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Abstract

Previously cast ABPBI membranes were sulfonated by doping with sulfuric acid followed by heat treatment@fd58 min in air.
Sulfonation degrees between 35 and 49% of the benzimidazole rings were achieved. The resulting SABPBI membranes were impregnated
with phosphoric acid (5PO, 85%/H,0, 70:30 bath). For concentrated phosphoric acid baths (above 65%), the capacity of these membranes
for phosphoric acid uptake (and consequently also their conductivity) increased with the degree of sulfonation. Sulfonated and acid doped
SABPBI membranes were characterized in terms of degree of sulfonation, thermal stability (TGA), X-ray diffraction, FTIR spectroscopy
and proton conductivity in the dry state, and compared with phosphoric acid impregnated ABPBI studied earlier. The maximum conductivity
measured in dry conditions wass3x 102 S cni? at 185°C for SABPBI4.6H;PO, (with a degree of sulfonation of 41%) which compares
favorably with non-sulfonated ABPBI and makes feasible their application in PEM Fuel Cells working at temperatures of 160—200
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction In recent years, polybenzimidazole (PBI) membranes im-
pregnated with phosphoric acid have attracted the attention
Current polymer electrolyte membrane fuel cells of many research groups. PBI, the only commercially avail-
(PEMFC) technology is based on perfulorosulfonated ma- able polybenzimidazole, is a basic polymer that when soaked
terials, most frequently Nafih These membranes have in phosphoric acid solutions absorbs up to 75% of acid in the
two main limitations. First of all there is their high cost membrane, yielding the so called phosphoric acid “doped”
that make difficult future PEMFC commercialization. But polybenzimidazolg1-13]). Phosphoric acid doped PBI is
in addition, Nafiof? and other sulfonated membranes work less expensive than NafiBnis impermeable to the gases and
as electrolytes within a relatively narrow temperature range, methanol, does not require humidification in PEMFC appli-
in all cases below 100C and require proper humidifica- cation, and its working temperature reaches almost' 200
tion to keep proton conduction high enough for PEMFC allowing the use of K containing 3% CO in volume with a
applications. Yet, below 15@C CO impurities commonly  very small power los§9]. Acid doped PBI has been studied
present in H from reforming result in the poisoning of in PEMFC using many fuel typg$,9,14—-23]
the Pt/C catalyst, so electrolyte membranes with a higher Aside from commercial PBI only poly(2,5-benzimidazole)
thermal stability and lower costs are required for PEMFC (ABPBI), which is the simplest polybenzimidazole type
development. polymer Scheme )1 has been doped with phosphoric acid
in the form of membranef8,24].
Another way to increase the proton conductivity of PBI
* Corresponding author, Tek:34 935801853; fax+34 935805720, 1S the sulfonation of pre-cast membranes by sulfuric acid
E-mail address;pedro.gomez@icmab.es (Po@ez-Romero). doping and heat treatme{?5,26] but the conductivity of

0013-4686/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2004.05.002



4462 J.A. Asensio et al./Electrochimica Acta 49 (2004) 4461-4466

NH, H Samples were cut as strips of 3 cm0.6 cm. Current was
HO@ PPA /N, /200°C N% applied between the ends of the sample, and the voltage
NH 5h N/ drop was measured by two Ag wires placed in the middle
and separated 1cm. In order to eliminate the effect of ab-
3,4-diaminobenzoic acid (DABA) Poly(2.5-benzimidazole) (ABPED) sorbed humidity of the sample, the cell was heated af €85
Scheme 1. Synthesis of ABPBI. and the measurements were recorded while cooling. A more
complete description of ac conductivity method for proton

conducting membranes can be found in the literafReg.
those membranes was not high enough for practical PEMFC

applications.
We have studied the combined effect of sulfonation and 3, Polymer synthesis
acid impregnation in polybenzimidazole materials. Our first

