Open Access Article. Published on 30 September 2016. Downloaded on 12/5/2025 12:13:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

COMMUNICATION

CrossMark
& click for updates

Cite this: Dalton Trans., 2016, 45,
16157

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

Oxygen reduction reaction catalyzed by nickel
complexes based on thiophosphorylated
calix[4]resorcinols and immobilized in the

membrane electrode assembly of fuel cellst

Received 20th July 2016,
Accepted 20th September 2016

DOI: 10.1039/c6dt02881k
O. G. Sinyashin?

www.rsc.org/dalton

The catalytic activity of the nickel complexes of thiophosphory-
lated calix[4]resorcinols for oxygen reduction in a polymer electro-
lyte membrane fuel cell (PEMFC) has been studied. The confor-
mation of the macrocyclic ligand determines the morphology and
catalytic properties of the resulting organometallic species.

Fuel cells are electrochemical devices that convert the chemi-
cal energy in fuels into the electrical energy directly, promising
power generation with high efficiency and low environmental
impact. However, the use of platinum-based PEMFC electro-
catalysts remains a major issue for commercial introduction
due to the scarcity of platinum and price pressures due to the
increasing demand.' Moreover, overpotentials as large as
several hundred mV, which result from poor oxygen-reduction
reaction (ORR) kinetics on carbon-supported Pt catalysts, limit
the rate of energy conversion in PEMFCs.” The energy associ-
ated with this voltage loss is converted to heat, which has to be
removed through a complex heat management.* A crucial
target is to improve the ORR catalyst at the cathodic end of
hydrogen- and direct methanol-based fuel cells.’

The ORR is the foundation of biological aerobic energy
generation. Efficient and rapid reduction of oxygen is carried
out without the use or with the partial use of noble metals in
nature by cytochrome ¢ oxidase enzymes to power the cellular
proton pump during the final stage of respiration.” Recently a
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series of papers connected with the use of the biomimetic
properties of organometallic complexes in the ORR for
fuel cell (FC) membrane electrode assembly (MEA) have been
published.®

Calix[4]arene derivatives have been used in catalytic reac-
tions over the last four decades because they tend to be highly
stable towards hydrolysis, a factor which makes them highly
useful as catalysts.” The chemistry of heteroatom-containing,
in particular, phosphorus-containing, macrocyclic compounds
including calixarenes has undergone rapid development; this
is primarily related to the search for new and effective ligands
for various applications in science and engineering.®® It was
reported® that calix[4]resorcinols with four 2-thioxo-1,3,2-dioxa-
phosphorinane fragments included in aromatic substituents
have been synthesized via a one-step condensation of resorcinol
and its derivatives with a new para-thiophosphorylated
benzaldehyde. It has been found that the diastereomeric ratio
depends substantially on the reaction conditions, in particular
the solvents and catalysts used. The macrocyclic products
obtained are rctt- (Fig. 1a) and/or rccc-isomers (Fig. 1b), which
were isolated and the structures determined by NMR and
single crystal X-ray diffraction studies. It has been found that
the diastereomeric ratio depends substantially on the reaction
conditions, in particular the solvents and catalysts used. The
main feature of these compounds is that a metal can be
loosely tethered at an entrance to a receptor cavity, thereby
favouring interactions between properly oriented, coordinated
substrates and the inner part of the hollow molecule.'® The
presence of additional coordination centers in the macro-
molecules represented by four P=S fragments with a hydrolyti-
cally stable tetracoordinate phosphorus atom enhances the
complexation ability with various metal ions and extends the
practical use of these compounds. We have designed mem-
brane electrode assemblies with the Ni"" complexes of thiophos-
phorylated calix[4]resorcinols as molecular catalysts separately
for the anode and cathode, and for both the anode and
cathode sides simultaneously, and then tested them in H,/O,
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Fig. 1 Thiophosphorylated calix[4]resorcinols in (a) cone (1) and (b)
chair (2) conformations. AFM images of 1 (c) and 2 (e) on HOPG, inset:
cross section along a black line. Particles lateral size distribution corres-
ponding to 1 (d) and 2 (f). (g) Schematic representation of nickel ion
coordination of a flat-square Ni—-S, coordination node formed in the Ni
complex of calix[4]resorcinol in the chair conformation. An atomic force
microscope MultiMode V has been used to reveal the morphology of
the particles. The 250-350 kHz cantilevers (Veeco, USA) with silicone
tips (tip curvature radius is 10-12 nm) have been used in all measure-
ments. The microscopy images were obtained with 512 x 512 resolution.
The scanning rate was 1 Hz.

fuel cells. Below we discuss these original results together with
the results of other independent methods.

