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Abstract

Composite electrocatalysts for molecular @duction in alkaline solution with higher activity than a pyrolyzed mixture
of cobalt tetramethoxy-phenylphorphyi@oTMPP + carbon black were synthesized by pyrolyzing a mixture of CoGO
TMPP + carbon black in an inert atmosphere. Maximum activation was observed a€80&ither Cg@0O4 + TMPP nor
CoCQ; + TMPP, both mixed with carbon black after pyrolysis, showed better activity than pyrolyzed CofuiaRon
black at 900 C, which points to the presence of carbon as a crucial factor during pyrolysis. Various Co/TMPP mole ratio and
CoCGs/carbon weight ratio were tested. Maximum activity was observed with 1/1 mole ratio and 5% weight ratio, respectively.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction In pyrolyzed metal macrocycles, the molecular
structure of the catalyst is destroyed during the heat
Molecular oxygen reduction in gas diffusion elec- treatment so that the metal complex is in fact only a
trodes attracts considerable interest primarily becauseprecursor of the actual active materfall,12] It is
of its impact on various energy-related fields, such thus appealing to try to reproduce these electrocata-
as fuel cells[1,2] and metal-air batterief3,4]. As lysts starting with different precursors of lower cost
an electrocatalyst for this reaction, platinum has tra- and easier availability, and to disclose the reasons
ditionally been employeds5,6] but, due to its high  for their activity so as to be able to improve their
cost, less expensive potential alternatives are being ac-performance.
tively searched for. Among these, carbon-supported In a previous work[13], we have shown that if
pyrolyzed metal macrocycles exhibit very good activ- cobalt tetramethoxy-phenylphorphyrin (CoTMPP) is
ity [7-9] and stability and are currently employed in pyrolyzed at 900C with carbon black a very ac-
mechanically recharged metal-air batteries for electri- tive electrocatalyst results for Oreduction in gas
cal traction[10]. diffusion electrodes. Analysis of the composition of
the pyrolyzed material showed that some;Og was
e present. For this reason, the activity of {0a syn-
* Corresponding author. Tel39-02-503-14223; thesized from different precursors was investigated.
fax: 4+39-02-503-14224. )
E-mail address: sergio.trasatti@unimi.it (S. Trasatti). Co304 from CoCQ-impregnated carbon black was
1 Present address: IML, Novara, Italy. found to be the most active catalyst. Nevertheless, its
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activity was lower than that of pyrolyzed CoTMPP.
Reasons for trying to replace the latter catalyst are
two-fold: (i) its precursor is expensive and trouble-
some to synthesize; (ii) the new synthetic route might
lead to more active catalysts. In addition, since the
origin of the activity of pyrolyzed CoTMPP is not un-
derstood in detail, a study to improve its performance
can also throw light onto the factors responsible for
its electrocatalytic properties.

Literature works report that the metal needs not be
incorporated in the macrocycle before pyrolysis to ob-
tain an active electrocatalysts. Thus, pyrolysis can be
applied to a mixture of a metal salt and a macrocycle
separately. Research work in this direction has been
reported by Gupta et gl14] and Bouwkamp-Wijnoltz
et al.[15].

Since Ca04 was found among the components of
the residue of pyrolyzed CoTMPP, a first step was
made in this work by producing G®, by thermal
decomposition of CoC¢) then pyrolyzing a mixture
of Coz04 + TMPP. Next step was to pyrolyze a mix-
ture of CoCQ + TMPP. In both cases, carbon was
added after pyrolysis and mixed mechanically. A third
step was to pyrolyze a mixture of CoG& TMPP+
carbon. The essential purpose of this work was
to investigate a number of experimental variables
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2. CoCQ, pyrolysis, mixture with TMPP, pyrolysis
mixture with carbon. CoC®was pyrolyzed in air
3h at 250°C + 3 h at 400°C. Mixed with TMPP,
the product was further pyrolyzed in air at 200,
400, 600, 800C for 1 h. Ten weight percent of the
resulting materiat- 90 wt. % carbon, mechanically
mixed.

