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Abstract 

O2 reduction was investigated using rotating disk electrode and voltammetry techniques on NPcG$l,2) impregnations deposited 
onto two kinds of carbon black support. They were selected on the basis of their similar pH and dibuthylphthalate (DBP) 
adsorption values. Samples were also characterized by IR and X-ray photoelectron spectroscopy techniques. An optimized thermal 
treatment yielded an improvement in the O2 reducibility and identical activities (with N = 3.8) on both supports. These 
spectroscopic methods revealed a bilayer structure and suggested the presence of two sorts of site (active and inactive) which 
differed in their attachment of the substrate via surface groups which were characterized. 

1. Introdllction 

Metal phthalocyanines (generally containing either 
cobalt or iron) have been suggested as electrocatalysts 
for the reduction of oxygen at a fuel cell cathode [l]. 
The direct four-electron electroduction of 0, in acid 
media has been achieved by a few electrocatalysts 
including a dimeric cofacial cobalt porphyrin 121, some 
related derivatives [3,41 and a dimeric iridium por- 
phyrin [5]. In the case of the cobalt naphthalocyanine 
isomeric mixture CoNPc(l,2) an overall number N of 
exchanged electrons equal to 3.55 has been obtained 
when deposited onto high DBP (dibuthylphthalate) 
adsorption carbon black (Degussa Printex XE2) [6]. 
Cobalt bicofacial porphyrins have been reported to 
yield a turnover of up to 400 mol/s- ’ and per site 
which can be compared with that of Pt of 0.4-5 
mol/s-l and per site [7]. In the case of cobalt phthalo- 
cyanines the four-electron reducibility of oxygen has 
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also been reported with a stacked structure bridged by 
cyanide ions [8]. This 0, reducibility turns out to be 
similar to those reported for dicobalt porphyrins linked 
via amide chains [9]. In the latter case the conforma- 
tion of the dimer is greatly affected by temperature 
[lo]. Characteristic spectral properties are observed 
with face-to-face stacking phthalocyanine dimers in 
which there is an interplanar r-rr interaction between 
two phthalocyanine rings (ref. 11 and references cited 
therein). 

Between PC and NPc it has been shown [12] that the 
differences due to r conjugated electron densities 
enhance a difference in reactivity towards 0, reduc- 
tion in acid media. Thus, the interaction between the 
planes in the NPc stacks can play an important role in 
the electrocatalytic properties. In the case of carbon 
black supports, the different amounts of o%ygen surface 
groups and their nature are extremely important in tl% 
fiiation of polar molecules [131. As impregnations, 
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CoNPc(l,2) molecules were considered on a defined with 4 cm-’ resolution after transmission in KBr. The 
carbon black support [6,14] and the effect of DBP following samples were examined after dissolution of 
adsorption was found to be crucial. 0.1 mg into 200 mg KBr (yielding an optimal sensitivity): 

The aim of this study was to investigate the role of 
surface groups in the electroactivity of CoNPc(l,2). 
Two carbon black supports were selected with high and 
close DBP values and identical pH. The rate of im- 
pregnation was chosen to give a bilayer structure [6]. 
The nature of the NPc-substrate bonding was exam- 
ined using X-ray photoelectron spectroscopy (XPS) 
and Fourier (XPS) transform IR (FTIR); techniques. 
In addition thermal treatments [151 were carried out 
since they have also been reported to be beneficial for 
electroactivity [6,14] in the case of NPcCo(l,2) impreg- 
nations. 

NPcCo(l,2) unsupported, 
BP2000, 
PXE2, 
BP2000 impregnations without thermal treatment, 
PXE2 impregnations without thermal treatment, 
BP2000 impregnations after thermal treatment, and 
PXE2 impregnations after thermal treatment. 

The thermal treatment conditions which were opti- 
mized as a function of the electrochemical activity on 
PXE2 impregnations are reported in ref. 6. 

