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Abstract—We investigated cell performance and performed phenomenological analyses of direct formic acid fuel
cells (DFAFCs) incorporating anode (palladium) and cathode (platinum) catalysts prepared using a new electrospray
coating technique. To optimize the design of the DFAFC, we examined the cell performance by the Pd catalyst loading
and formic acid feed rate. Of Pd catalyst loaded samples, 3 mg/cm® sample showed the highest electrical performance
with formic acid feed rate of 5 ml/min. This behavior was caused by discrepancies in the mass transfer limitation. When
the feed rate was greater than 10 mL/min, however, the 7 mg/cm’ sample provided the highest electrical perfor-
mance, which was attributed to enhanced electrooxidation reactions. For comparison of the effect of the catalyst coating
method on the cell performance of DFAFC, polarization curves of the DFAFC incorporating catalysts prepared using
a conventional airspray coating method were also measured. As a result of the comparison, the electrospray coating-
used DFAFC showed better cell performance. Based on these results, the cell performance of the DFAFCs was op-
timized when the catalysts using the electrospray catalyst coating were employed, the amount of Pd loaded on the anode
electrode was 3 mg/cm’® (Pd thickness: ~6 um), and the formic acid feed rate was 10 mL/min.
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INTRODUCTION

There is considerable interest at present in developing miniatur-
ized fuel cell systems for use as battery replacements in various con-
sumer and military electronic devices [1-8]. Miniaturized fuel cell
systems make it easy to store a high energy density and to quickly
recharge fuel cartridges. Among the plausible fuel cell systems, direct
methanol fuel cells (DMFCs) have attracted much attention [2,7-
10], but their drawbacks-including (1) low catalyst activity for the
oxidation of methanol at room temperature and (2) high methanol
crossover causing decrease in the mixed potential of cathode, (3)
poisoning of the cathode catalyst, and (4) reduced cell efficiency-
have limited their realization [9,11] In particular, the high crossover
of methanol restricts the exploitation of high-concentration metha-
nol solutions, which would be desirable for affordable portable power
applications. It is generally believed that the usable concentration
range of methanol is less than 2 M [3].

The use of direct formic acid fuel cells (DFAFCs), which use
direct liquid formic acid as a fuel to generate power, overcomes most
of the difficulties associated with DMFCs [4-6,12-21]. The cross-
over in a DFAFC is lower than that in a DMFC by two orders of
magnitude because of the anionic effect of formic acid, thereby allow-
ing its use at relatively high concentrations. DFAFCs also provide
up to a sixfold higher power density than do DMFCs, thereby allow-
ing them to be operated at room temperature [11]. In addition, the
theoretical electromotive force (EMF) of formic acid, estimated from
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the Gibbs free energy, is high (1.45 V) [1], meaning that it pos-
sesses a highly activated reaction capability. Because of these advan-
tageous features, interest in DFAFCs is soaring.

Critical aspects toward improving the performance and cost-effi-
ciency of DFAFCs include the selection of the anode catalyst ma-
terial and optimization of the loading of the expensive noble metal
catalyst. In this respect, palladium (Pd)-based catalysts are becom-
ing more important than conventionally used platinum (Pt)-based
catalysts because they suffer less CO poisoning, resulting in higher
kinetic activities and lower costs (Pd is cheaper than Pt by a factor
of five) [22-24].

Pd catalysts are conventionally sprayed by hand spray, i.c., the
so-called “air spray”” method. However, because the “hand spray”
method sprays catalyst using compressed air, there are drawbacks
like the large size of distributed liquid aerosol and the large loss of
catalyst to the atmosphere [25].

