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A B S T R A C T

We report results of a systematic study of the borohydride oxidation reaction (BOR) in borohydride containing 
0.5 M NaOH electrolyte over Pt/C, Au/C and AuPt/C thin-film catalyst electrodes, performed under enforced 
mass transport conditions. Employing rotating disk electrode (RDE) and thin-layer flow cell differential elec
trochemical mass spectrometry (DEMS) measurements, we identify kinetic limitations over a wide range of 
transport conditions. Together with the highly sensitive detection of evolved hydrogen as a function of potential, 
due to the use of a cold trap at the mass spectrometer inlet, this allows us to separate changes in the reaction 
selectivity, from complete to incomplete borohydride oxidation, from other kinetic limitations. Evaluation of the 
(apparent) number of electrons transferred per borohydride ion, both from the RDE measurements via the 
Koutecky-Levich formalism and from the DEMS measurements via the H2 formation current, further supports the 
identification of complete borohydride oxidation (8 electron transfer) and incomplete oxidation (< 8 electrons 
transfer) reaction conditions. Using data on isotope labeled BD4

- oxidation that we had published earlier, we 
identify weak secondary kinetic isotope effects for all catalysts, which indicate that B-H bond breaking does not 
represent the rate limiting step.

1. Introduction

Borohydride has attracted considerable attention as an alternative 
fuel for direct oxidation fuel cells due its low standard potential [1,2]. 
This would offer a higher theoretical voltage of the direct borohydride 
fuel cell (DBFC) or even twice higher for the borohydride-hydrogen 
peroxide DBFCs [3] compared to hydrogen-oxygen polymer electrolyte 
fuel cells (PEMFCs) [4]. DBFCs might also be a promising alternative for 
the direct methanol oxidation fuel cells (DMFC) [5]. Furthermore, the 
hydrogen-rich borohydride (four hydrogens per boron atom) can also be 
used as a source for a clean hydrogen production, which is generated by 
the bulk or catalytic hydrolysis of borohydride, as anode feed for a 
H2/O2 driven PEMFC [6,7]. This, however, may result in a reduced fuel 
utilization efficiency, since even under DBFC open-circuit conditions 
borohydride is consumed with unwanted H2 release. Though the rate of 
borohydride bulk hydrolysis can be significantly slowed down at a high 

pH, in a strongly alkaline environment [8], which requires the 
employment of an anion exchange membrane in DBFCs, this cannot fully 
inhibit the catalytic hydrolysis [2]. Therefore, the complete oxidation of 
borohydride must be ensured by using a proper anode catalyst, which is 
active also for H2 oxidation, to avoid the formation and escape of H2 
without further oxidation and the related efficiency losses [9]. 
Furthermore, it must be considered that the stepwise dehydrogenation 
and oxidation of borohydride toward the final product borate proceeds 
via a complex network of boron-hydrogen bond breaking and 
boron-oxygen bond making elementary steps [10]. This results in the 
formation of a number of reaction intermediates, which can be either 
oxidized further or escape without further oxidation, thus strongly 
affecting the fuel utilization [11,12]. These challenges have triggered a 
large number of theoretical [10,13–15] and experimental model studies 
[11,12,16–30], aiming at a better understanding of mechanistic and 
kinetic aspects of the electrooxidation of borohydride at different metals 
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and alloys, which were summarized in recent reviews [9,31].
Previously, we reported results of a differential electrochemical mass 

