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ARTICLE INFO ABSTRACT

Keywords: The alkaline methanol electrooxidation reaction (MOR) in alkaline direct methanol fuel cells is still very little
Methanol electrooxidation understood with regard to its electrochemical behavior. Theoretically, when using a rotating disk (RDE) as
Alkaline electrolyte working electrode, the limiting current from an electrochemical reaction increases with the rotation rate as
Formaldehyde

described by Levich. Contrary to this principle, the current resulting from the alkaline MOR does not increase,
but decreases with rotation rate. In this work, we investigate the reason for this phenomenon using the method
described by Nash and modified by Belman to quantify formaldehyde, a reaction intermediate of the alkaline
methanol electrooxidation. The amount of formaldehyde is in direct relation to the rotation rate, proving that the
current density loss can originate from an intensified removal of formaldehyde into the bulk solution. We analyse
the influence of the electrolyte and methanol concentration on the formation of formaldehyde in order to in-
vestigate which conditions support the complete oxidation pathway and suppress the incomplete oxidation to
formaldehyde. The concentration ratio as well as the absolute concentrations are of great importance for the
pathways taking place. A low electrolyte concentration leads to an increase of the formaldehyde but decreasing
the methanol concentration results in an absence of formaldehyde in the bulk solution.

Nash method
Chronoamperometric measurement

1. Introduction with the Levich current i; (A), the number of transferred electrons n, the
Faraday constant F (C/mol), the electrode area A (cm?), the diffusion
The alkaline direct methanol fuel cell (ADMFC) features some im- coefficient D (cm?/s), the angular rotation rate of the electrode w (rad/
portant advantages compared to the acidic version e.g. improved re- s), the kinematic viscosity v (cm?/s) and the reactant concentration c
action kinetics for both anode and cathode reactions [1-4]. But the (mol/cm?).
progress of the ADMFC is limited by different factors. Among others, RDE measurements, dynamic as well as stationary, of the alkaline
the achievement of a steady-state is difficult. In our previous work, we methanol electrooxidation show a divergent behavior from the Levich
showed that the stability of the system components is highly affected by equation. The current diminishes with increasing rotation rate [7-9]. In
various parameters, e.g. the degradation of the components in alkaline contrast to the behavior in alkaline electrolytes, the methanol electro-
electrolyte hinders the stationary state of the system [5]. oxidation in acid solutions follows the Levich equation, yielding higher
Using the rotating disk electrode (RDE) as working electrode in a current densities with increasing rotation rates [10,11]. Under the as-
three electrode system is typically a very powerful tool to investigate sumption that the recorded current is either diffusion or mixed kinetic-
reaction kinetics. The Levich equation (Eq. (1)) enables the determi- diffusion controlled, a possible explanation for the different behavior of
nation of the diffusion coefficient or the number of involved electrons the alkaline methanol oxidation reaction in contrast to acidic media
from the electrochemical reaction by plotting the limiting current versus could be that the reaction intermediates are weaker adsorbed in alka-
the square root of the rotation rate [6]. According to the Levich equa- line solution leading to an increased desorption rate in relative terms
tion a linear slope results from the application given that the current is [12]. After desorption, the molecules can either re-adsorb or diffuse
not controlled completely by kinetics: into the bulk solution. Fischer et al. described these possibilities for
H,0, as reaction intermediate during oxygen reduction reaction [13]. A
i) = 0.62 NFAD3 v=1/6 @l/2 ¢) = B !/ '6D) higher rotation rate could favor diffusion of intermediates into the
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Fig. 1. Simplified reaction mechanism of the alkaline methanol electrooxidation.

solution reducing re-adsorption and further reaction.