efforts were centered on pOlybenZimidaZOle derivatives that P0|y(2,5_benzimidazo|e) (ABPB|) was prepared by con-

eventually did not lead to membrane formation but were densation of 3,4-diaminobenzoic acid (DABA) monomers in

useful to show that when doplng with the same amount of po]yphosphoric acid (PPA) as reported ear[@?]_ Typ|ca|

acid two polybenzimidazoles, both with the same chemical jnherent viscosity of a 0.5 dig solution was 2.3—2.4 digf

structure but one sulfonated, the sulfonated one featured a déneasured in 96% 804 at 30°C. Higher molecular weight

conductivity of about two orders of magnitude higtfer]. ABPBI can be polymerized if the monomer is recrystallized
Furthermore, and in relation to membrane-forming ma- previously[3] or adding BOs to the PPA/DABA solution,

terials, we have recently communicated the enhanced pro-hyt 2.4dlg? is high enough for membrane casting obtain-

ton CondUCtiVity of ABPBI membranes induced by pOlyan' |ng good membrar]GS, even when doped with h|gh phospho_

ion integration in the pOlymer (either inorganic pOlyoxomet' ric acid amounts, prepared as follows.

alates or sulfonate group$f28]. In this work we present

a full account of the latter derivative, including the syn-

thesis of ABPBI, membrane casting, a detailed description 4, Membrane casting

of the sulfonation of these ABPBI membranes, and finally

their phosphoric acid impregnation, as well as their chem-  Membranes of ABPBI were prepared by evaporation of
ical and electrochemical characterization, in comparison to 3 methanesulfonic acid (MSA) solutig80—32] dissolving
non-sulfonated ABPBI. 400 mg of finely ground polymer in 6 ml of MSA. Films
were cast on a glass plate, and evaporated in a heating plate
inside a ventilated hood, at about 2@. The membranes
2. Experimental were heated until no evolution of MSA was observed, during
at least 2h, and were peeled off by immersion into water.
The monomer 3,4-diaminobenzoic acid (DABA) 97% The resulting membranes were characterized by elemental
and methanesulfonic acid (MSA) 99% were obtained from analysis, and a big amount of MSA was detected (about
Across Organics and used without further purification. 5-6% S).
Polyphosphoric acid (PPA) 85%,8s5, phosphoric acid
85%, and sulfuric acid 96% were purchased from Panreac.
Thermogravimetric Analyses (TGA) were recorded with 5. Sulfonation of ABPBI membranes
a Mettler-Toledo CR50 thermobalance in air af @min~—1.
Chemical analyses of elemental C, N, H and S, using a The sulfonation of preformed PBI membranes, by dop-
Carlo Erba Instruments EA1108 Elemental Analyzer, were ing in sulfuric acid and heat treating the sulfuric acid mem-
systematically performed for the materials in their different branes, has been described eaf2&;26,33] Based on those
forms, from the as-prepared polymer powders to the final reports we have optimized the same procedure for the sul-
doped membranes. fonation of ABPBI membranes.

A Canon-Fenske 300 viscosimeter was used for the mea- When doping a PBI membrane in a sulfuric acid/water
surement of viscosities of polymer solutions in$0, 96%. bath, this membrane absorbs acid, which appears in the
FTIR spectra of the membranes were recorded on a Shi-FTIR spectrum at 1200-1000 crh[4]. The same happens

madzu FTIR-8300 spectrophotometer. for ABPBI membranes§cheme P In order to study its
X-ray diffraction patterns were collected with a rotat- doping process, a 20m ABPBI membrane was soaked in

ing anode Rigaku Rotaflex Ru-200B diffractometer £ HoSOs/H20 (10:90 by volume) for 24 h and dried at 100.