To overcome these difficulties during device fabrication, in this
study we used a new catalyst coating technique, the “electrospray”
method [26-28]. This approach employs a fine liquid aerosol cre-
ated through an electrostatic charging effect. After passing through
anozzle, the resulting film droplets of the reactant liquids are charged
electrically under a high voltage. As more charge is added, the liquids
in the nozzle become unstable, eventually reaching a critical point at
which they do not absorb additional electrical charges, and at which
point they spray in the form of tiny, highly charged droplets from
the tip of the nozzle. These droplets will land on surfaces that pos-
sess the opposite charge [26,27]. Electrostatic repulsion between the
charged particles impedes their agglomeration and promotes their
adhesion with the substrate.
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In this paper, we describe a new electrospray coating method for
the fabrication of catalysts and its application to the preparation of
DFAFCs. The optimal coating conditions were established through
phenomenological analyses; the effects of the Pd catalyst loading
and the formic acid feed rate on the DFAFC performance were then
probed to establish its optimal design. In addition, we propose a
phenomenological model that agrees well with the experimental re-
sults. It establishes a protocol for determining the optimal thickness
of the catalyst layer loaded on the anode and provides critical infor-
mation for elucidating the dominant mechanism underlying the per-
formance of the DFAFC.

EXPERIMENTAL

The electrospray method was used to coat the catalysts in DFAFCs
featuring a membrane and electrode assembly (MEA). The appa-
ratus for electrospraying consisted of a high voltage supply, feeder,
caterpillar tube, hot plate, and ground plate. Fig. 1 provides an approxi-
mate schematic representation of the apparatus used for the spray-
ing of catalysts using the electrospray. The fuel cells were tested by
using two types of noble metal catalysts: Pd and Pt. Palladium black
catalyst (High Surface Area, Sigma-Aldrich) was employed for the
anode; Pt black catalyst (HISPEC™ 1000, Johnson Matthey) was
employed for the cathode. The loading of the Pd catalyst upon the
anode was a key parameter influencing the cell performance; herein,
three different loadings were used: 1, 3, and 7 mg/cm’. The load-
ing of Pt catalyst upon the cathode was fixed at 4 mg/cm’. Both Pd
and Pt catalyst inks were prepared through initial mixing of cata-
lyst powders with appropriate amounts of Millipore water, followed
by mixing with appropriate amounts of 5% recast Nafion solution
(1100EW, Solution Technology, Inc.), isopropyl alcohol, and 1-pro-
panol.

The catalyst inks were sprayed, using the electrospraying method,
onto the gas diffusion layer (GDL) attached to carbon paper (TGPH-
060, Toray). The GDL was prepared through screen-printing of a
shurry mixture consisting of carbon powder (Vulcan XC-72R, Car-
bot), Teflon emulsion (60%), and glycerol. After the anode and cath-
ode electrodes were constructed, the pre-cleaned Nafion membrane
(Nafion 115) was placed between them and then hot-pressed under
a pressure of 1.7 tons at 140 °C for 5 min, to complete the manu-
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Fig. 1. Schematic representation of the electrospray coating pro-
cess, with highly charged droplets sprayed from the tip of
a nozzle.

facture of the MEA. The active area of the MEA was 3.2x3.2 cnt’.
The area was used as the geometric area of electrode for evaluat-
ing the current densities as well as the active surface area of cyclic
voltammetry (CV) tests. The MEA was then coupled with gas-sealing
gaskets and placed between graphite blocks that had serpentine-
like flow fields; finally, the liquid and gas reactants were fed into
the graphite blocks. Prior to the cell polarization test, the MEA-in-
cluded fuel cell configuration was subjected to a two-step pre-con-
ditioning process, using a previously reported procedure [12]. Dur-
ing the first step, de-ionized (DI) water was fed into the fuel cell
configuration at 95 °C for 1 h, and then the methanol-based cell polar-
ization test was performed at 80 °C. During the test, 0.5 M metha-
nol was fed into the anode while air was fed into the cathode; the
feed rates were 5 mL/min and 500 sccm, respectively. The two-step
pre-conditioning tests were conducted using a fuel cell testing sta-
tion (Fuel Cell Control System, CNL, Inc.).