Based on the mechanism scheme postulated by Beden et al. and
supplemented by different research groups (Fig. 1), formaldehyde could
be the relevant reaction intermediate [7,8,14,15]. Egs. (2)-(5) describe
the simplified reaction steps of the alkaline methanol oxidation. It
proceeds via dehydration [16]. By the cleavage of two hydrogen atoms,
formaldehyde is formed on the catalyst surface. Formaldehyde can
desorb from the catalyst surface and diffuse into the bulk solution. Since
there is equilibrium between desorption and adsorption, a share of the
formaldehyde will adsorb again and be available for further reaction.
We assume that parts of the formaldehyde diffuse further into the so-
lution, leading to a loss of 4 electrons per molecule due to incomplete
oxidation of methanol. This process might be promoted by the rotation
rate and thereby responsible for the deviance of the expected behavior.
To investigate the relation between the current loss and the increasing
rotation rate, we analyse the amount of formaldehyde in the bulk so-
lution. In addition to the rotational study, we vary the electrolyte and
methanol concentration to examine their contribution to the for-
maldehyde production in the bulk solution.

CH;OH,q + 20H- 55 CH,Op + 2H,0 + 26 @
CH,Ou + 20H- 2 COu + 2H,0 + 2e- 3)
CO. + OH- 2 COOH,q + e 4
COOH,q + 30H- 2 CO2 + 2H,0 + e (5)

For the formaldehyde quantification, we use the Hantzsch reaction
with subsequent fluorescence analysis to quantify the amount of for-
maldehyde in an aqueous solution. This method, called the Nash
method, is widely used to determine formaldehyde concentrations in
biological materials as urine, saliva, respiratory air or waters by com-
bining the conversion of formaldehyde to diacetyldihydrolutidine, a
fluorescence active species, with its detection by fluorescence spectro-
scopy [17-22]. Formaldehyde condenses with acetylacetone in the
presence of an ammonium acetate buffer, according to the Hantzsch
reaction, to 3,5-diacetyl-1,4-dihydrolutidin (DDL) (Fig. 2) [23]. DDL is
fluorescence active and shows a band at 510 nm. The peak area can be
associated to the amount of DDL and thereby to the amount of for-
maldehyde, since formaldehyde is in equimolar quantities to the formed
DDL and possesses the same concentration. In combination with elec-
trochemical studies, HPLC method is widely used to detect for-
maldehyde since this technique enables the parallel detection of dif-
ferent substances [24,25]. But it is necessary to have an appropriate
column and method to separate the resulting signals. The Nash analysis
also requires an external calibration, but it can be achieved with less
effort simplifying the formaldehyde analysis. Other research groups
have already tested the Nash method in combination with
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Fig. 2. Hantzsch reaction between acetylacetone and formaldehyde in presence
of ammonia to DDL.

electrochemical measurements in the field of methanol oxidation in
acidic media or in the field of photocatalysis [26-29]. Our intention
was to test the method in combination with the methanoloxidation in
alkaline media to investigate the formaldehyde concentration in the
bulk solution.

2. Experimental section
2.1. Electrochemical measurements

Electrochemical measurements were performed with a three elec-
trode cell setup using a smooth platinum rotating disk electrode as
working electrode (A = 0.196 cm?, Pine Instruments). The RDE was
attached to a modulated speed rotator (Pine Instruments) to control the
rotation rate. The counter electrode consisted of a platinum wire, and a
reversible hydrogen electrode (RHE) from Gaskatel was used as re-
ference electrode. All potentials in this work are referred to the RHE. All
electrochemical experiments were performed at room temperature
(25°C £ 0.5°C). The solutions were prepared from sodium hydroxide
(Carl Roth GmbH, 98%, p.a.), methanol (VWR, HPLC grade) and Milli-Q
water (R = 18.2MQ cm). The total electrolyte volume was 15 mL, the
results are referred to the actual volume. The potential was controlled
by a Zennium X potentiostat (Zahner Elektrik GmbH). The chron-
oamperometric (CA) measurements were all held at a constant potential
of 0.71V vs. RHE over 3600s. The electrode was electrochemically
cleaned prior to each measurement by cycling between 0.0V and 1.2V
for 200 cycles with a scan rate of 100 mV s~
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2.2. Formaldehyde quantification by Nash method