Some of us have improved'" the method of Pt and Pd lattice
production on the graphite surface. This method allows con-
trolling the morphological characteristics of synthesized noble
metal nanolattices. These characteristics directly depend on
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the morphological characteristics of the original hemi- and
pre-cylindrical micellar templates. AFM proved to be very infor-
mative and is widely used to study the morphology of both
micellar self-associated templates and metal clusters. MEAs
with the noble metal nanolattices as the catalytic surface on
both anode and cathode sides in a H,/O, fuel cell have been
designed and satisfactory diagnostic curves have been
obtained.

In order to find out which particles form organometallic
catalysts immobilized on a carbon substrate, we deposited
them on an atomically smooth surface of pyrolytic graphite.
Nickel complexes of thiophosphorylated calix[4]resorcinol 1 or
2 were prepared in situ by mixing salts of nickel Ni(BF,), with
a ligand of cone or chair conformation, respectively, in the
ratio of metal:ligand = 1: 1 in DMF. The formation of par-
ticles (Fig. 1c) with an average lateral size of 220 nm (Fig. 1d)
is typical of compound 1 with a cone conformation ligand.
And particles (Fig. 1e) with a lateral size of 90 nm (Fig. 1f) are
typical of compounds with two chair conformation ligands.
The nickel ion in thiophosphorylated calix[4]resorcinol 1 is
most probably coordinated near four sulfur atoms at the lower
hydrophobic rim within one macromolecule. By means of
these hydrophobic lower parts the complexes immobilize on a
hydrophobic carbon substrate. The adjacent complexes
immobilized in this way have been fastened on the upper
hydrophilic surface of the complexes lying there with the
hydrophilic upper rim down with a certain shift relative to the
underlying complex. Complexes of the next layer also lie with
some shifts relative to the neighbors on the underlying upper
surface of the second layer with the hydrophobic rim down.
Thus relatively large molecular aggregates of the polymer with
vertical sizes of 10-18 nm are formed (Fig. 1c, inset). This
corresponds to about 10-15 layers of the complex with the
ligands in cone conformation. So a direct connection with the
electrically conductive carbon substrate provides a relatively
small amount of complex fragments and also the approach of
oxygen molecules to the metal ion near the carbon substrate
can be difficult. And perhaps this is one of the reasons why
the nickel complex of the compound 1 does not function as a
satisfactory oxygen reduction catalyst on the cathode side of
the fuel cell, as shown in entry 1 of Table 1, demonstrating low
currents and power densities with such a catalyst immobilized
on the MEA. As can be seen in entry 3 of Table 1, the immobil-
ization in MEA complex 2 with chair conformation of thiopho-
sphorylated calix[4]resorcinols shows a power density of more
than 5 times greater for the ORR in the fuel cell at the
cathode. The chair conformation of the thiophosphorylated
calix[4]resorcinols suggests that the metal ion can be co-
ordinated in a complex by two sulfur atoms of the first thio-
phosphorylated calix[4]resorcinol and by two sulfur atoms of
the second thiophosphorylated calix[4]resorcinol (Fig. 1h)
forming flat-square coordinating node Ni-S,, which is parallel
and close to the carbon substrate surface. Metal : ligand ratio =
1:1 supposes the coordination of other metal ions by other
substituents in the trans position of thiophosphorylated
calix[4]resorcinol already involved in the coordination of the
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Table 1 Performance of the fuel cell with electrodes composed
of immobilized catalyst 1 or 2 on carbon black and carbon black-
supported Pt?