spectrometry (DEMS) study, where employing isotope labeled bor
odeuteride we investigated the origin of the H2 formed during borohy
dride oxidation − borohydride or water − as a function of the electrode 
potential and under open-circuit conditions in alkaline electrolyte [32]. 
Since platinum and gold are the common reference materials in both 
theoretical and experimental model studies of the borohydride oxidation 
reaction (BOR) and employed also in technical DBFC devices, carbon 
supported Pt and Au nanoparticle catalyst were used in that study. 
Furthermore, earlier studies had shown that bimetallic AuPt electrodes 
or catalysts, either prepared by co-deposition of Pt and Au by galvanic 
displacement of Ni [33] or using colloidal AuPt/C catalysts [34], can 
improve the catalytic activity of the elementary components in the BOR. 
This has stimulated already a number of further studies over AuPt 
(catalyst) electrodes, including Pt decorated gold nanoparticles [35] or 
Pt modified Au(111) electrodes [36]. In order to learn more about the 
performance of these bimetallic electrodes/catalysts under well-defined 
reaction and transport conditions, we included also carbon supported 
PtAu catalysts for comparison, using catalysts with metal particle sizes 
similar sizes to those of the other catalysts. For the same reason, the 
Au/C and AuPt/C catalysts were prepared via the same synthesis route, 
while a commercial Pt/C catalyst was used as reference. This earlier 
study revealed that hydrogen evolution (H2, HD, D2) is dominated by the 
reduction of H2O (with trace amounts of HD) at potentials below 0.06 V 
(vs. RHE) over the Pt/C and AuPt/C catalysts, while there is no hydrogen 
evolution in the double-layer regime. Over the Au/C catalyst it only 
results from water reduction at E < -0.2 V (vs. RHE), while at higher 
potentials up to the oxide region only D2 formation was observed. In the 
oxide region, over the metal oxide covered catalysts, there was only D2 
evolution from borodeuteride over the Pt/C and AuPt/C catalysts, while 
for Au/C also trace amounts of HD were detected. Additional mea
surements of the interaction between deuterated borohydride and the 
oxide pre-covered metal catalysts upon open-circuiting the electrode 
revealed a fast decay of the open circuit potential (OCP) to ca. -0.02 V 
(vs. RHE) for the Pt containing catalysts, with no gas evolution down to 
ca. 0.06 V, followed by a steep increase of H2 evolution from water down 
to the steady-state OCP with a small amount of HD. Hence, under these 
conditions, water reduction is facilitated by electrons generated in the 
simultaneous borohydride oxidation, leading to the formation of a 
mixed potential. This electroneutral reaction is commonly referred to as 
a catalytic hydrolysis of borohydride. For the pre-oxidized Au/C elec
trode, the situation was more complex. D2 is evolved during the po
tential transient via the reduction of a gold oxide by borodeuteride, as 
gold is not active for hydrogen oxidation. At the rest potential, there was 
no detectable H2 evolution from water, due to the poor catalytic activity 
(= high overpotential) of gold for the hydrogen evolution reaction 
(HER) and for the BOR at a gold electrode. Thus, the mixed potential 
formed in this case results from very low rates of the HER and BOR, 
respectively, which fully agrees with an earlier report of a poor catalytic 
activity of a gold electrode in catalytic borohydride hydrolysis [37].

While that study provided detailed insights into a number of mech
anistic aspects of the BOR at these catalysts, others, in particular, the 
role of mass transport and kinetic limitations, possible contributions 
from kinetic isotope effects or the impact of electronic modification on 
the performance of the bimetallic AuPt/C catalyst remained open. These 
are topic of the present study. Mass transport effects, which are of 
considerable interest since the borohydride oxidation rate is known to 
strongly depend on the mass transport [29], were studied in a rotating 
thin-film electrode (RDE) configuration [38] as a common hydrody
namic electrochemistry method. Potential dependent hydrogen forma
tion, which provides information also on the selectivity of the BOR, as 
well as possible contributions from kinetic isotope effects to the Faradaic 
current, were investigated in a thin-layer flow cell in a DEMS setup, also 
under continuous electrolyte transport. In the following, after a brief 
description of the experimental details (Section 2), we will present and 

discuss the results of the RDE measurements (Section 3.1) and DEMS 
measurements (Section 3.2) performed on the same three carbon sup
ported catalysts (Pt/C, Au/C and AuPt/C), which aim at resolving the 
above issues.