1.5418A, Ko Cu) % between 5 and 60(0.02 step, Since ABPBI is(C7H4N>),,, the doping level was calculated

4°min~1). as the molar ratio S/Cand S/N from elemental analyses,
Four probe ac conductivity measurements as a function finding a composition of ABPB0.6H,SO4. These mem-

of temperature were made in air at a fixed frequency of branes could have been washed in boiling water before acid

500 Hz-2 kHz measuring almost pure resistive behavior. doping in order to eliminate the remaining MSA (detected

2
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Scheme 2. Sulfonation of ABPBI membranes. 3 minutes

at 450 °C

from its FTIR spectra). However, this was not necessary
since, as itis also the case for phosphoric acid doped ABPBI
membranes, the MSA is displaced and completely elimi-
nated during the process of acid doping.

First attempts to sulfonate 20n sulfuric acid doped
membranes for 30 or 10 min in air, or for 15 min in Ar, pro-
duced a dark and fragile membrane, but the FTIR spectra
showed bands at 1200 and 1050 ¢nsimilar to those found
in other sulfonated benzimidazole polym¢?§,34—37]as
well as bands characteristic of MSA. Since the atmosphere
did not seem to help in reducing the fragilization of the mem-
brane, we did carry out all the following heat treatments in
air.

We noticed shorter times led to membranes which were
less fragile. Thus, we decided to optimize the minimal time
needed to sulfonate ABPBI membranes in air at 450
previously cast and doped ipBO4/H20 (10:90 by volume)
for 24 h. Three 2@um membranes were doped as described
above, dried at 100C, and heat treated at 450 for 3, 5
and 10min. In all cases, new FTIR bands, not present in Fig. 1. FTIR of ABPBIO.6HSO; heat treated at 45T in air
the spectra before the heat treatment could be observ_ed 8fyr 3-10min, and washed in boiling water for 24h. Bands at
1230, 1178 and 1048 cm. For heat treatments over 5min,  1200¢nt? x 1050 et are assigned to sulfonates.
the intensities of these bands did not decrease when washed
in boiling water for 24 h, whereas the bands assigned to . . . .
sulfuric acid at smaller wave number disappeared after thetime: Iong .enqugh .to complete the sulfpnat|on with the min-
heat treatment. We have therefore assigned these new bandgnal frag|l|zat|on, IS 5m|n at 450C. Fig. 1 and Tablg 2 .
to the sulfonated ABPBI associated to the sulfonation of the SUMMarize the evolution of the FTIR spectra of_sulfurlc acid
benzene ring. doped ABP_BI membra_n_es heat treate_d for_ 5min, where the

After washing, the sulfonation degree was calculated from markedly dlffere.nt positions of sulfuric acid anq sulfonate
the molar ratios S/gand S/N as determined from elemental bands is conveniently used to follow the sulfonation process.
analyses. The composition of our sulfuric acid doped mem-
brane was ABPBD.6H,SOy, so in the sulfonation reaction, ] o )
the limiting reagent is the acid, not the benzimidazole, there- & Phosphoric acid impregnation of the membranes
fore, the yield of this sulfonation reaction has to be calculated ) )
as 0.6 times the degree of sulfonaticralfle J). It should The 20um membrane heat at 45C for 3 min described
be noted that in the spectra of the membrane treated forjust?bove_ was washed in boiling water and doped in phospho-
3min bands characteristic of sulfuric acid are still clearly "C acid, finding that the degree of sulfonation was lower

visible. Therefore, we conclude that the optimum heating &ftér doping. That means that during the doping process the
remaining sulfuric acid is eliminated much better than by

washing in boiling water, so it is not necessary to wash the
membranes before doping. For the membranes heat treated
for 5min or more we obtained the same calculated degree
of sulfonation before and after doping, so almost all the sul-
furic acid has reacted and the rest has been eliminated in the

5 minutes
at 450 °C

Transmitance / %

10 minutes
at 450 °C

|'|'|'|':|:'|'|
2000 1800 1600 1400 1200 1000 800

T
600 400

v/cml

Table 1
Degree of sulfonation of the ABPHEIL.6H,SO; membrane as a function
of the heat treatment time