2.3. XPS spectra 

2. Experimental 

2.1. Syntheses and characterizations 
Table 1 presents the main characteristics of the 

carbon black supports, Black Pearl 2000 (BP2000) and 
Printex XE, (PXE2), as provided by the manufacturers 
(respectively Cabot and Degussa). From this table it 
can be inferred that the two supports present about the 
same pH and close DBP adsorption values, but strong 
differences in the particle diameters and BET surfaces. 
On these supports the synthesis of CoNPc(l,2) impreg- 
nations (four isomer mixture) was performed by the 
reaction of DCN(1,2) and Co(AcAc), under the condi- 
tions defined in refs. 14 and 16. 

The XPS analyses were performed on an HP 5950 A 
spectrometer using monochromatized Al K&,2) radi- 
ation (hu = 1486.6 eV). For more details see ref. 17. 
The experiments were conducted on samples before 
and after they had been immersed for 10 days in 0.25 
M aerated sulphuric acid solutions in order to check 
their stability. 

2.4. Electrochemical experiments 

The rates of impregnation determined by atomic 
absorption are respectively 14.9% and 16.3% for the 
PXE2 and BP2000 supports. From ref. 6, these rates 
could provide bilayer catalyst coverage on the supports. 
However, further investigations are required in order 
to determine the relative positions with the support of 
the NPcCo molecules (inner and outer) which may 
influence the rate of 0, electroreduction [71. Using 
pyridine as a solvent, coloration is only visible for 
impregnated PXE2 samples. In this case UV-visible 
spectra are similar to those reported in ref. 14 for 

Since an almost four-electron pathway has been 
demonstrated on these types of electrodes 161, the 
electrode activities and stabilities were examined using 
a rotating disc electrode (RDE) and voltammetric 
equipment identical with those reported in ref. 17. The 
electrode preparation was also similar with gold lac- 
quer brushed in the hollowed cavity of the disc. A 
dynamic hydrogen electrode was used as reference. 
The electrode area A was 0.125 cm2. All the experi- 
ments were performed at room temperature (T = 22°C) 
in 0.25 M H,SO, media. 

3. Results and discussion 

3.1. Electrochemical results 

3.1.1. Rotating dkc electrode (I-E curves) 
unsupported CoNPc(l,2) powder. 

2.2. IR spectra 
IR characterizations by an absorption technique 

were carried out using a Nicolet 20 SXC apparatus 

TABLE 1. Carbon black characteristics 

BP2000 
PXE2 

Particle ABET/ 

diameter/nm m* g-’ 

15 147.5 
35 1000 

A~~~/ 

ml 100 g-’ 

330 
400 

PH 

8.6 
8.5 

Impregnations not thermally treated. I-E curves are 
represented in Fig. 1 and 2 at different rotation fre- 
quencies f. Linear E vs. log I/(1, - I) plots (where IL 
is the limiting current) are obtained in which IL is 
proportional to f . ‘I2 These curves are typical of trans- 
fer diffusion coupling in which the overall number N 
of exchanged electrons is respectively 3.65 and 3.40 for 
the impregnations on PXE2 and BP2000. At 64 rev s-l 
the current I, approaches the theoretical Levich cur- 
rent of approximately 1000 PA as calculated from ref. 
18. The value of the current close to the theoretical 
value shows that the distance between active sites is 
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Fig. 1. I-E curves at different rotation frequencies f, PXE2 impreg- 
nations (non-thermally treated): curve 1, 64 rev s-r; curve 2, 49 rev 
6-r; curve 3, 36 rev 6-l; curve 4, 25 rev s-t; curve 5, 16 rev 6-l; 
curve 6,9 rev s-‘; curve 7,0 rev s - l. These curves are corrected for 
the residual current under N,. 

small compared with the thickness of the diffusion 
layer. Over about two decades, the Tafel slopes are 
respectively 82 and 75 mV per decade for PXE2 and 
BP2QOO impregnations. From ref. 19, Tafel slopes close 
to 80 mV per decade would suggest a rate-determining 
step (rds) controlled by the concentration of catalyst on 
the support. 