2. Experimental

As catalysts we used a commercial carbon supported Pt nanoparticle 
(Pt/C) fuel cell catalyst (20 % Pt/Vulcan XC72, E-TEK) and AuPt/C as 
well as Au/C catalysts prepared at the Center of Solar Energy and 
Hydrogen Research, Ulm (ZSW). In short, AuPt and Au nanoparticles 
were synthesized by thermal reduction of hexachloroplatinic and tet
rachloroauric acid in oleylamine dispersion and loaded on the carbon 
black (Vulcan XC-72) support, following the procedure described by Lu 
et al. [39]. Careful catalyst characterization provided detailed infor
mation on the most important catalyst properties The mean particle 
sizes of the catalysts were 3.6 ± 1 nm (Pt/C) and 5.3 ± 0.8 nm (AuPt/C, 
Au/C), respectively [32]. For the AuPt/C catalyst, the Au:Pt ratio was 
54:46. The metal loadings were 20 wt% (Pt/C), 25 wt% (AuPt/C), and 
7.0 wt% (Au/C), respectively [32]. The lower metal loading of the Au/C 
catalyst was required due to the tendency of this catalyst to form larger 
particles at higher metal loadings.

Thin-film catalyst electrodes were prepared by pipetting and drying 
first a droplet of aqueous catalyst suspension (20 µl, 0.5 mg ml-1, ul
trasonically dispersed) onto a mirror-polished, removable glassy carbon 
disk (6 mm in diameter for the RDE head, 9 mm disks for DEMS, all from 
Sigradur G from Hochtemperatur Werkstoffe GmbH), followed by 
sequential pipetting and drying droplets of a highly diluted (1:50) 
aqueous Nafion (10 wt.%. Sigma Aldrich) solution. This sequential 
process with a much more diluted Nafion solution than used normally 
[38] resulted in an improved adherence of the catalyst film to the glassy 
carbon substrate and ensured a sufficient electrode stability in alkaline 
solution under enforced mass transport conditions, while maintaining a 
negligible diffusion resistance of the Nafion film. The resulting catalyst 
films were about 5 mm in diameter and, based on visual inspection, 
homogeneous.

The RDE measurements were conducted in a thermostated three- 
compartment electrochemical cell (23◦C), using a Pine Instruments 
RRDE setup and five different rotation rates between 400 and 3600 rpm. 
A Pt wire counter electrode and a saturated calomel electrode (SCE) 
reference electrode, connected through a salt bridge, were used. All 
potentials are quoted vs. that of a reversible hydrogen electrode (RHE).

The simultaneous electrochemical and mass spectrometric DEMS 
measurements were performed in a dual thin-layer flow cell [40] 
equipped with a porous membrane (Scimat, 60 μm thick, 50 % porosity, 
0.2 μm pore diameter) and an SCE reference electrode. Again, all po
tentials are quoted vs. that of the reversible hydrogen electrode (RHE). 
The working electrode potential was controlled and the currents were 
acquired by means of an AFRDE 5 (Pine Instruments) potentios
tat/galvanostat, connected to a computerized data acquisition system. 
The concentrations of volatile species were simultaneously measured by 
a mass spectrometer (QMS 422, Pfeiffer Vacuum), after passing a liquid 
nitrogen cooled trap used to decrease the background signal of the m/z 
= 2 ion current resulting from the ionization of water vapor and sub
sequent recombination of the H species in the ion source of the mass 
spectrometer. The m/z = 2 ion current was calibrated in separate ex
periments for each catalyst in pure supporting electrolyte by stepping 
the electrode potential from the double-layer region to the hydrogen 
evolution region for one minute for and back to calculate the calibration 
constant K* = (2 × Im/z=2) / IF [41].

The borohydride (Sigma Aldrich, ReagentPlus® 99 %) solutions in 
0.5 M sodium hydroxide (Sigma Aldrich, semiconductor grade) were 
freshly prepared from sodium hydroxide and sodium borohydride (the 
latter was dissolved in 0.5 M solution of sodium hydroxide to prevent the 
bulk hydrolysis) in ultrapure water (Millipore Milli-Q, 18.2 MΩ cm). All 
solutions were deaerated by a flow of high purity (99.999 %) nitrogen 
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before and during the measurements.