Sample (min) Degree of sulfonation Yield of sulfonation (%)

SIG 8 SN (%) boiling water washing.
3 39 41 67 In order to study the doping of the sulfonated membrane
12 ;‘; ig Z;; with phosphoric acid and the conductivity of the resulting

electrolytic sulfonated membranes, thicker membranes were
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Table 2
Evolution of the FTIR bands in an ABPBI membrane doped gB584/H,0 (10:90 by volume) for 1 and heat treated in air at 460for 5min
v (cm™ Assignment
ABPBI-H2SOy ABPBI-H2SOy ABPBI-H2SOy ABPBI-H2SO; 5min
washed 24 h 5min at 450C at 450°C washed 24 h
1233 1226 —SeH
1177 1183 —SeH
1141 H2SOy
1168 1130 H2SOy
1117 1104 H2SOy
1082 1080 H2SOy
1045 1048 1050 —S¢M

prepared following the same procedure. These membranes In Fig. 3is plotted the acid uptake as a function of the sul-
had the thickness used in PEMFC (about 80—181). Sam- fonation degree of membranes doped igPy 85%/H,O
ples of about 2 cmx 3 cm were cut and immersed in different  (70:30 by volume). Interestingly, in this highly concentrated
phosphoric acid solutions for 3 days. The amount of PO bath, membranes with a higher degree of sulfonation show
as well as the degree of sulfonation was determined by ele-a higher capacities for phosphoric acid uptake expressed as
mental analyses of C, H, N and S after doping. As the poly- the number of phosphoric acid molecules per benzimida-
mer is partially sulfonated, an averaggHgN>xSO; formula zole unit or even as % weight of the acid in the membrane.
can be calculated from the C, N, and S elemental analysis.This higher amount of acid will have a significant effect in
Hydrogen is excluded from this calculation because belongsthe conductivity of these membranes as it will be discussed
both to the polymer and the phosphoric acid. Then, know- below.
ing this average formula, 40, can be calculated from the
elemental analysis (C, H, N, and S) and the residue.

Fig. 2 shows that for almost all the concentrations of the 7. X-ray diffraction
doping bath, the non-sulfonated membranes absorb more
acid than the sulfonated ones. Since sulfonated ABPBI is The X-ray diffraction pattern of a 41% sulfonated ABPBI
an anionic polymer, that behavior is easy to understand. membrane shows a single peak atZ6.4 (Fig. 48 which
However, when immersed in baths of a concentration higher could be associated to the d spacing resulting from stacked
than about 65% BPQy, it is the sulfonated membrane that chains of benzimidazole rings on the same plane of the mem-
uptakes more acid. For this change in behavior we have notbrane as it has been found for ABPBI membranes cast from
found any reasonable explanation. MSA solutions[30]. It can be noted that after doping with

Q
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€ 1 SABPBI

A— 35.7-43.8 % SO H

0 T T T T T T T T T
30 40 50 60 70 80

Doping bath / % H3PO4

Fig. 2. Phosphoric acid absorption for SABPBI (degree of sulfonation 35.7-43 &%xiid ABPBI @) as a function of the doping bath concentration.
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Fig. 5. TGA of SABPBI (41% SeH) and SABPBI (41%
Fig. 3. Phosphoric acid absorption of sulfonated SABPBI membranes SO;H)-4.6H3POy in air at 10°C min~1.
in Hz3POy 85%/H,O (70:30 by volume) as a function of the degree of
sulfonation.
handling. Phosphoric acid dehydrates as expected in these
acid doped polymerg7,38] between 150 and 30@ (pro-
cess centered at about 200). It should be noted that the
sulfonate groups is less stable in the presence of the phos-
phoric acid. On the other hand, the ABPBI backbone is sta-
bilized by the acid, and its decomposition is detected cen-
tered at 750C.