The samples for the Nash method were taken after defined times of
300s, 900s and 3600s. The sampling consisted of two samples of
300 uL each, taken from the reaction volume of 15mL. The volume
change due to the sample taking is considered in the calculation of the
amount of substance. The samples were mixed with 600 pL Nash solu-
tion, a combination of 0.02 M acetylacetone (Carl Roth GmbH, 98% for
synthesis), 0.05 acetic acid (Carl Roth, 100%, p.a.) and 2.0 M ammo-
nium acetate (Carl Roth, 97%, p.a.). The reaction was allowed to take
place for about 12 h under light exclusion to ensure a complete reaction
from formaldehyde to diacetyldihydrolutidine. Afterwards, a 250 pL
portion of the mixture was used for the investigation with the fluores-
cence spectroscopy. The excitation wavelength was 405 nm with a slit
opening for the lamp of 20 nm and a photomultiplier voltage of 400 V.
Blank samples of all pure solutions and their combinations without
electrochemical treatment were taken in order to calculate a baseline
for the DDL detection.

3. Results and discussion

Fig. 3 shows the forward and backward scan from dynamic CV
measurements of an alkaline methanol solution on a smooth platinum
catalyst with different rotation rates. The presented curves are obtained
by rotations between 0 rpm and 1600 rpm. The recorded current from
the alkaline methanol electrooxidation at a certain potential does not
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Fig. 3. CV curves of a 0.5M MeOH + 0.5M NaOH solution on a platinum

catalyst at room temperature with varied rotation rates of the RDE working

electrode. Scan rate: 20 mV s~ L.
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Fig. 4. Fluorescence spectra showing the DDL band at 510 nm. The samples are
taken at different times during a CA measurement at 0.71 V vs. RHE in an al-
kaline methanol solution (both 0.5 M) on a platinum RDE at room temperature.

follow the Levich equation. After an initial increase of the current from
0rpm to 100 rpm, the peak maximum decreases continuously with in-
creasing rotation rate. This effect is observable for both the forward and
backward scans.

3.1. Quantification of formaldehyde concentration in dependence on the
rotation rate

We investigate the formaldehyde concentration during the me-
thanol electrooxidation from stationary chronoamperometry (CA)
measurements with changing rotation rates. The potential was held
constant at 0.71 V vs. RHE which corresponds to the potential where the
maximum current was recorded. Samples were taken from the bulk
solution after three time intervals (300 s, 900 s and 3600 s) and mixed
with the Nash solution. The associated fluorescence spectra of the
formed DDL are presented in Fig. 4. The fluorescence band at 510 nm
belongs to DDL so the integration of the peak area at 510 nm provides
the formaldehyde concentration with respect to a calibration curve and
the reaction volume. All measurements show a continuous increase of
the formaldehyde concentration with reaction time (Fig. 5a). The slope
depends strongly on the rotation rate. The increase is strongest at the
highest adjusted rotation of 1600 rpm, demonstrating a strong effect of
the rotation rate on the amount of detectable formaldehyde. A higher
rotation rate leads to a higher amount of formaldehyde in the bulk
solution. Fig. 5b shows the corresponding CA curves for the three dif-
ferent rotation rates. All three curves present a strong current density
decay over time. The highest current density values are reached with
the lowest rotation rate in accordance to the performed CV measure-
ments. The results of these measurements verify the negative influence
of the rotation rate on the reaction process. The behavior can be ex-
plained by the stronger removal of desorbed formaldehyde into the bulk
solution at higher rotation rates preventing further reaction. As a result
the complete methanol electrooxidation to CO, or CO32 ™, respectively,
is minimized.
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Fig. 5. CA measurement of a 0.5 M NaOH containing methanol solution (0.5 M) at 0.71 V vs. RHE on a platinum catalyst at room temperature for various rotation
rates. a) CA curves. b) And corresponding formaldehyde concentration evolution calculated from fluorescence spectra of DDL.