Thermally treated impregnations. The optimal con- 
ditions of thermal treatment for obtaining the highest 
activities were determined in previous work [6]: 500°C 
for 2 h under a flow of nitrogen’ (R quality). Using the 
RDE technique, it is seen that I-E curves display 
identical activity for the two types of impregnation 
PXE2 and BP2000 (Figs. 3and 4). Transfer diffusion 
coupling is observed with a slight increase in N (N = 
3.8). An improvement in the electrochemical activity 
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Fig. 2. I-E curves, same as Fig. 1 but for BP2000 impregnations 
(non-thermally treated). 
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Fig. 3. Typical Z-E curves obtained on an RDE for thermally 
treated impregnations on PXE2, same labels as in Fig. 2. 

should be pointed out, which appears to be mainly due 
to modification of the Tafel slope (42 mV per decade 
over more than two decades) for both types of impreg- 
nation. This decrease in the Tafel slope implies a 
different reaction mechanism. In the case of a transfer 
reaction the rds can be obtained from eqn. (1) [20]: 

aN=N*/r~+fiN’ (1) 

where N is the overall number of electrons exchanged 
in the reaction (N = 4 as determined above), N * is the 
number of electrons transferred before the rds, (Y is 
the usual transfer coefficient ((u = 0.51, v is the stoi- 
chiometric number (v = 1 in the present case), p is the 
symmetry factor (/3 = 0.51, and N’ is the number of 
electrons exchanged in the rds. N* from eqn. (11 and 
the electrochemical data is equal to 1 and N’ = 2. One 
can therefore propose a reaction pathway similar to 
that described in ref. 6. 

The improvement in the electrochemical activity can 
be seen in the variation in El/’ (potential correspond- 
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Fig. 4. Typical I-E curves as in Fig. 3 for thermally treated impreg- 
nations on BP2000. 
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3600 

I 

Fig. 5. Typical voltammetric curves at different scanning velocities 
for both types of impregnation (thermally treated) under 0,: curve 1, 
10.8 mV s-t, curve 2, 5.4 mV s-t, curve 3, 3.6 mV s-l. 

ing to I = 1,/2). After the application of thermal treat- 
ment, El/’ varies from 714 mV/RHE to 762 
mV/RHE for BP2000 and from 726 mV/RHE to 764 
mV/RHE for PXE2. 

3.1.2. Voltanimetry 
Typical voltammetric curves under 0, and N, are 

depicted in Figs. 5 and 6 respectively. The scanning 
velocities were 10.8, 5.4 and 3.6 mV s-l for curves 1, 2 
and 3 respectively. Under 0, a peak due to an 0, 
adduct is clearly apparent which coincides with the 
domain of 0, reduction shown by the RDE tech- 
niques. Table 2 shows the positions of the peak maxi- 
mum at different velocities. From this table, a displace- 
ment of about ,20 mV of the peak maximum towards 
positive potentials, independent of the scanning veloc- 
ity, is apparent. This variation is characteristic of the 
formation of a more negatively charged compound. In 
addition it can be pointed out that at a given scanning 
velocity the peak surface area increases after thermal 
treatment. From these voltammetric curves it turns out 
that the thermal treatment induces the development of 
a more negatively charged 0, adduct. 

3.2. FTIR spectra 
IR absorption curves realized by transmission spec- 

tra on dilute samples in KBr are depicted in Figs. 
7(a)-7(g) respectively for CoNPc(l,2), BP2000, PXE2, 

TABLE 2. Peak maximum at different scanning velocities Y for 
different samples 

v/mV s-’ 

10.8 
5.4 
3.6 

Fpeak /mv (RHE) 
non-treated 

633 
681 
700 

Epeak /mVGUIE), 
thermally treated 

650 
700 
719 

TABLE 3. Relative intensities of carbon black peaks 

Peaks v/cm-’ 1580 1280 
BP2000 1.2 
BP2000 + CoNPc 2.24 (ratio 

> 

3.54 (ratio 
BP2000+ CoNPc treated 1.6 1.4) 2.66 > 1.33) 
PXE2 - 

PXE2 + CoNPc 0.97 0.74 
PXE2 + CoNPc treated 0.90 0.74 

the non-treated impregnations on BP2000 and PXE2, 
and the corresponding thermally treated impregna- 
tions. 