The cell polarization tests with formic acid and air were per-
formed in the same fuel cell testing station used for the pre-con-
ditioning tests. Formic acid concentrations ranging from 5 to 15 M
(increments of 5 M) were fed to the anode at a constant feed rate
of 5 mL/min, while air (500 sccm) was provided to the cathode.
All fuel cell tests were conducted at 30 °C. To estimate the electro-
chemically active surface (EAS) areas of the Pd catalysts on the
anode electrode, CV tests were performed using a Solatron electro-
chemical workstation (FRA, Solartron 1260). DI water, acting as a
working electrode, was introduced to the anode side at a flow rate
of 5 mL/min, while hydrogen, serving as both a counter electrode
and a dynamic hydrogen electrode (DHE), was introduced to the
cathode at a flow rate of 200 sccm.

For the performance comparison, DFAFC incorporating anode
(Pd) and cathode (Pt) catalysts prepared using airspray coating was
manufactured and its performances were evaluated. The loading
amounts of the Pd and Pt catalysts were 3 and 4 mg/cn?’, respec-
tively. As for the loading procedure of catalysts, we used the same
sequence that was reported elsewhere [29].

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to measure the thickness and distri-
bution, respectively, of the Pd catalyst after electrospraying.

RESULTS AND DISCUSSION

Figs. 2(a) and 2(b) display the effect of the loading of the Pd cata-
lyst (1, 3, and 7 mg/cm’) on the cell polarization curve. The formic
acid concentration was 15 M and its feed rate was 5 mL/min. We
chose such a high concentration of formic acid for these tests be-
cause it is more desirable for portable power applications [3,25].
When the loading of the Pd catalyst was 3 mg/cn’, the cell activity
was the highest; at 1 mg/em?’, it was the lowest. It was initially ex-
pected that the cell activity at 7 mg/cm” Pd would be the highest
because a larger EAS area (a larger number of the active reactive
sites) affecting the cell activity was proportional to a larger loading
of catalyst. As a plausible reason for an inconsistency between the
conventional expectation (better cell activity in higher Pd loadings)
and the actual experimental result (better cell activity in 3 mg/cm’
than 7 mg/cm’® Pd loading), a mass transport limitation occurring
during the supply of formic acid to the anode is suggested. This effect
was implicitly proved by the large drop in cell potential at the range
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Fig. 2. Cell polarization curves plotted with respect to the loading
of the Pd catalyst (1, 3, and 7 mg/cm’); (a) V-I plot and (b)
power density plot. The formic acid concentration was 15
M; the formic acid feed rate was 5 mL/min; the polariza-
tion tests were performed at 30 °C.

of limiting current of the 7 mg/cm” Pd sample (the mass transport
limitation effect is discussed below in further detail). Regarding power
density (see Fig. 2(b)), the best maximum power density (74 mW/
cm’) was obtained for the 3 mg/cm’ Pd sample.

Fig. 3 displays the effect of the formic acid concentration on the
cell performance (potential) at various Pd catalyst loadings and 129
mA/cn?’. At all feed concentrations ranging from 5 to 15 M, the
3 mg/em’ Pd sample exhibited the highest potentials, meaning that
the formic acid concentration did not considerably affect the link
between the cell performance and the Pd loading.

The loading amount of Pd catalyst on the anode affects the EAS,
which in turn influences the performance of the DFAFC [28,30,
31]. CV tests were performed using the samples with different Pd
catalyst loadings and the results are shown in Fig. 4. As shown in
Fig. 4, the area of the hydrogen desorption peak clearly increased
with the Pd catalyst loading. In many cases, especially for Pt based
catalysts, the area of hydrogen desorption peak can be translated
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Fig. 3. Potentials measured at a fixed current density of 129 mA/
cn?’, plotted with respect to the concentration of formic acid
(5, 10, and 15 M) and the Pd catalyst loading (1, 3, and 7
mg/cm’). The formic acid feed rate was 5 mL/min.
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Fig. 4. Cyclic voltammograms of Pd catalysts loaded on anode elec-
trodes at 1,3, and 7 mg/cm’; DI water flowing at the anode;
H, flowing at the cathode.