CoCQ + TMPP, pyrolysis, mixture with carbon.
Ratio 10:1 between TMPP and Co. Pyrolysis at
200, 400, 600, 808C in air for 1 h. Ten weight per-
cent of resulting electrocataly$t90 wt.% carbon,
mechanically mixed. CfD,4 obtained from CoC@

at the same temperatures and mixed with carbon
mechanically, was also prepared for the sake of
comparison.

Precursor of Co (carbonate or nitrate)TMPP

+ carbon, pyrolysis at 400, 700, 800, 90D in

N2. Amount of Co precursor: 5-10 wt.%. Molecu-
lar percent of TMPP with respect to Co: 0.5-1.0.
Mixed by impregnation.

3.

4,

2.3. Procedure of mixing

(a) Mechanical mixture: The components of the pow-
der were first mixed in an agate mortar, then ul-
trasonicated in aqueous suspension.

such as temperature and atmosphere of pyrolysis, as(b) Impregnation: 0.1 moldnT3 Co precursor solu-

well as the mole ratio between the various compo-
nents.

2. Experimental
2.1. Chemicals

TMPP and CoC@ were purchased from Aldrich.
Carbon black (Shawinigan Black AB50, Chevron Co.)
was treated at 90T in N, before use.

2.2. Electrocatalysts

Four different preparation routes were tested:

1. CoTMPP+ carbon, pyrolysis. Ten weight percent
CoTMPP was mixed either mechanically or by im-
pregnation with carbon, then pyrolyzed in Kor
1h at 400, 700, 800, 90@ (‘reference’ electro-
catalyst).

tion was first mixed with the required amount of
TMPP, then slowly with carbon. After 1h, the
temperature was raised to 809} The powder
resulting from the evaporation of the solvent was
crushed in an agate mortar, then pyrolyzed as re-
quired.

2.4. Preparation of electrodes

The powders prepared as described above were sus-
pended in a mixture of purified water Nafion and
deposited on a Ni support in the form of a 10 nym
10 mmx 0.2 mm platelet up to a loading of ca. 1.2 mg.
The deposited material was cured at°80for 1 h.

2.5. Solution

Electrodes were characterized and tested inoN
O, saturated 1 mol dm® KOH aqueous solutions pre-
pared volumetrically with Millipore MilliQ water and
Aldrich ACS grade KOH.
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2.6. Reference electrode 3.1. Pyrolyzed CoTMPP + C
Potentials were measured and are reported against It constitutes the electrode material to be improved
a saturated calomel electrode (SCE). or reproduced. Therefore, results related to this sys-
tem are reported first as a reference. The composi-
2.7. Techniques tion corresponds to that actually used in mechanically

rechargeable Zn-air batteri§g0].

Electrodes were characterized by means of cyclic  Fig. 1shows steady-state current densjjy-oten-
voltammetry at 20 mV's! in the potential range-0.5 tial (E) curves for various temperature of pyrolysis. An
to 0.3V (SCE) in the presence and in the absence €electrode prepared using the ‘reference’ electrocata-
of bubbling G@. They were also tested by means of lyst (900°C) is also included. Electrodes in the range
steady-state potentiostatic curves betwedéhl and 700-900°C exhibit almost the same activity, although

0.4V (SCE) in Q saturated KOH solution. with slight increase as the temperature is increased.
The method of mixing does not appear to produce sig-
2.8. Instrumentation nificant effects.

An interesting aspect requiring further specific
Model 273A EG&G Potentiostat—galvanostat con- Studies is the apparent high activity of the electrode
trolled by a PC. pyrolyzed at 400C. Reasons for that have not been
investigated in detail because of the poor stability
of such material. Higher temperatures of pyrolysis