3.2.1. Initial carbon black supports 
In both cases one can observe two large absorption 

bands centered at 1580 and 1120 cm-‘. From ref. 21 
these bands can be associated with carboxylic groups, 
quinonic or aromatic ethers with a variable distribution 
from one type of support to the other. The relative 
intensities of the 1580 and 1220 cm-’ bands are differ- 
ent for.the two types of carbon black. Weaker intensity 
peaks are also visible between 1000 and 500 cm-‘. One 
can conclude that the two types of carbon black yield 
the same surface group configuration but in different 
proportions. 

Table 3 presents the relative intensities of the car- 
bon black peaks as determined from the baseline. 
From this table it can be inferred that the variation in 
the 1580 and 1200 cm-’ peaks lies within the same 
ratio after thermal treatment. Therefore one can con- 
clude that these peaks are relative to the same surface 
groups. 

For PXE2, one cannot detect any significant inten- 
sity variation after the application of thermal treat- 
ment. In contrast, for BP2000, the diminution in the 
surface group density can be correlated with the loss of 
oxygen, as determined from the carbon-to-oxygen ratio 
measured by XPS (see below Table 7). These surface 

3600 
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Fig. 6. Same as Fig. 5, under N, (same labels). 
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TABLE 4. Unsupported cONpc(l,2) spectrum 

Peak v/cm-’ 
710 and 729 
760 
868 
950 

1100 

Assignments 
aN (internal N) 
aromatic CH and @N (external N) 
Benzenic and pyrrole rings 
aN and BN (pyrrole rings) 
Naphthafene ring aN and /3N 

groups appear to be oxidized in CO, during the ther- 
mal treatment. 

3.2.2. CoNPc(l,2) unsupported 
From ref. 22, the CoNF’dl,2) peaks can be assigned 

according to the following mode (Table 4). 

TABLE 5. Effect of impregnation of NPdl,2) 

NPcc4w) NPccofl,2)/pxE2 Npcco(l,2)/BP2OOO 
unsupported 
peak position 
v/cm-’ 

710 

729 

761 

819 

868 
950 

1100 

Persists but 
decreases 
Persists but 
decreases 
Decreases by a 
factor of 25 
Decreases by a 
factor of 25 
Decreases 
Vanishes 
Persists 

Vanishes 

Vanishes 

Decreases by a 
factor of 40 
Decreases by a 
factor of 40 
Very weak 
Vanishes 
Vanishes 

24.06 I Y ~. , _.._._,~~. 
4030 &o G3 2&J zm *cm I& I& 9io uo 

(PI YM116r/.n- 

Fig. 7. FMR spectra (relative transxnittance vs. cm-‘): (a) CoNpc, fb) PB2oo0, (c) PXE?, (d) BP2OM impregnations non-themtally treated, (e) 
PXEZ, (f) BP2000 impregnations treated thermally, ei, PXE2 impregnations. 
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TABLE 6. As Table 5 but for thermally treated impregnations 

NPcCo(l,2) 
unsupported 
peak position 
v/cm-’ 

NPcCo(l,Z)/PXE2 NPcCo(1,2)/BP2000 

710 
729 
761 

819 

868 
950 

1100 

Vanishes Vanishes 
Vanishes Vanishes 
Decreases by a Decreases by a 
factor of 42 factor of 39 
Decreases by a Decreases by a 
factor of 42 factor of 39 
Decreases Very weak 
Decreases Vanishes 
Vanishes Vanishes 

3.2.3. Impregnation spectra 
Tables 5 and 6 show the variations in qualitative 

mode of the peaks of the CoNPc(l,2) unsupported 
spectrum. Tables 5 and 6 refer respectively to un- 
treated and thermally treated impregnations on the 
two types of carbon black. 

