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The direct formic acid fuel cell (DFAFC) is one of the most promising direct liquid fuel cells. Pd is the most
active catalyst towards formic oxidation, however, it suffers from CO-like poisoning and instability in acidic
media. Blending formic acid with ethanol is known to synergistically enhance the Pt catalytic activity of Pt.
However, it has not been studied in the case of Pd. In this study, ethanol/formic acid blends were tested,
aiming at understanding the effect of ethanol on the formic acid oxidation mechanism at Pd and how
the direct and indirect pathways could be affected. The blends consisted of different formic acid (up to 4
M) and ethanol (up to 0.5 M) concentrations. The catalytic activity of a 40% Pd/C catalyst was tested in
0.1 M H,SO4 + XFA + YEtOH using cyclic voltammetry, while the catalyst resistance to poisoning in the

presence and absence of ethanol was tested using chronopotentiometry. The use of these blends is
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Accepted 24th June 2021 found to not only eliminate the indirect pathway but also slowly decrease the direct pathway activity too.
That is believed to be due to the different ethanol adsorption orientations at different potentials. This
DOI: 10.1039/d1ra01209f ) I . .
study should open the door for further studying the oxidation of FA/ethanol blends using different pHs

rsc.li/rsc-advances and different Pd-based catalysts.

Introduction HCOOH — HCOO,4, — CO, + 2H" + 2¢~ (4)
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Low-temperature proton exchange membrane fuel cells
(PEMFCs) are known to work with hydrogen as fuel. However,
hydrogen safe storage and transportation are among the main
factors limiting its use on a commercial scale. Therefore, liquid
fuels such as methanol,' ethanol,”> and ethylene glycol® were
suggested as a source of hydrogen that could be easily stored
and transported. One of the most promising fuels to be used is
formic acid (FA). FA has higher open circuit potential, high
energy conversion efficiency, and fast kinetics, besides low
toxicity and fuel crossover through the membrane.* However,
one of the major problems associated with the direct formic
acid fuel cell (DFAFC) is the tendency of the used catalyst to be
poisoned by carbon monoxide (CO). Formic acid oxidation
(FAO) happens in one of two main pathways (Scheme 1), direct
(eqn (1) or (4)) and indirect (eqn (2) plus (3)).*¢

HCOOH — COOH,q; — CO, + 2H" + 2¢~ (1)
HCOOH — CO,q, + H,0 )
COads + Hzo - COZ + 2H+ + 2e” (3)
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In the indirect pathway (IDPW), FA chemically dissociates at
the catalyst surface resulting in the formation of CO which
transforms into CO, at potentials positive enough to dissociate
water (Scheme 1). The step of eqn (3) is problematic because as
CO forms, at low potentials, it accumulates on the surface of the
catalyst lowering the overall efficiency of the fuel cell (FC). While
the direct pathway (DPW) (eqn (1)) skip this step and result in
CO, formation directly making this pathway much more
favorable. Another form of the DPW is called the formate
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Scheme 1 Formic acid oxidation pathways (direct, indirect, and

formate) on Pd catalyst surface.
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pathway,”® where the adsorbed intermedia is HCOO. Even
though both eqn (1) and (4) do not include the formation of CO,
the DPW through eqn (1) is more favorable. Computational
calculations showed that the formate pathway in eqn (4) needs
more energy than the DPW in eqn (1), based on the order in
which the bonds to be broken.”®