Maximum Maximum
Anode  Cathode current density power density
Entry catalyst catalyst OCV (V) [mAcm™?] [mW ecm™?]
1 bt 1 0.470 12.8 0.726
2 1 bt — — —
3 bt 2 0.538 48.4 3.924
4 2 bt 0.052 0.136 0.002
5 Pt Pt 1 1280 324

“ Operating conditions: T = 80 °C, flow rate of water-saturated H, gas =
20 mL min~?, flow rate of water-saturated O, gas = 20 mL min~",
humidity 100%, active area of MEA = 1 c¢m’, proton-conducting
polymer electrolyte: Nafion®212, carbon black: Cabot Corporation
Vulcan XC-72, gas diffusion layer: Sigracet® 25CC.

first Ni ion. The nickel complexes of compound 2 are more
uniformly distributed over the surface of the carbon substrate
forming smaller aggregates, whose height is 4-6 nm according
to the inset in Fig. 1e. The latter implies a possible arrange-
ment of these complexes in two or three layers, where the
shortest distance between the nearest nickel ions is about
4 nm. Such a large distance does not allow the capture of the
oxygen molecule by two nickel ions of the immobilized com-
plexes, which is a necessary condition for the four-electron
reduction of oxygen with the formation of water molecules."

Fig. 2a shows the diagnostic curves at 80 °C for the H,-O,
fuel cell with the cathode of the organometallic catalyst 2 and
the Pt anode. The diagnostic characteristics of FC with the
cathode of the organometallic catalyst 2 (entry 3 of the
Table 1) are significantly better than the characteristics of FC
with the cathode of the organometallic catalyst 1 (entry 1 of
Table 1).

To find out other possible causes of such a significant
difference in the catalytic abilities of the two isomeric forms of
the organometallic catalyst the method of stationary electron
spin resonance (ESR) was used. ESR proved to be a very pro-
ductive method that can be applied in the direct registration of
decomposition products in perfluorosulphonated mem-
branes,"’ investigation of the micelles of classical surfactants
in bulk solutions,"* amphiphilic calix{4]arenes,”> and simul-
taneous studies of paramagnetic intermediates by electro-
chemistry and ESR.'® The ESR spin probe method'” and com-
bination of the AFM and ESR methods allowed the study of
the nature of surfactant surface aggregates more closely.'® The
experiments on the electrochemical reduction of the Ni com-
plexes of compounds 1 and 2 in DMF at a platinum working
electrode (reference electrode: Ag/AgNO;) in a combined
electrochemistry-ESR cell directly in the ESR X-band spectro-
meter cavity have been performed. Some differences in sample
behavior have been revealed. Through reduction of the
complex of 2 to a potential of —2.5 V no signal appears. In the
case of the complex of 1 at the potential of —1.5 V a very inten-
sive and wide ESR spectrum appears (Fig. 2b). Its magnetic-
resonance parameters are: g = 2.19, AH,, = 680 Gauss. A very
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Fig. 2 (a) Polarization and power density curves at 80 °C for the H,—O,

fuel cell with the cathode of the organometallic catalyst 2 and the Pt
anode (entry 3 in Table 1). The catalytic ink was prepared according to
the following formulation: 0.5 mg of organometallic catalyst and 5 mg
of Vulcan XC-72 were added to 375 mL of isopropyl alcohol (IPA). The
ink was first sonicated for 15 min then 46 pL of 5 wt% Nafion® solution
(Aldrich) was added to the ink and sonicated again. The E-TEK (Pt»0/C)
catalytic ink was prepared according to the almost similar procedure:
20 mg of E-TEK were added to 8.4 mL of IPA, then the ink was sonicated
for 15 min, and then 163 pL of 5 wt% Nafion® solution were added to
the ink and sonicated again. The obtained inks were deposited on the
carbon paper gas diffusion layer (GDL) Sigracet® 25CC. MEA was
obtained by hot-pressing GDLs on either side of a Nafion® 212 mem-
brane at 80 °C with a load of about 200 lbs for 10 minutes. (b) The EPR
spectrum of 1 at a potential of —1.5 V in DMF vs. Ag/AgNOs. (c) Current—
potential curves for the O, reduction at rotating modified by the catalyst
2 glassy carbon disk electrode in 0.5 M H,SO, saturated with O,. Pt
counter electrode, Ag/AgNOs reference electrode, scan rate = 50 mV s,
disk area = 0.0314 cm?. To produce a modified adsorbed layer catalyst
20 pl of the ink is applied to the horizontal surface of a glassy
carbon disk and dried at room temperature for at least 10 minutes.
(d) Koutecky—Levich plot of the inverse of the rotating disk current
measured at 0 V vs. Ag/AgNOs as a function of the square root of the
inverse of the rotation rate. The fitted line yields 2.1 electrons. The para-
meters for the Koutecky—Levich plot including the diffusion constant of
O,, concentration of O, in O,-saturated aqueous solution, and kinetic
viscosity of the solution were taken from ref. 12.