The persistence of a certain number of peaks, for 
example at 760 and 820 cm-‘, provides evidence of the 
conservation of catalyst on the carbon black supports 
(e.g. the NPc form). With the untreated PXE2 impreg- 
nations, the decrease in the intensities of some peaks 
and the disappearance of those peaks at 950 cm-’ 
stress the existence of binding with the support via the 
carboxylic surface groups and aN and PN. This inter- 
pretation leads to the assumption, in the case of BP2000 
before thermal treatment, that the a/? binding with the 
support is stronger than for PXE2. This conclusion is 
in agreement with the observation of the absence of 
dissolution in pyridine of CoNPc(l,2)/ BP2000 impreg- 
nations as mentioned above. After the thermal treat- 
ment on BP2000 impregnations, no appreciable addi- 
tional effect can be noticed from the IR spectra. With 
the PXE2 impregnations, strong bonding with the aN 
can be seen. The two carbon black supports behave 
similarly from their IR spectra after the thermal treat- 
ment. It should also be noticed that it is impossible 
from these IR measurements to detect any bonding 
related to the central ion since the energies involved lie 

in the range 200-100 cm-‘. Other techniques such as 
Raman or EXAFS are required. 

I 

3.3. XPS investigations 
The samples were examined before and after 10 

days in oxygenated 0.25 M H,SO, solution. It has been 
shown in previous papers [6,14] that by determining the 
atomic ratios using a method described in the litera- 
ture [23], it is possible to calculate the average number 
n of NPc layers present in the support vs. the rate of 
impregnation. The effect of the thermal treatment, 
from XI’S data reported in ref. 6, was to homogenize 
the distribution of the catalyst on its support. The 
atomic ratios for the investigated samples are compiled 
in Table 7. Values of 12 are calculated from eqn. (1) in 
ref. 14. From this table it can be inferred that the 
effect of thermal treatment is to produce n values 
close to 2. This effect is more pronounced for PXE2 
impregnations. 

The most salient feature concerns the decrease in 
the [N]/[Co] ratio after thermal treatment. In the case 
of PXE2 samples it approaches close to its theoretical 
value. From the model of ref. 14, the dispersion of 
CoNPc molecules should occur preferentially to 
H,NPc. This would give a special role to cobalt ions 
compared with H, in bonding with the substrate. An- 
other point which can be emphasized is the absence of 
differences in their activities in the Tafel region. These 
results show that not all the cobalt sites are equally 
active. 

For untreated samples BP2000 impregnations con- 
tain more oxygen (from the [O]/[N] ratio) than the 
corresponding PXE2, and the thermal treatment in- 
duces more significant oxygen losses in the case of 
BP2000. In contrast, in oxygenated solutions the 0, 
uptake is greater with BP2000 impregnations. Mixed 
valencies II and III of cobalt are displayed. The ther- 
mal treatment oxidizes partially Con into Co”’ for the 
PXE2 case. As no dissolution is observed in pyridine 
after this treatment, XPS data relative to cobalt valen- 
ties suggest a special role of surface oxygen groups in 
bonding with cobalt. 

TABLE 7. Atomic ratios of the investigated samples 

CoNPcO,Z) BP2000 BP2000 BP2000 BP2000 PXE2 PXE2 PXB2 PXE2 
samples 

El/N 
Dl/N 
N/KQI 
n 

untreated thermally untreated treated untreated thermally untreated treated 
thermally treated +H,SO, +H,SO, thermally treated +H,SO, + HaSO, 

66 69 67 69 55 68 66 73 
2.5 1.6 2.4 2.3 1.4 1.1 1.7 2 

19-30 14 16 25? 12.2 10 12 9.7 
2.2 2.1 2.2-2.1 2.1 2.5 2.2-2.1 2.2 2 
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3.4. Proposed active structure 
On both types of carbon black, from IR techniques 

one can see the existence of carboxylic or quinonic 
groups which ,persist after CoNPc(l,2) impregnations 
and thermal treatment. The bonding with the catalyst 
occurs mainly through aN and /3N, the binding with 
crN being stronger in BP2000 than in PXE2. This 
difference in binding does not produce any significant 
differences in the electrochemical activities. The fact 
that, from XPS data, not all the cobalt sites seem to 
play an identical role is an indication of privileged 
positions of the CoNPc molecules on the substrate 
which would involve fixation via the cobalt ions. In 
order to show the structural characteristics of the ac- 
tive sites developed by the thermal treatment, Table 8 
summarizes the main conclusions drawn above from 
the electrochemical, IR, and XPS techniques. The in- 
crease in electronic delocalization corresponding to a 
higher active site density is worth noting. 