The IDPW could be reduced/eliminated by fuel or catalyst
modifications among other methods.>'® Platinum'** and
palladium™ are the most commonly used catalysts in DFAFC
and they have been used in many different combinations and
morphologies (Pd/Pt, Pt/Ru, etc.).*?° Palladium is the most
active towards FAO in acidic media,”*** but it could be easily
poisoned by adsorbed CO especially at high FA concentrations,
which are needed to get high energy densities.”® The adsorbed
CO could be removed/oxidized, but at high overpotentials.** On
the other hand, fuel modifications were included, using organic
materials, to initially prevent the CO formation pathway.” FA
blends with methanol and other alcohols were studied using
platinum-based catalysts,** that had catalytic activity to oxidize
these alcohols as well,” showing synergistic enhancement
towards the oxidation of the blend components. The effect of
the blend on the presence/absence of the FA IDPW was not clear
since the formic acid concentration was low (0.3 M). Pallidum is
one of the most active metals towards (EOR) in alkaline
medium,®*>® however it is inactive towards ethanol oxidation
reaction (EOR) in acidic medium.**** As shown in (Scheme 1).
Ethanol is expected to competitively adsorb against FA mole-
cules which may affect the FA mechanism.

In this paper, we tested the Pd/C catalytic activity towards
FAO using different FA concentrations up to 4 M in the absence
and presence of ethanol, aiming to investigate the effect of
ethanol on the FAO mechanism at Pd and the Pd resistance to
poisoning. While, in this study, the acidic media was selected to
eliminate the overlap between EOR and FAO-related activities.

Experimental

Formic acid 68% (Sigma-Aldrich), sulphuric acid (98%, Sigma-
Aldrich), absolute ethanol (Sigma-Aldrich), and Pd/C (40% Pd)
catalyst (Fuel cell store) were employed. The as-received Pd/C
catalyst was activated via annealing, under a flow of H,/N, gas
mixture for 1 hour at 200 °C. The as received and the annealed
catalysts were characterized using X-ray powder diffraction
(XRD) and transmission electron microscopy (TEM) to verify the
size and distribution of palladium nanoparticles.

The annealed sample is used for all the electrochemical
tests. Cyclic voltammetry (CV), with a scan rate of (20 mV s~ '), is
used to investigate the electrode performance towards FAO in
the presence of different ethanol/formic acid fuel bends in
deaerated 0.1 M H,SO, solution. Formic acid concentrations
were (0.5; 1; 2 and 4 M) while ethanol concentrations ranged
from 2 x 10% to 0.5 M. For the Pd stability in acidic media, 100
CVs with 20 mV s~ ' scan rate were performed in 0.1 M H,SO,
using different upper potentials of 0.39, 0.05, and —0.3 V. To
test the Pd resistance to poisoning, chronopotentiometry (CP)
experiments at different currents and FA concentrations in
presence and absence of ethanol were performed. A three-
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electrode cell system is used in which a glassy carbon elec-
trode (7 mm dia.) coated with a catalyst layer, Hg/HgSO,(Sat.
K,S0,) mercury sulfate electrode (MSE), and gold mesh are used
as the working, reference, and counter electrodes, respectively.
The catalyst layer is formed by depositing 10 uL of the Pd/C
catalyst ink (5 mg Pd/C, 600 pL IPA, 150 puL 1% Nafion, 150 pL
EtOH, and 100 pL H,0) on the surface of the GC electrode.

Results and discussion

Fig. 1 shows the XRD patterns for the as-received and the
annealed Pd/C catalyst. As seen Fig. 1 inset, the XRD spectrum
for the as-received Pd/C catalyst exhibits different diffraction
peaks at 26 of 39.58°, 46.03°, 67.14°, 80.84°, and 85.25°, corre-
sponding to the (111), (200), (220), (311), and (222) plans with
interplaying distances (d) of 2.274, 1.97, 1.39, 1.188, and 1.137
A, respectively, characteristic of cubic Pd metal (JPCDF card no.
46-1043). Besides, the characteristic peaks for PdO at 26 of
33.9°, 55.10°, and 62.6° corresponding to the (101), (112), and
(103) were observed.

The XRD spectrum for the annealed Pd/C catalyst shows the
disappearance of the PdO characteristic peaks, while the char-
acteristic peaks of Pd became sharper. Based on the full width at
half maximum (FWHM) of the (111) XRD peak, the average
crystal size (D) of Pd nanoparticles was calculated to be 6, and
13 nm, using Scherer's equation,* for the as-received and
annealed Pd/C, respectively.

