Ar atmosphere. ¢ The E), was obtained from the LSV
under 1600 rpm. ¢ The value was taken at potential of -0.35 V vs. Hg/HgO. ¢
A multinuclear assembly on rGO from ref. 22.
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Figure 6 (A) Cyclic voltammograms of CNTs-TAmPyCu in 0.1 M KOH
solution saturated with Ar (black line) and O, (red line), respectively. (B)
LSV curves of CNTs (black), {CNTs+TamPyCu} (blue), and CNTs-
TAmPyCu (red) in O,-saturated 0.1 M KOH solution at 1600 rpm. (C;
Rotating-disk voltammograms of CNTs-TAmPyCu in O,-saturated 0.1 M
KOH solution at the different rotation rates indicated. The dotted line
indicates the background when scanned in Ar-saturated solution. (- °
Koutecky—Levich plots of CNTs-TAmPyCu derived from RDE
measurements at different potentials. Theoretical 2e” and 4e” reduction
processes are shown as dotted lines. (E) Peroxide yield for CNTs (black).
{CNTs+TamPyCu} (blue), and CNTs-TAmPyCu (red) -catalysts. (F)
Current-time (i—f) chronoamperometric response of CNTs-TAmPyCu (red),
and {CNTs+TamPyCu} (black) modified GC electrode at —0.4 V in an O,-
saturated 0.1 M KOH solution.

The stability of the catalysts was tested Dby
chronoamperometric measurements, and the results are shown
in Figure 6F and 7F, respectively. The covalently grafted
CNTs-TAmPyCu/rGO-TAmPyCu catalysts maintained above
85% of its initial current after 25 h, while the physisorbed
counterparts retained less than 70% of the initial current. These
results signified that the CNTs-TAmPyCu/rGO-TAmPyCu
catalysts have improved stability over the physisorbed
composites {CNTs/rGO+TamPyCu}, and also better than tuc
Pt/C catalyst (Figure 7F) in 0.1 M KOH solution. The enhanced
catalyst stability might benefit from both their relatively high
selectivity of 4e” versus the 2e” reduction of dioxygen and t
covalent grafting of the catalyst onto the surface of the
supporting materials. A methanol crossover test on the CNTs-
TAmMPyCu/rGO-TAmPyCu catalysts was also performed. As ",
usual for other non-precious-metal catalysts, both cataly: s
demonstrated good tolerance to the methanol crossover effect.
It showed a stable amperometric response after the addition 1
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2.0 M methanol, which is better than that of commercial Pt/C
catalysts (Figure S5, S6).
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Figure 7 (A) Cyclic voltammograms of rGO-TAmPyCu in 0.1 M KOH
solution saturated with O, (black line) and Ar (red line), respectively.
(B) LSV curves of rGO (dotted black), {rGO+TamPyCu} (blue), rGO-
TAmPyCu (red) and 20% Pt/C (black) in O,-saturated 0.1 M KOH
solution at 1600 rpm. (C) Rotating-disk voltammograms of rGO-
TAmPyCu in O,-saturated 0.1 M KOH solution at the different rotation
rates indicated. The dotted line indicates the background when scanned
in Ar-saturated solution. (D) Koutecky—Levich plots of rtGO-TAmPyCu
derived from RDE measurements at different potentials. Theoretical 2e’
and 4e reduction processes are shown as dotted lines. (E) Peroxide
yield for rGO (black), {rGO+TamPyCu} (blue), and rGO-TAmPyCu
(red) catalysts. (F) Current-time (i—¢) chronoamperometric response of
rGO-TAmPyCu (red), {rGO+TamPyCu} (blue) and Pt/C (black)
modified GC electrode at —0.4 V in an O,-saturated 0.1 M KOH
solution.

Conclusions

In summary, a triazole-pyridine ligand (TAmPy) was covalent
grafted onto the surface of MWCNTs and rGO, respectively.
Coordination of copper ions afforded new Cu-complex-based
ORR catalysts with relative high ORR activity and stability.
Covalent immobilization of the copper complex on these
carbon based supporting materials endowed the corresponding
CNTs-TAmPyCu and rGO-TamPyCu catalysts with much
higher ORR activity and improved stability than that of their
physisorbed counterparts. The experimental results also
revealed the effect of different catalyst supporting on the ORR
activity of the Cu catalysts. Copper complex covalently
immobilized on flat rGO demonstrated much higher selectivity
of 4e¢” reduction of O, than that on the tubular CNTs. The
experimental results suggest that proximal dinuclear Cu sites on
supporting material effectively promote the oxygen 4e
reduction process, and a multinuclear Cu assembly further
impressively lowers the ORR overpotential. This study offers a
non-pyrolyzed approach for covalent immobilization of non-
precious-metal ORR catalysts on carbon-based materials
(CNTs/rGO) with high ORR activity while their chemical
structures are well defined. This will make it possible to tune
ORR activity further through ligand design.
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