3. Results and discussion

3.1. Rotating disk electrode (RDE) measurements

3.1.1. RDE measurements on a Pt/C catalyst electrode
The RDE measurements of the borohydride oxidation reaction (BOR) 

on the Pt/C thin-film electrode at different rotation rates are presented 
in Fig. 1 (solid lines), where the rotation rates are chosen such that based 
on the Levich equation [42] the increase in mass transport limited 
current should be constant between subsequent CVs traces. The BOR 
starts at rather low potential (ca. -0.015 V). It then increases steeply with 
increasing potential and approaches the mass transport limited current, 
reaching a maximum current at about 0.3 V. Note that the steep current 
increase points to very small or negligible Ohmic losses, which is in 
contrast to an earlier report [26]. With further increasing potential the 
current decreases slowly, followed by a steeper decay between 0.75 and 
0.85 V, i.e., with the onset of PtO formation, where a distinct minimum 
is reached (Fig. 1a, solid lines). At even higher potentials, the current 
increases again, followed by a continuous decay up to the upper po
tential limit. All of these features are more pronounced at higher rota
tion rates.

In the negative-going scan (Fig. 1b, solid lines), the BOR current 
remains nearly constant in the PtO region until approaching the po
tential of PtO reduction, where the current again exhibits a distinct 
minimum. Note the by about 0.1 V lower potential of the current min
imum compared to the positive-going scan. Subsequently, the current 
increases towards the mass transport limited value, which is essentially 
reached at potentials around 0.35 V. (The slightly lower current 
compared to the positive-going scan, which is independent of the rota
tion rate, is likely due to capacitive effects.) Then, the BOR current de
creases slowly, followed by a steep decay at potentials lower than 0.05 
V. At ca. -0.015 V, the current is no longer measurable. At this point, the 
BOR current is compensated by a similar size but opposite current 

resulting from the simultaneous hydrogen evolution reaction (HER) (see 
also Section 3.2).

Comparing these data with the BOR CVs reported for the same 
catalyst in Section 3.2 and in our earlier report [32], there seem to be 
significant differences. These can be simply explained, however, by the 
much lower electrolyte flow in the latter experiments, which leads to a 
significantly lower mass transport limited current, by about a factor of 
five to six, and thus to a much more pronounced representation of the 
adsorption / desorption features such as the Hupd and PtO reduction 
features (see also the CVs in Section 3.2). In a similar way, we can 
compare also with other data reported in the literature, which were 
recorded under different conditions on a smooth Pt electrode [25,30,
43], and on Pt nanoparticles supported on either high surface area 
carbon [26] or carbon nanofilaments [12]. For the borohydride oxida
tion over a polycrystalline Pt electrode in the RDE setup, two distinct 
regions were reported, namely i) the potential region below Pt oxide 
formation, where the BOR occurs at close to the mass transport limit 
with about seven electrons transferred per borohydride and the for
mation/removal of BH3OH- results in kinetic limitations, and ii) the PtO 
potential region, where incomplete oxidation of borohydride occurs (5-6 
electrons) with extensive evolution of hydrogen.

Based on RRDE measurements of the BOR on a Pt/C thin film elec
trode [12,26], where the authors investigated the role of the catalyst 
loading, rotation rate and other experimental parameters, they also 
proposed contributions from incomplete oxidation to BH3OH- at E > 0.6 
V (RHE). This was concluded from the detection of oxidation currents at 
the Au ring electrode at 0.2 V, where Au is inactive towards BH4

- 

oxidation, and from kinetic simulations [12], although formation of 
other oxidizable intermediates would be possible as well [18].

A more detailed discussion of the specific features in the BOR CVs 
will be given after comparison with measurements of the hydrogen 
oxidation reaction (HOR) over the Pt/C thin-film electrode in alkaline 
solution, which is purely mass transport limited over a wide potential 
range (Fig. 1, dashed lines). These HOR measurements are important for 
addressing the selectivity of the BOR, since complete (eight electron) 