TEM images of the catalyst in (Fig. 2) show that the Pd NPs
are well distributed on the carbon support, showing an increase
in the average particle size from 5 nm to 17 nm after annealing,
as supported by the XRD results. This increase in the size of the
Pd nanoparticles is caused by sintering during annealing.

CVs were collected in absence of FA and EtOH to assure that
the same catalyst layer is used. CVs, in presence of EtOH only,
were collected to examine the Pd catalytic activity towards
ethanol oxidation reaction (EOR). Also, the catalyst was tested in
presence of only FA to test the effect of adding EtOH to the fuel
blends on the Pd activity towards FAO.
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Fig.1 XRD patterns for annealed Pd/C catalyst, inset is the XRD for the
as-received catalyst.
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Fig. 2 HRTEM images for Pd/C catalyst, (a) as received, and (b)
annealed.

The CVs in ethanol + H,SO, solutions showed no apparent
peaks for ethanol oxidation (Fig. 3), which proves that the Pd/C
catalyst has no activity towards EOR in the acidic medium as
stated above. However, a slight decrease in the hydrogen
underpotential deposition (HUPD) and the PdO formation
peaks’ current was noticed in presence of ethanol caused by the
competitive adsorption of ethanol and hydrogen at the catalyst
surface at low potentials, while competing with water molecules
at high potentials (Scheme 1).

Fig. 4 shows the effect of increasing the FA concentration on
the selectivity of the Pd/C catalyst towards the DPW and IDPW
of the FAO. All the CV curves for FAO in 0.1 M H,SO, solution
showed two distinct peaks corresponding to the direct (E < 0.0
vs. MSE) and indirect (E > 0.0 V vs. MSE) pathways.** A slight
increase in the DPW and a significant increase in the IDPW
currents were observed with increasing the FA concentration.
The increase in the IDPW current is due to the CO accumulation
on the catalyst surface as the FA concentration increases, which
in turn means an increase in the poisoning possibility during
the run at low potentials. However, that poisoning effect on the
DPW is hard to be observed using CV due to the dynamic nature
of the CV, giving insufficient time for poisoning species to
accumulate.
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Fig. 3 CV curves for 0.1 M H,SO,4 solution with different ethanol
concentrations.
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Fig.4 CV curves for 0.1 M H,SO,4 solution (blue), and 0.5, 1, 2, and 4 M
FA solutions.

In the first fuel blend, an FA concentration of 0.5 M (FA-0.5)
is used. At low FA concentration, the DPW of FAO is shown to be
favorable (Fig. S11), and hence the addition of ethanol at
concentrations as low as 2 mM was enough to induce the DPW
even more. The continuous increase in ethanol concentration,
up to 20 mM, finally led to an overall decrease in the FAO
current due to the ethanol molecule occupation of the catalyst
sites.** In the second fuel blend, a 1 M FA (FA-1) solution is
used. As shown in Fig. 4, the IDPW current for FA-1 is higher
than the case of FA-0.5. The addition of ethanol at small
amounts (2 mM) led to the same enhancing effect while the
continuous addition led to the overall decrease in FAO activity
similar to what has been noticed in FA-0.5 (Fig. S21). In the case
of the FA-2 (2 M FA) solution, the addition of ethanol sup-
pressed the FAO IDPW but higher amounts of ethanol were
needed to have the same influence noticed in FA-0.5 and FA-1
(Fig. S37).

Fig. 5a shows the CV curves for the FA-4 fuel blends in which
the addition of ethanol inhibited the current related to the
IDPW with a minimum effect on the DPW current. Fig. 5b
represents the relation between the concentrations of ethanol
in the FA-4 fuel blend with the direct/indirect oxidation current
ratio. The addition of ethanol increased the ratio in all cases
with the FA-4 fuel blend with 0.05 M EtOH having the highest
ratio.