From ref. 11, the P-T interaction between two 
phthalocyanine rings is enhanced after a decrease in 
interplanar distance. The existence of a critical dis- 
tance in the case of bicofacial porphyrins for 0, re- 
ducibility has been pointed out [9,10]. 

In accordance with the above conclusions, two types 
of cobalt site, inactive (A) and active (B), can be 
proposed, see Fig. 8. The inactive site consists of two 
layers of CJoNPc(l,2) bonded to the substrate via the 
(YN and PN. The Con valency is predominant. The 
interplanar distance does not permit optimal bonding 
of the 0, molecule between the two Co sites. In the 
active site configuration, bonding to the substrate via 
the cobalt ion allows fixation of the 0, molecule 

TABLE 8. Characteristics of the active sites developed by thermal 
treatment 

From Tafel slope variation 
increase in their density 

From voltammetty 
redox potential of the 0s adduct is shifted anodically by 20 mV. 
development of the peak due to the 0, adduct reduction 

From both RDE and voitammetry 
reaction mechanism is in accord with the bridged model between 

tW0 

CO sites as given in ref. 6 
From IR 

persistence of the NPcCo(l,Z) form 
increased electronic delocalixation 
bonding to the substrate via aN and /3N 

From XPS 
n=2 
bonding via the Co central ion likely 
partial oxidation of Co” into Co”’ 

Absence of dissolution in pyridine (strong bonding with the support) 

(0) (b) 
Fig. 8. (a) Inactive Co site configuration; (b) active Co site configura- 
tion. 

between the two superposed CoNPc(l,2) molecules as 
the outer layer is more mobile. In addition the Co-Co 
critical distance reported in ref. 10 fits the NPc molec- 
ular thickness [6]. The Co-O&o bond appears to be 
relatively strong and the decrease in interplanar dis- 
tance favours electron delocalization in the molecular 
rings [ll] and electrochemical transfer due to electron 
uptake by the active site. 

4. Conclusions 

In this paper, it has been shown that CoNPc(l,2) 
impregnations with about the same rate, on carbon 
black supports with the same pH and similar DBP 
adsorption values yield identical electrochemical activi- 
ties after the same optimized thermal treatment. BET 
and particle diameter do not play a central role. The 
effect of this thermal treatment is to improve the 
electrode activities in the Tafel region with an overall 
number of exchanged electrons reaching 3.8. 

From an electrochemical viewpoint these results can 
be connected with a 20 mV displacement towards 
positive values of redox potential given by an 0, adduct. 
FTIR analysis reveals the existence of the CoNPc(l,2) 
form on the supports and the role of the carboxylic or 
quinonic surface groups common to the two carbon 
black supports. They bind NPcCo(l,2) via cuN and BN. 
The main effect of the thermal treatment is an en- 
hancement of the number of conjugated electrons in 
the rings which could be correlated with a decrease in 
the distance between two cofacial rings. 

From XPS data, the formation of a CoNPc(l,2) 
bilayer structure seems to be realized, but not all the 
cobalt sites play an identical role in the electrochemi- 
cal activity. The thermal treatment effect appears to 
oxidize partially Co” into Co”’ and in addition to bind 
Co”’ ions to the support. 

Two kinds of cobalt site, active and inactive, can be 
seen. The structure of the active site appears to be 
close to those presented in the literature for cobalt 
bicofacial porphyrins on smooth graphite supports and 
face-to-face stacked phthalocyanine dimers. 
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