Fig. 1. RDE measurements of the BOR (full lines) and the HOR (dashed lines) over a Pt/C (E-Tek, 20 wt.%) thin-film electrode at different rotation rates (for rotation 
rates see figure) in the a) positive- and b) negative-going scans. Electrolyte: 1.0 mM NaBH4 or H2-saturated 0.5 M NaOH solution, potential scan rate: 10 mV s-1, metal 
loading: 40 µg cm-2, room temperature. Gray full lines: base cyclic voltammograms (10 mV s-1) in a stagnant supporting electrolyte.
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oxidation of borohydride is only possible for catalysts that are highly 
active for the HOR. This HOR measurement shows a well-defined mass 
transport limited current in the potential range from 0.05 to ca. 0.8 V in 
the positive-going scan (Fig. 1a, dashed lines) and from 0.05 to ca. 0.7 V 
in the negative-going scan (Fig. 1, dashed lines), with weak additional 
features due to hydrogen adsorption / desorption. These CVs are in good 
agreement with RDE data for the HOR over a polycrystalline Pt electrode 
in alkaline solution [44], which indicates also a minor impact of the 
Nafion film used for the preparation of the thin-film electrode on the 
diffusive H2 transport. At potentials positive of 1.0 V (Fig. 1a, dashed 
lines), the HOR is largely suppressed on the Pt/C electrode, in contrast to 
the BOR, where the decay in this region is much less steep (Fig. 1, solid 
lines). This discrepancy agrees well with the previous finding of a 
change in the BOR selectivity in this potential range, over an oxidized Pt 
surface, which was derived from the onset of D2 formation during the 
oxidation of borodeuteride [32]. This will be discussed in more detail in 
Section 3.2.

Furthermore, as would be expected for a purely mass transport 
controlled reaction, the mass transport limited HOR current increases 
with the square root of the rotation rate, resulting in constant spacings 
between the CVs at different rotation rates (Fig. 1 a, dashed lines). In 
contrast, in the BOR measurements this current increase with increasing 
rotation rate becomes gradually smaller (Fig. 1a, solid lines). While at 
400 rpm, the BOR current is almost four times higher than the HOR 
current, as would be expected from the fourfold higher maximum 
number of electrons transferred in the BOR, this ratio is only about three 
at 3600 rpm. The relative decrease of the BOR current compared to the 
purely mass transport limited current points to increasing contributions 
from kinetic limitations. Such kind of kinetic limitations could arise, e. 
g., from the slower dehydrogenation of adsorbed borohydride or its 
incomplete dehydrogenation products, which would result in an 
increasing blocking of the electrode surface [12]. Alternatively, such 
effects could arise from a more effective removal of reactive reaction 
intermediates at higher rotation rates [12], due to a lower probability 
for re-adsorption and further reaction of desorbing intermediates [45]. 
Comparable effects had been reported also for borohydride oxidation on 
Pt/C catalyst layers of increasing thickness [21].

Based on these data and on previous findings on the BOR on Pt 
(catalyst) electrodes [12,25,26,29,30,43], the BOR CVs can be inter
preted as follows: After the steep onset of the reaction at -0.015 V, the 
reaction rate continues to increase until reaching its maximum value. 
While for low transport conditions this maximum is essentially mass 
transport limited, higher mass transport results in increasing contribu
tions from kinetic limitations. At higher rotation rates, these kinetic 
effects are active over the entire potential region, as evidenced by the 
decreasing separation when plotting the CVs versus the square root of 
the rotation rate. At low rotation rates, mass transport limitations seem 
to be reached at the current maximum at about 0.3 V. Hence, in both 
cases, kinetic limitations are present at low potentials, up to the current 
maximum at 0.3 V, and again at higher potentials. They increase 
continuously with increasing potential, up to 0.75 V, leading to a 
continuous decrease of the measured current. Based on our earlier DEMS 
report [32] and other reported data (see also Section 3.2), this current 
decrease is not due to a change to incomplete borohydride oxidation and 
H2 formation, but must be due to kinetic limitation, as described above. 
At that point, the current decrease becomes steeper, which except for a 
bump at 0.9 V continues up to the upper potential limit of 1.25 V. This 
small bump is tentatively attributed to OH uptake / oxide formation on 
the Pt surface. Considering the observation of increasing hydrogen for
mation at >0.75 V [32], this decrease must at least partly be due to a 
change in BOR selectivity with increasing potential. But based on the 
constant hydrogen formation rate at > 1.0 V [26,32], also other kinetic 
effects must play a role in the potential range > 1.0 V. Nevertheless, the 
BOR can proceed at a rather high rate even on the PtO covered electrode, 
in contrast to the HOR, where the rates become very low at > 1.0 V 
(Fig. 1).