The first derivatives (FD) of the cyclic voltammetry data were
drawn to get a clearer look into the activity with less background
interference and to easily distinguish between the FA oxidation
DPW and IDPW peaks. Fig. 6a shows the first derivative of the
cyclic voltammetry data reported in Fig. 4. The two peaks related
to the DPW and IDPWof FA oxidation overlap in the CV curve.
The deconvolution of the CV curve gives two distinct curves for
each pathway, and the first derivative for each curve should give
a harmonic curve (Fig. S47). Therefore, the first derivative of the
CV curve for FA oxidation is a combination of the two harmonic
curves of the direct and indirect oxidation pathway.

It can be seen from Fig. 6a that the 0.5 M FA starts with
normal harmonic behavior showing a peak maxima at =—0.4V
that are related to the FA oxidation DPW, intercepts the zero

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV curves for FA-4 fuel blends with different ethanol

concentrations, and (b) demonstrates the EtOH concentration effect
on the direct/indirect currents for FA-4 fuel blends.

lines which represent E, (from the CV, Fig. 4), and starts to
move in the negative direction. However, a change in the shape
was observed due to the overlap with the IDPW curve, showing
another minimum at 0.2 V for the IDPW curve. With increasing
the FA concentration the point of intercept with the zero-line
shifts towards the position of the indirect oxidation region
and the contribution of the IDPW curve becomes much higher.
When the line starts to move in the negative direction, the CO,qs
continue to be oxidized to CO,. However, at the same time, OH
groups start to form on the Pd surface as shown in Fig. 4, with
the lowest point of the curve reflects the point at which half of
the surface is occupied by OH groups. The line starts to move in
a less negative direction with further surface coverage by OH
groups until of intercept with the zero-line again. At high
concentrations of FA, many CO,qs Species are present, causing
more intense peaks as demonstrated in Fig. 6a.

When ethanol and FA-4 fuel blends were used, Fig. 6b shows
that the addition of the smallest amount of ethanol reduced the
intensity of the 0.2 V-minimum associated with the IDPW and
shifted the curve shape towards a more normal harmonic DPW
curve. When the amount of ethanol reached 50 mM, the
intensity of the peak and the shape of the derivative curve were
almost identical to the shape of the 0.5 M FA solution. This
means that the addition of small amounts of ethanol could

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) 1st derivatives of cyclic voltammetry curves for 0, 0.5, 1, 2,
and 4 M FA solutions, (b) 1st derivatives of cyclic voltammetry curves
for FA-4 fuel blends with different ethanol concentrations.

greatly reduce the IDPW. Further addition of ethanol up to
0.5 M did not cause any further enhancement on the catalyst
activity.

According to the previous CV results, adding ethanol is
suggested to affect FAO reactions by only inhibiting the IDPW
up to an optimum ethanol concentration then starts to inhibit
the DPW also. As shown in Scheme 1, ethanol molecules at high
potential could adsorb in a specific orientation that is believed
to compete and lower the possibility of FA adsorption orienta-
tion that leads to CO or formate adsorption®*** and allowing the
FA orientation that leads to the DPW for FAO. However, after
a certain limit depending on the FA concentration, ethanol
molecules will occupy more catalyst active sites lowering both
DPW and IDPW currents.

In this study, we showed that the presence of ethanol could
change the FAO oxidation mechanism and inhibits the IDPW.
However, the long-term instability of Pd/C catalyst in acidic
media***>** makes it difficult to differentiate between the
catalyst poisoning versus catalyst instability as a reason behind
the Pd catalyst deactivation with cycling, using CV technique.
Fig. S51 shows a comparison between the 1st and the 100th CV
(20 mv s’I) for Pd/C catalyst in 0.1 M H,SO, using different
upper potentials of 0.39, 0.05, and —0.3 V vs. MSE. The Pd