large integrated intensity of the spectrum cannot be explained
by the formation of paramagnetic particles in the solution.
Indeed, the working electrode surface has changed its color to
black. The same electrode continued to give a similar spec-
trum in the absence of the solution, indicating the formation
of the paramagnetic film. It is known from the literature'® that
Ni(0) gives the spectrum, which corresponds to all of the
acquired parameters. So it can be concluded that the film con-
tains Ni(0) formed on the electrode. Thus, in the case of the Ni
complex of compound 1 at the FC operating potentials, at least
part of the nickel ions are reduced to the metal dropping out
of the catalytic process. Let’s return to Table 1, namely, to its
entries 2 and 4, which show that complexes 1 and 2 immobi-
lized in MEA hardly act as a hydrogen oxidation catalyst,
having zero or near-zero current, voltage and power at the
output of the corresponding FC, although some of us have
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recently found that the homogeneous nickel complexes of the
thiophosphorylated calix[4]resorcinols showed high catalytic
activity for hydrogen evolution from acidic solutions and stabi-
lity in the electro-assisted catalysis at the surface of both glassy
carbon and Hg-pool electrodes.® The possible reason for this
contradiction, in our opinion, is the blocking of the active
sites of the hydrogen oxidation in the molecular catalysts
immobilized in MEA.

To study the ORR mechanism the voltammograms of the
O, reduction at the rotating glassy carbon disk electrode modi-
fied by the catalyst 2 in 0.5 M H,SO, aqueous solution satu-
rated with O, have been acquired (Fig. 2c). A fitted Koutecky-
Levich line (Fig. 2d) of the inverse of the rotating disk current
measured at 0 V versus Ag/AgNO; as a function of the square
root of the inverse of the rotation rate yields 2.1 electrons.

Earlier we have already mentioned the work'*> which deals
with a Cu' complex of 3-ethynyl-phenanthroline covalently
immobilized onto an azide-modified glassy carbon surface.
The rate of O, reduction is second-order, suggesting that two
Cu' species are necessary for the efficient 4-e reduction of O,.
It has been proposed that a binding event occurs between two
proximal Cu centers and a single O, molecule to form a Cu,O,
intermediate species. A second O,-reduction pathway is due to
site-isolated mononuclear Cu complexes, {Cu'}, which reduce
0O, by two electrons and two protons to H,O, at more negative
potentials. By analogy, it is logical to assume the presence of
site-isolated mononuclear Ni complexes, {Ni"} (Fig. 1h), where
the nickel ion captures an oxygen molecule. The modified
glassy carbon or organometallic fuel cell cathode reduces it by
two electrons and two protons to H,O, according to Fig. 3 and

eqn (1)-(3).

{Ni"} + 0, — {Ni"O,} (1)
{Ni"0,} + e — {Ni"0, } (2)
{Ni"0, "} +2H' + e — {Ni"} + H,0, (3)

Fig. 3 Schematic

representation of the
reduction by the immobilized molecular catalyst of the thiophosphory-
lated calix[4]resorcinol in the chair conformation.

reaction of the oxygen
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Since the number of electrons transported in the ORR was
found to be 2.1, this reaction is 95% and goes through the
two-electron mechanism with the formation of hydrogen
peroxide.

So the catalyst for FC with the use of a perspective class of
supramolecular compounds such as calix[4]resorcinols has
been first built. The specific role in the catalysis of the stereo-
isomers of the nickel complexes of thiophosphorylated calix[4]
resorcinols in both chair and cone configurations has been
shown. The choice of other metal ions (Co", Fe'), variations of
substituents at both the upper and lower rims of calix[4]resor-
cinols and types of conformational isomers could be a power-
ful tool in the development of effective molecular calixarene
catalysts not only for ORR, but also for hydrogen or other fuels
oxidation.
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