directly to the EAS of the catalyst. However, the area of the hydro-
gen desorption peak of Pd based catalysts does not reflect the EAS
exactly [25]. It is due to the hydrogen absorption capacity of Pd
based materials. In the CV test of Pd catalysts, the hydrogen absorbed
in Pd affects the hydrogen desorption reaction as following electro-
chemical oxidation: H,,,—H,,—H'+e", where H, is the hydro-
gen absorbed into the Pd, while H,, is the hydrogen adsorbed on
the Pd surface [32]. Nevertheless, we may be able to qualitatively
estimate the EAS of our samples from the CV tests by minimizing
the effect of absorbed hydrogen on the electrochemical oxidation.
To minimize the effect of absorbed hydrogen, we carried out exactly
the same pretreatment procedure before the CV test. The same pre-
treatment procedure makes the compositions of the absorbed hy-
drogen in each sample to remain at the same level. Also, we intro-
duced DI water instead of acid solution into the anode side in the
CV test. This minimizes the hydrogen evolution (electrolysis of the
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water occurs at 1.229 V [24] which is out of the potential range in
the current CV test) and thus minimizes the hydrogen source for
absorption. Owing to these experimental procedures, the amount
of generated H,,, would be confined, although the loading in the
Pd increases. Thereby, an increase in the Pd loading may lead to an
increase in the electrochemical oxidation area of hydrogen, fol-
lowed by an increase in the EAS of the Pd.

Based on the above results, it appears likely that limited mass
transfer through diffusion loss was the main reason for the oppo-
site trends between the cell activity and the loading of Pd catalyst,
i.e., a lower amount of Pd catalyst (3 mg/cm?) provided better cell
performance than did a greater amount (7 mg/cn’ sample). To verify
and understand the “mass transfer” mechanism for diffusion loss in
the DFAFCs, we examined the effect of the formic acid feed rate
on the cell performance.

Figs. 5(a) and 5(b) display the effect of the feed rate (5, 10, or
12 mL/min) of 15 M formic acid on the cell polarization curves ob-
tained for Pd loadings of 7 and 3 mg/cny’, respectively. For the 7
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Fig. 5. Cell polarization curves plotted with respect to the feed rate
(5, 10, and 12 mL/min) of 15 M formic acid at a fixed Pd

loading; (a) Pd loading of 7 mg/cm’ and (b) Pd loading of
3 mg/cm’.

mg/cm’ Pd sample, we observe that as the feed rate of formic acid
increased from 5 mL/min to greater than 10 mL/min, the large drop
in cell potential at the range of limiting current density that we wit-
nessed in Fig. 2(a) was alleviated considerably. On the other hand,
for the 3 mg/cm® Pd sample, when compared with Fig. 2(a), there
was little change in cell potential at the range of limiting current
density upon increasing the feed rate of formic acid. Thus, the effect
of the formic acid feed rate on the cell performance of the 3 mg/
cm’ Pd sample was trivial.

To further evaluate the effect of the formic acid feed rate on the
DFAFC performance at various Pd loadings, we examined the poten-
tials at 129 mA/em’® (Fig. 6(a)) and the maximum power densities
(Fig. 6(b)) under the same conditions as those used to obtain Figs.
6(a) and 6(b). When the amount of Pd catalyst was 3 mg/cm’, we
observed no significant increases in either the potential at 129 mA/
cm’ or the maximum power density upon increasing the feed rate
of formic acid (0.485 V and 73 mW/cn?, at 5 mL/min; 0499 V and
77 mW/en?, at 10 mL/min). Conversely, for the 7 mg/cm’ Pd sam-
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Fig. 6. (a) Potentials measured at a fixed current density of 129 mA/
e’ and (b) maximum power densities plotted with respect
to the feed rate (5, 10, and 12 mL/min) of 15 M formic acid
and the Pd catalyst loading (3 and 7 mg/cm?).
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ple, these values increased appreciably upon increasing the feed
rate (0.449 V and 58 mW/cmy’, at 5 mL/min; 0.537 V and 83 mW/
cm’, at 10 mL/min). The results in Figs. 5 and 6 were caused by
discrepancies in the depletion rates of formic acid with the change
in the formic acid feed rate when the formic acid passed the catalyst
layer. The depletion rate of formic acid is generally dependent on
the feed rate of formic acid (flowing speed (flux) of formic acid)
and the thickness of the Pd catalyst layer being determined by the
Pd loading [24].