RSC Adv, 2021, N, 22842-22848 | 22845
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catalyst is found to lose 58.5, 33.3, and 16.5% of its surface area
after 100 cycles when the 0.39, 0.05, and —0.3 V were used as
upper potential, respectively. That indicates the instability of
the Pd in acidic media during CV, depending greatly on the
upper potential and hence the Pd oxidation state. Therefore, we
believe that cyclic voltammetry is not suitable to differentiate
between catalyst poisoning versus catalyst instability. To test the
catalyst poisoning at low potentials in which the DPW is
dominant, with a minimum contribution from the catalyst
instability, the chronopotentiometry (CP) method was used.*?

Since the FAO, in the concentration range understudy, is not
concentration dependant as seen in Fig. 4, the transition time of
the CP curve should not reflect the FA surface concentration but
the point at which the number of active sites available for FAO
starts to decrease dramatically due to poisoning and/or the
competitive adsorption with ethanol that reduces the number
of active sites and forces the potential to move to a higher value
to fulfill the applied current.*>**

Fig. 7a shows the effect of changing the FA concentration on
the CP curves of Pd/C at 125 A gpq~ " in 0.1 M H,SO,. As could be
seen the initial potential for all the concentrations is almost the

Ewe (V vs. MSE)
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Fig. 7 Chronopotentiometry curves of Pd/C (a) at 125 A gpg*
measured in 0.1 M H,SO,4 + different concentrations of formic acid and
(b) measured in 0.1 M H,SO4 + 4 M FA in presence and absence of
50 mM EtOH at different currents of 50, 125, and 500 A gpg ™.
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same as observed in the CV response (Fig. 4). However, as the FA
concentration increases the transition time starts to shorten
due to the poisoning IDPW, which is known to increase with
increasing the FA concentration as confirmed with Fig. 4. In
addition, the transition time is found to inversely depend on the
applied current as shown in Fig. 7b, indicating that with
applying a higher current the potential shifts to a higher
potential causing even a higher contribution of the poisoning
IDPW.

In the presence of ethanol, even at low current (50 A gpd’l),
adding ethanol to 4 M FA solution caused a decrease in the
transition time (Fig. S61) due to the competitive adsorption
between ethanol and DPW ethanol and FA molecules with
similar orientations at low potentials (Scheme 1). Even though
EtOH is shown to adsorb at the surface of Pd in this potential
range according to Fig. 3. However, that did not show any
inhibiting effect on the DPW according to the CV results (Fig. 5
and 6). This contradiction between the CV and CP results
indicates that, at this potential range, EtOH adsorps slowly on
the surface, and hence its effect was not captured using CV. As
the applied current increased to 500 A gpq ' the competitive
adoption between ethanol and FA decreased to a minimum
showing almost an identical response (Fig. 7b). These results
indicate that ethanol adsorption at low potentials is week and
needs time to affect the DPW, while at high potentials it is
strong and could cause a complete suppression of the IDPW.

Conclusions

It was found that the addition of ethanol in all fuel blends
inhibits the FA indirect oxidation pathway and the amount of
ethanol was dependent on the FA concentration. According to
the CV results, the FA-4 fuel blend with 0.05 M ethanol showed
the highest direct oxidation current with a minimum IDPW
related current. However, the use of too high concentrations of
ethanol leads to an overall decrease in the catalyst activity
towards FA oxidation. The use of the first derivate method
allowed for a better demonstration of the peaks associated with
the direct and indirect oxidation pathway even when it was not
very clear in the cyclic voltammetry curves and it showed that
this method could be used for a better understanding of the
mechanism of FA oxidation. In addition to cyclic voltammetry,
using chronopotentiometry added a deeper understanding of
the competitive adsorption between FA and ethanol at low
potentials, showing that the presence of ethanol will inhibited
also the DPW but needs a longer time to do so. This work should
open the door and lead to a better design for studying the
oxidation of FA/ethanol blends using different pHs and
different Pd-based catalysts.
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