9. Conductivity

Fig. 6 shows plots of the conductivity of three ABPBI
and SABPBI membranes with different degrees of sulfona-

INTENSITY (Arbitrary Units)

M : tion, all them doped in EPOy 85%/HO (70:30 by vol-
N ume). These data show that the conductivity of the mem-
5 10 15 20 25 30 35 40 45 50 55 60 brane with higher sulfonation is larger than that of the mem-
260 (Degrees) brane with lower sulfonation which in turn is larger than for
Fig. 4. X-ray diffraction of (a) SABPBI (41% Sgi) and (b) SABPBI thg non-sulfonated ABPBI membrane. As discussed above
(41% SQH)-4.6H5POy. (Fig. 3), the higher the sulfonation degree of our SABPBI

membranes the larger it is their capacity to uptake phospho-

4.6HsPO; molecules per benzimidazole unfig. 4b), the ric acid. This trend, which is kept for the sampledig. 6,
crystallinity of the membrane decreases as it is shown by

the lower intensity and larger width of the peak, whereas the 0,04
spacing increases as shown by the shift of the peak to lower

angles when compared with thateiy. 4a

0,03 H

8. Thermal stability % 0,02
Thermogravimetric analyses of SABPBI (41%$50) and

phosphoric acid doped SABPBI (41% Sand 4.6HPOy)

were performed in air from 30 to 70€ at 10°C min—* and

are shown irFig. 5. 0+
Sulfonated SABPBI is stable up to 400. Above this 70 90 110 130 150 170 190

temperature, a weight loss centered at 29@&nd assigned T/°C

to the decomposition of sulfonate groups is detedkégl. ). . iy
. . Fig. 6. Conductivity of SABPBI (41% S§H and 4.6HP0Oy) (H), SABPBI
Finally, the polymer decomposition starts at 540D (cen- (28% SQH and 3.4HPOy) (A), ABPBI-2.7HPQ, (L)), these three

tered at ca. 630C). Upon doping, the membrane is more hy-  membranes have been doped igFdy 85%/H0 (70:30 by volume) for
groscopic, absorbing about 15% of water by weight during 3 days.

0,01
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can explain the behavior described. On the other hand, earlier [5] X. Glipa, B. Bonnet, B. Mula, D.J. Jones, J. Roziere, J. Mater. Chem.

work on different benzimidazole polymers showed that a sul-
fonated benzimidazole derivative presented a conductivity
up to two orders of magnitude higher than its non-sulfonated
analogue doped with the same amount of &2id. For this

reason we cannot rule out an intrinsic contribution of the

sulfonate groups themselves to the increased conductivity

reported here.
The average activation energigsy) for the conduction

processes can be calculated from the slope of the Arrhenius

plots, Ing) versus 10007 (K). Not surprisinglyE; decreases
when the degree of sulfonation and the phosphoric acid
content increase (ABPBL.7HsPQy, E5 = 27.37 kdmot;
SABPBI 28% SQH-3.4HgPQy, E; = 26.54kJImot?;
SABPBI 41% SQH-4.6HsPQy, E5 = 18.7 kImol L),

10. Conclusions

We have successfully sulfonated previously cast ABPBI
membranes by doping them with sulfuric acid and heat
treating the doped membranes at 460for 3—10 min in
air, with an optimal time of 5min. The degree of sulfona-
tion achieved is between 35 and 49% of the benzimida-
zole rings. When impregnating these SABPBI membranes
in a phosphoric acid bath gP0O; 85%/H,O, 70:30) ac-
cording to well-established procedures for polybenzimida-

zole membranes, we found that the acid absorption increase?2

with the degree of sulfonation, and in consequence its con-
ductivity increases too. The maximum conductivity mea-
sured in dry conditions was.8x 1072Scnt? at 185°C

for SABPBI-4.6H;PO, with a degree of sulfonation of 41%.

These membranes have the same thermal stability as phos-

phoric acid doped ABPBI and PBI, all of which make them
interesting for practical application as membrane in PEMFC
at temperatures as high as 150-2G0
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