3.2. Analysis of the formaldehyde concentration in dependence on reactant
concentration

In addition to the analysis of the formaldehyde concentration in
terms of the rotation dependence, the Nash method can also be used to
determine the influence of other parameters on the preferred reaction
pathway. In the following section, the impact of electrolyte and me-
thanol concentration are analyzed. Fig. 6a presents the formaldehyde
concentration recorded during CA measurements for two electrolyte
concentrations, 0.5M (pH: 13.7) and 0.1 M NaOH (pH: 13.0). The
amount of formaldehyde approximately doubles as the electrolyte
concentration is reduced from 0.5M to 0.1 M NaOH. Thus, a low NaOH
concentration favors the formaldehyde reaction pathway. A possible
explanation is the lack of hydroxide ions on the catalyst surface, either
because the concentration of OH™ -ions is too low or the adsorbed
methanol molecules block too many free catalyst sites. The hydroxide
ions are essential for the oxidation processes. 8 OH ™ -ions are necessary
for the complete oxidation of methanol to CO52~. The lack of OH,qs
leads to a slower oxidation of formaldehyde facilitating the desorption
of formaldehyde into the bulk solution.

Besides the electrolyte concentration, the influence of methanol
concentration on the formation of formaldehyde is also investigated by
reducing the methanol concentration to 0.1 M. The values for the for-
maldehyde concentration plotted against the reaction time can be found
in Fig. 6b. The DDL band in the fluorescence spectra of the 0.1 M MeOH
solution does not differ from the curves of the blank sample at any time,
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(a) CMeOH — 0.5 M, CNaOQH — 0.1 / 0.5 M.

resulting in a non-detection of formaldehyde. Hence, the decrease of the
methanol concentration shifts the reaction pathway toward the com-
plete oxidation pathway of methanol to CO3>~. The low MeOH con-
centration enables higher hydroxide concentrations at the surface,
which facilitates the oxidation of all adsorbed formaldehyde and
thereby decreases the amount of desorbed formaldehyde staying in the
bulk solution. Alternatively to the reaction via directly chemisorbed
intermediates on the catalyst surface, a water assisted reaction pathway
may exist [30]. Iwasita et al. showed that formic acid as intermediate
from alcohol oxidation in acid is bound to the catalyst surface via a
water molecule and thus possesses a weaker bond [31]. Accordingly,
assuming this also applies to formaldehyde, a higher methanol con-
centration would result in a higher formaldehyde concentration, both
on the catalyst surface and in the bulk solution. In conclusion, it can be
stated that the ratio between methanol and hydroxide concentration
and the absolute concentrations have a decisive influence on the com-
plete methanol oxidation rate.

3.3. Calculation of the charge from formaldehyde production

In this section, we evaluate which proportion of the total electrode
charge results from the formaldehyde pathway (1). The charge resulting
from formaldehyde formation is calculated by Faraday's law (Eq. (6))
using concentrations obtained by Nash results. Possible side reactions of
formaldehyde except from the methanol electrooxidation path are ne-

glected in the calculation. For example, formaldehyde could
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Fig. 6. Impact of electrolyte (left) and methanol concentration (right) on the formaldehyde concentration during the alkaline methanol oxidation at a constant
potential of 0.71 V vs. RHE on a platinum catalyst at room temperature with a scan rate of 400 rpm.

60



T. Haisch, et al.

100 + i % %
°7 ¥ X
80
70 - %
60
z "] I
= 504
40
304
11 X Standard
20| X ormpm *
1| X 1600 rpm
10 4| X 0.1 MNaOH
1l X 0.2 MMeOH
o T | — | — | — | — — L T
o 500 1000 1500 2000 2500 3000 3500
t/s

Fig. 7. Faradaic efficiencies (i7¢) of complete methanol electrooxidation during
a CA measurement at 0.71V over time. Standard refers to a 0.5M
MeOH + 0.5M NaOH solution measured with a rotation rate of 400 rpm. The
italic values describe the parameter changed in the measurement. The values
for 0.1 M MeOH (blue) are without error bars because no formaldehyde could
be detected resulting in a efficiency of 100%, assuming that formaldehyde is the
only source of current loss and carbonate the only product of the alkaline MOR.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

disproportionate to formate and methanol according to Cannizzaro-
type reaction [32]. Such a reaction would lead to an underestimation of
the amount of produced formaldehyde.