In the negative-going scan, the current is about constant up to the 
onset of PtO reduction, which is in contrast to the decay in the positive- 
going scan in this potential range. Reduction of the PtO cover layer, 
which is indicated by the current minimum at little below 0.8 V, leads to 
an increase in BOR activity and a concomitant change in BOR selectivity. 
This minimum contains contribution from PtO reduction and borohyride 
oxidation. Different from the positive-going scan, hydrogen formation 
continues up to about 0.65 V (see also Section 3.2). This reflects the well- 
known hysteresis in Pt oxidation / reduction. Further decrease of the 
potential results in a continuing slow increase of the current, until 
reaching the maximum value. Even in this potential range, after com
plete reduction of the catalyst on the one hand and before the onset of H 
adsorption on the other hand, the current traces in the positive-going 
and negative-going scan are not identical, indicative of ongoing differ
ences in the surface composition in the two scan directions.

In summary, these RDE measurements clearly revealed that despite 
of the high activity of the Pt/C catalyst for the BOR in the potential range 
between 0.6 and 1.0 V, kinetic limitations become increasingly impor
tant also in this regime under high-transport conditions. At lower po
tentials, down to the onset of the reaction at about -0.015 V and at 
higher potentials, in the PtO region, the kinetic limitations are consid
erable also at lower transport conditions.

3.1.2. RDE measurements on a Au/C catalyst electrode
Similar measurements performed with a Au/C thin-film electrode at 

different rotation rates (Fig. 2, solid lines) show barely any BOR activity 
up to ca. 0.2 V, in agreement with previous reports on borohydride 
oxidation at a gold electrode [10,16,18,20,24,26,37,43]. At potentials 
positive of 0.2 V, the oxidation current increases exponentially. This is 
different from the Pt/C catalyst, where the initial current increase is 
much steeper. The maximum current, which is reached in the potential 
region between 0.9 and 1.1 V, is about one third lower than that for the 
Pt/C electrode (Fig. 1, solid lines), indicative of considerable kinetic 
limitations and/or contributions from incomplete borohydride oxida
tion even in this potential region. This fully agrees with our previous 
detection of hydrogen formation from borohydride over the entire po
tential range where the BOR is active [32]. At more positive potentials, 
the current decreases significantly, which we relate to the onset of Au 
oxide formation (see Fig. S4) and the resulting lower BOR activity / 
change in BOR selectivity by the oxidic surface layer developed at higher 
potentials. Nevertheless, also in this case the BOR is active on the oxide 
covered catalyst. Changes in the BOR selectivity under these conditions, 
while oxidizing BH4

− on a polycrystalline Au disc electrode, were 
detected in previous RRDE shielding measurements from the oxidation 
of the reaction intermediates BH3(OH)− , BH2(OH)2

- or other in
termediates at the Au ring electrode [18,26]. Oxidation of borohydride 
and of other active species present, such as BH3OH- formed by hydro
lysis, on the hydroxide / oxide covered Au surface was postulated also 
based on electrochemical quartz crystal microbalance measurements 
[24].

In the negative-going scan, the oxidation current first decreases, 
passes through a minimum and only then increases, which seems to be in 
contrast to the continuous decay in the positive-going scan. This 
discrepancy can be easily understood when considering that also during 
the negative-going scan Au surface oxidation initially continues, as 
indicated by a positive current in the base CV (see also Fig. S4), which 
results in a further decrease in the BOR current. Reduction of the Au 
surface oxide, which in the BCV is indicated by a change to negative 
currents, sets in only at the current minimum at about 1.3 V. This leads 
to the expected continuous current increase up to the range of the cur
rent maximum, in the plateau at 0.9 – 1.1 V. For further decreasing 
potential the current passes through a clearly resolved shoulder at about 
0.6 V, before disappearing at about 0.2 V. This shoulder was not resolved 
in the positive-going scan in the present measurements, but is visible 
also there when going to slower transport conditions (Section 3.2 and 
ref. [26,32,46,47]). Based on earlier reports [17,47], the resolution of 
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this shoulder depends also on the concentration of BH4
- , with a better 