3. Results and discussion appear to stabilize electrocatalysts.

Since static electrodes were used, activity is subject 3.2. Pyrolyzed TMPP + Co0304
to mass transfer limitations at high reaction rate (cur-
rentdensities). Thus, the analysis is confinedtothelow Fig. 2 shows, in a semilogarithmi&— diagram
overpotential region. However, it is precisely in this (Tafel plot), that this material is systematically less ac-
region that comparison between different electrocata- tive than pyrolyzed CoTMPP, the activity decreasing
lysts is most significant since the electrode behavior with increasing temperature of pyrolysis. The effect
depends more on the intrinsic activity of the catalyst. of temperature is probably related to the decreasing
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Fig. 1. Current—potential curves of pyrolyzed CoTMRPI0wt.% carbon (mechanical mixture) for,@eduction in 1 moldm® KOH
solution. Temperature of calcination: (1) 400; (2) 700; (3) 800; (4)°@0(5) ‘reference’ electrocatalyst.
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Fig. 2. Current—potential curves of pyrolyzed {0n (preformed)

+ TMPP (1/1) mechanically mixed with carbon. Temperature of
pyrolysis: (1) 200; (2) 400; (3) 600; (4) 80C; (5) ‘reference’
electrocatalyst (cfFig. 1).

surface area of G4 with increasing crystallization
and sintering. These results suggest thai@odoes
not increase its activity in the presence of TMPP,
which indicates that under similar conditions Co- and
N-containing molecular moieties do not interact to
produce synergetic effects.

3.3. Pyrolyzed CoCO3 + TMPP
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activity at 200°C is puzzling since at this tempera-
ture the macrocycle is probably not pyrolyzed. Thus,
the apparent activity may be also related to competing
parallel processes.

The view is corroborated by the results obtained
with pyrolyzed CoCQ@ only. Fig. 4 shows that
the voltammetric charge (obtained by integration
of voltammetric curves in the absence ob,Ccf.
Section 2 of pyrolyzed CoCQ increases with de-
creasing temperature as observed elsewhere by one
of us [16], while the presence of TMPP keeps the
voltammetric charge almost constant with the calcina-
tion temperature. Nevertheless, the apparent activity
is much higher at 200C for the samples with TMPP
than for that with only CoC@ Thus, between 400 and
800°C surface area effects related to the decreasing
crystallite size of CgO, are presumably operating,
while att < 400°C, the situation is probably com-
plicated by side effects related to incomplete thermal
decomposition of the precursors, especially TMPP.

Fig. 5 summarizes the results for the systems dis-
cussed above. It is evident that, apart from 200
where problems of decomposition probably exist, the
difference between the various methods of electrocat-
alyst preparation is not significant at the other tem-
peratures. This suggests that while3Og is itself

Fig. 3shows that the simultaneous decomposition of active[13], the interaction between Co and N moieties
the Co precursor and the macrocycle does not produceis not the primary source of electrocatalytic activity.
active electrocatalysts. Again the activity decreases The simultaneous presence of carbon during pyrolysis
with increasing temperature of calcination. The higher seems to be essential.
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Fig. 3. Current—potential curves of pyrolyzed CoSOTMPP (1/1) mechanically mixed with carbon. Temperature of pyrolysis: (1) 200;

(2) 400; (3) 600; (4) 800C; (5) ‘reference’ electrocatalyst.
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Fig. 4. (a) Voltammetric charge against pyrolysis temperature. (1) Ga@Qarbon); (2) CoC@-+ TMPP ( carbon). (b) Current for ©
reduction at constant potential against pyrolysis temperature. (1) €§¢€@arbon); (2) CoC@+ TMPP (+ carbon).
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Fig. 5. Current for @ reduction atE = —0.3 V(SCE) against calcination temperature. (1308 (2) Cos04+ TMPP; (3) CoCQ+ TMPP.
(---) ‘reference’ electrocatalyst.



718
1200 -
800 -
§ 400 /
< _——3
E o
400 | E_W/
-800 T T T T T T T T T !
-0.6 -0.4 -0.2 0 0.2 0.4
E /V (SCE)

Fig. 6. Cyclic voltammetry at 20mV$ in deaerated 1 mol dn¥
KOH solution. CoCQ@+TMPP pyrolyzed at (1) 400C; (2) 800°C;
(3) ‘reference’ electrocatalyst.