The above phenomena can be explained by considering the fol-
lowing mechanism. When the formic acid feed rate was low (5 mL/
min in this case), the depletion rate of formic acid appeared to be
proportional to the loading of Pd catalyst because thickness of the
Pd catalyst layer is expected to be proportional to the loading of Pd
catalyst. Consequently, as the loading of the Pd catalyst layer de-
creased, formic acid was slowly depleted and its electrocatalytic
reaction at the reactive interface remained active. Thus, the values
of the power density and the potential at 129 mA/cm’” for the 3 mg/
cm’ Pd sample were both higher than those for the 7 mg/cm® sam-
ple. When the formic acid feed rate increased (from 5 to 10 mL/
min), however, the depletion rate of formic acid was retarded, irre-
spective of the loading (thickness) of the catalyst layer, because of
its fast flow rate (high flux). Instead, the electrocatalytic reaction
dominated the overall cell performance. As we have already ex-
plained, the electrocatalytic reaction depends on the number of active
reaction sites, which is expected to be proportional to amount of
catalyst loaded. Because changes in the dominant mechanism affected
the cell performance, in this case the values of the power density
and potential at 129 mA/cn’ for the 7 mg/em’ Pd sample were higher
than those for the 3 mg/cm® Pd sample.
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With more increase in the formic acid feed rate (from 10 mL/
min to 12 mL/min), the values of the power density and potential
at 129 mA/cm?’ for the 7 mg/em® Pd sample were higher than those
for the 3 mg/em® sample, although the differences in these values
are not considerable. It was therefore understood that the formic
acid feed rate of 12 mL/min was probably too fast to promote an
electrocatalytic reaction, meaning it had odds that the formic acid
contacted Pd catalyst layer intermittently [24]. When the formic
acid feed rate was 15 mL/min, it seemed that the formic acid did
not properly contact the Pd catalyst layer due to too fast speed. As
a result, open circuit voltage (OCV) was degraded at fast rate and
fuel cell operation did not even work.

From previous evaluation results, we recognized that it was neces-
sary to estimate the correlation between the loading of the Pd catalyst
and the catalyst layer thickness. The cross-sectional SEM images in
Figs. 7(a)-7(f) reveal that samples possessing Pd loadings of 1, 3,
and 7 mg/cm’ had clearly distinguishable thicknesses in their Pd cata-
lysts (ca. 2.5, 6, and 25 um, respectively); the Pt catalyst layer on
the cathode, loaded at 4 mg/cm’, had a thickness of ca. 10 um; the
Nafion 115 electrolyte had a thickness of ca. 110 pm.

In addition to the layer thickness, measuring the particle sizes of
the Pd catalysts is also a critical aspect determining whether the elec-
trospray technique is a useful coating method for the preparation of
DFAFCs. The TEM measurements in Fig. 8 reveal that the aver-
age size of the Pd nanoparticles in each sample was ca. 10 nm, with
some sporadically displaced larger ones (>20 nm). These values
are comparable with those obtained using the direct painting and
hand spray methods [14].

For confirmation of the availability and superiority of the elec-
trospray coating-used DFAFC structure, the polarization curves of

Pd 7mg/cm?