QCH20 t)=nzF= CCH20’V-2~F 6)

Qtot = ‘/[: I(t)dt @
Q is the charge, n is the amount of substance, z is the number of
electrons (which is 2 for formation of formaldehyde) and F is the
Faraday constant. The integration of the current-time curve (Fig. 5b)
gives the total charge at any time (Eq. (7)). The assumption is made,
that the total charge is equivalent to the charge from CH,O and CO52~
production. From these charge values, the Faraday efficiency in relation
to the complete methanol oxidation can be calculated by Eq. (8), pro-
vided, that desorption of formaldehyde represents the only source for
loss of charge. Other intermediates or products like formate are not
taken into account at this stage to simplify the complex mechanism of
the alkaline MOR.
Qcmy0

=1-
K ®

Qtot

Fig. 7 shows the calculated Faraday efficiency values over time.
Since the oxidation of methanol to formaldehyde is connected with a
loss of electrons compared to the complete oxidation, the efficiencies
are reduced by the incomplete oxidation to formaldehyde. The recorded
current is lower at higher rotations rates while the formaldehyde con-
centration in the bulk solution increases. Hence, the percentage of the
charge based on formaldehyde formation increases with the rotation
rate. In the present system, half of the charge originates from the oxi-
dation of methanol to formaldehyde after 3600 s with a rotation rate of
1600 rpm. With a rotation rate of 400 rpm the Faraday efficiency rises
to 89.3% and, if the rotation is off, a further increase occurs to 96.6%.

The reduction of the hydroxide concentration (rotation of 400 rpm)
leads to an enormous increase of the amount of formaldehyde in the
bulk and thereby to a reduction of the Faraday efficiency of the
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complete methanol oxidation. After 3600s, less than one-third of the
charge is based on complete methanol oxidation (1= 23.5%).
Considering side reactions like the base-catalyzed Cannizzaro-type re-
action of formaldehyde, this reaction would further reduce the con-
tribution of the complete oxidation path to the recorded charge re-
sulting in an even lower faradaic efficiency. In addition, the
disproportion of formaldehyde might explain the pH dependent dif-
ferences in the amount of formaldehyde. A higher pH value facilitates
this reaction and thereby reduces the amount of formaldehyde in the
solution. Lowering the methanol concentration from 0.5M to 0.1 M
results in no-detection of formaldehyde. So the formed formaldehyde
seems to have been further oxidized to carbonate, whereas a low OH ™ -
ion concentration promotes the pathway stopping at formaldehyde due
to minimized re-adsorption.

4. Conclusions

The combination of electrochemical measurements of alkaline me-
thanol electrooxidation with the Nash method for the determination of
the formaldehyde concentration has been demonstrated to be a valu-
able analytical method for the investigation of the reaction mechanism
and its dependence on certain parameters. The analysis of the for-
maldehyde production during methanol electrooxidation with a fixed
potential and different rotation rates shows that the increased amount
of formaldehyde in the bulk is in direct relation to the rotation rate,
giving an explanation for the deviating behavior from the RDE theory
and Levich equation. Furthermore, the influence of the reactant con-
centrations on formaldehyde production is studied. A reduction of the
electrolyte concentration leads to an increase of formaldehyde pro-
duction, whereas the reduction of the methanol concentration sup-
presses the production of formaldehyde. The OH™ -ion availability is an
important variable influencing the product distribution. Undercertain
conditions, the alkaline methanol electrooxidation follows the in-
complete oxidation pathway to formaldehyde nearly completely. These
results emphasize the importance and influence of the right con-
centration ratios and absolute concentrations for the alkaline methanol
electrooxidation.
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