3.4. Pyrolyzed CoCO3 + TMPP + carbon

The simultaneous pyrolysis of the three components
produces a dramatic increment in the activity of the re-
sulting electrocatalyst. At the same time, the CV curve
changes shape drastically. Rig. 6shows, the voltam-
metric charge increases with respect to the ‘reference’
electrocatalyst. In particular, a cathodic and an anodic
peak appear whose height increases up to°80
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develops inFig. 6. Thus, the cathodic peak might be
due to a surface redox transition responsible for the
activity in Oy reduction[17]. The anodic peak is pre-
sumably related to reoxidation of the surface active
sites. Apparently this surface redox couple develops
optimally at 800°C.

Fig. 7shows steady-state polarization curves far O
reduction. It is evident that the simultaneous decom-
position of the separate precursors enhances the ac-
tivity of the catalyst at all calcination temperatures.
Experiments at different temperatures have shown that
the activity goes through a maximum at 8@) in
parallel with the surface charge. If the activity ratio
is compared with the charge ratio with respect to the
‘reference’ electrocatalyst, the enhancement of the ac-
tivity can be associated with an increase in the surface
concentration of active sites.

While inFig. 7, the curves move horizontally, which
might indicate (although not necessarily) that the na-
ture of the active sites is the same, the situation dif-
fers from that inFig. 3where a change in Tafel slope
is visible, i.e. a change in mechanism, which under-
stands a different nature of the active sites. Therefore,
the presence of carbon might be responsible for a par-
tial reduction of CgQO4, which makes some interac-

decrease again at higher temperatures. CV curves intion between Co ions and nitrogen moieties possible.

the presence of £shows that @ reduction takes place

Experiments with a different CoCQo carbon ratio

in the same potential range where the cathodic peak showed that increasing the content of the Co precursor
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Fig. 7. Current—potential curves in,Gaturated 1 moldm? KOH solution. CoCQ@ + TMPP pyrolyzed at: (1) 400C; (2) 800°C; (3)

‘reference’ electrocatalyst.
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from 5 to 10 wt.% decreases the activity of the elec- with a significantly lower improvement restricted to
trode. Also, a change from a 1:1 mole ratio between 800°C, mixtures with TMPRPCoCQ; = 0.5 mol.%.
Co and TMPP to 4:3 and 2:1 decreases the activity, It is interesting that in all cases of mixtures of pre-
although the voltammetric charge is either compara- cursors, 800C appears to be an optimal calcination
ble or higher. This indicates that the Co sites, which temperature.
are not bonded to nitrogen moieties, contribute to the
voltammetric charge but not to the activity. It is in-
teresting that in any case the activity goes through a
maximum at 800C.

If CoCOgs is replaced by Co(N§)2, which is a more This work has shown that pyrolyzed CoTMRP
popular precursor for G®, formation, higher activity ~ carbon can be replaced with pyrolyzed Cof®
is observed at 400C, but lower at 600C. At higher ~ TMPP+carbon. The replacement results in an appre-
temperatures, no residue is left by the pyrolysis. Rea- ciable increase in activity for a calcination temperature
sons are clear: the decomposition of the nitrate pro- of 800°C in inert atmosphere. These results confirm
duces an oxidant atmosphere due to nitrogen oxides, Previous observations suggesting that the structure of

4, Conclusions

so that carbon is burned to CO and £i©the decom- the metal macrocycle is not the factor responsible for

position temperature is too high. the electrocatalytic activity of the resulting material
[11,12] The origin of the activity is the simultane-

3.5. Global picture ous presence of metal precursor, active carbon and

a source of nitrogen. This has long been known in
the case of electrocatalysts for, @eduction in acid

Experiments showed the repeatability of the picture
P P y P media[14,15] The results reported in this work refer

illustrated above beyond any doubts. In particular, the ] ¥ X X
level of activity of electrocatalysts based on pyrolyzed [Or the first time to alkaline solutions. Further work
CoTMPP was confirmed in two different laboratories Will P€ required to optimize both the metal precursor
[10,13] and the source of nitrogen.

A global picture of the situation is shown kg. 8,
where the current density at constant potential is plot- Acknowledgements
ted against the calcination temperature for the vari-
ous mixtures of precursors. It is evident that only the
equimolar mixtures of TMPR- CoCGQ; (+ carbon)
show improved activity with respect to the ‘reference’
catalyst, with a maximum around 800. Next, but
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