-

-~ 3 GDLon Cathode g ¢
ode — :

5 ._: e Cathod

Catalyst

v - y

= —=- Cathode

Catalyst ’
Electrolyte

Anode

M Catalyst

R GDLon Anode [

. ) Anode
Catalyst

Anode
Catalyst
(~ 6pm)

s GDL on Anode

)

(f}

Fig. 7. Cross-sectional SEM images of Pd catalysts at three different loadings (1, 3, and 7 mg/cm’) used to measure the thickness of each
component of the MEA: (a)-(c) are the overall structure of MEA at three different Pd loadings (1, 3, and 7 mg/cm’) and (d)~(f) are
the enlarged images of the anode catalyst at three different Pd loadings (1, 3, and 7 mg/cm’). The thicknesses of the Pd catalysts
were ca. 2.5, ca. 6, and ca. 25 um, respectively; the thickness of the cathode Pt catalyst, loaded at 4 mg/cm’, was ca. 10 um; the

thickness of the Nafion 115 electrolyte was ca. 110 um.
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Fig. 8. TEM images of Pd catalyst samples loaded at 1, 3, and 7
mg/cm’.
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Fig. 9. Cell polarization curves plotted with respect to the feed rate
(5, 10, and 12 mL/min) of 15 M formic acid at a fixed Pd
loading of 3 mg/cm’. The catalysts were sprayed by air-
spray coating method.

the airspray coating-used DFAFA that was performed under the same
operational and formic acid fuel conditions as Fig. 5(a) were meas-
ured and the results presented in Fig. 9. When the effect of the cata-
lyst coating method on the DFAFC polarization curve was com-
pared between Fig. 5(a) and Fig. 9, the electrospray coating-used
DFAFC showed better performance (the maximum power densi-
ties for the electrospray coating-used DFAFC were 73 mW/cm’ at
5 mL/min, 77 mW/cm? at 10 mL/min, 68 mW/cn?’ at 12 mL/min
while those for the airspray coating-used DFAFA were 34 mW/cm’
at 5 mL/min, 41 mW/cm’ at 10 mL/min, 39 mW/cm’ at 12 mL/min).

Taking all of these results into consideration, we conclude that
when the electrospray method is used, there is a threshold Pd loading
required to form a suitably thick catalyst layer with which to obtain

the optimal cell performance. In this case, a Pd loading of 3 mg/
cm’ provided a Pd catalyst thickness of ca. 6 um and the best cell
performance.

CONCLUSIONS

We have evaluated the cell performance and performed phe-
nomenological analyses of DFAFCs manufactured using a new “elec-
trospray” catalyst coating method. At a low formic acid feed rate
(5 mL/min), a Pd catalyst loading of 3 mg/cm’ provided a higher
potential and power density than did the corresponding 7 mg/cm’
sample. We attribute this difference to a loss of mass transfer by
diffusion, where the depletion rate of formic acid was proportional
to the loading of the catalyst layer. When the formic acid feed rate
increased to >10 mL/min, however, we observed the opposite trend
between the cell performance and the loading of the Pd catalyst;
ie., the 7mg/cm’ Pd catalyst sample exhibited a higher potential
and power density than did the 3 mg/cm” sample. In this case, the
effect of the formic acid depletion rate on the cell performance was
weakened as a result of the faster feed speed of formic acid, whereas
the rate of the electrocatalytic reaction, which depended on the load-
ing of catalyst, increased. Taken together, we conclude that when
the loading of Pd catalyst was between 3 and 7 mg/cm’, the domi-
nant factors affecting the cell performance were the loading itself
and the feed rate of formic acid. For evaluating the effect of the cata-
lyst coating method on the DFAFC polarization curve, the polar-
ization curves of the electrospray coating-used DFAFC were com-
pared with those of the airspray coating-used DFAFC and showed
superior cell performance.

We eventually observed the best cell performance at a Pd load-
ing of 3 mg/cm’ Pd (i.e., a catalyst thickness ca. 6 um).
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