resolution obtained at lower concentrations. Furthermore, our DEMS 
measurements revealed also a higher hydrogen formation rate, relative 
to the measured Faradaic current, in this peak than at higher potentials, 
indicating a change in BOR selectivity between this shoulder and the 
peak maximum, both in the positive-going and negative-going scan. 
Similar to the trend in the Faradaic current, this effect is more pro
nounced in the negative-going scan (Section 3.2). This DEMS result fits 
well also to an earlier proposal by Chatenet et al. [47], who based on 
RDE and impedance spectroscopy (EIS) measurements derived that 
these features, the main plateau at 1.1 - 0.9 V and the shoulder at about 
0.6 V, reflect a change in BOR selectivity.

The increase in the maximum current for the BOR over the Au/C 
catalyst with increasing rotation rate follows that observed in the 
positive-going scan (Fig. 2b). Thus, the maximum current is more than 
one third lower than the mass transport limited current at the highest 
rotation rate. Furthermore, in both scan directions the BOR current does 
not follow the trend expected from the Levich equation, which would 
result in constant current increases between the maximum currents of 
the CVs for the different applied rotation rates. As discussed already for 
Pt/C, this can be explained by rotation rate dependent contributions 
from incomplete borohydride oxidation, due to increasing off-transport 
of partial oxidation products with increasing rotation rate [45]. The 
conclusion of incomplete oxidation in the BOR over Au/C is supported 
also by the well-known low activity of gold in the HOR [48], which 
inhibits the oxidation of hydrogen released during the reaction (see also 
Section 3.2). The close correlation between the HOR activity and the 
ability for complete oxidation of borohydride is supported also by the 
RDE measurements over a Ag/C catalyst, which showed a comparable 
activity for the BOR as Au/C and no activity for the HOR [19].

In summary, these RDE measurements clearly revealed significant 
kinetic limitations in the BOR on a Au/C catalyst over the entire po
tential range the BOR is active, including the range of AuO formation at 
high potentials. They are more pronounced at higher rotation rates, but 

occur also under low-transport conditions. Also, their effects are more 
pronounced at lower potentials, between the high current range (0.8 – 
1.0 V) and the onset of the reaction at about 0.2 V, and at higher po
tentials, in the Au oxide region.

3.1.3. RDE measurements on a AuPt/C catalyst electrode
In a last set of RDE measurements, we characterized transport effects 

in the BOR on a AuPt/C thin-film electrode at different rotation rates 
(Fig. 3, solid lines). Similar to the BOR on Pt/C, the reaction starts at low 
potentials (ca. -0.015 V) and increases steeply with the potential up to 
ca. 0.1 V. The further current increase with increasing potential in the 
potential region of Hupd on Pt, however, is not as steep as that on Pt. The 
currents achieved in the low potential region from 0.0 to 0.4 V (Fig. 3, 
solid lines) are about half of those obtained on the Pt/C electrode (Fig. 1, 
solid lines). Also the maximum current, which depending on the rotation 
rate is reached between 0.8 and 0.9 V, is significantly less, by more than 
one third, than the currents derived from the measurements on Pt/C, 
indicative of considerable kinetic limitations also for reaction on this 
catalyst. In fact, they are comparable to those obtained for the Au/C 
catalyst (Fig. 2). In the low-potential region, however, the BOR activity 
of the AuPt/C catalyst is much higher than that of the Au/C catalyst 
(Fig. 2), which is inactive up to ca. 0.2 V, indicating that the activity of 
the AuPt/C catalyst under these conditions is largely driven by the Pt 
surface atoms / ensembles (Pt sites). With further increasing potential, 
the current traces largely follow those obtained for the Au/C catalyst 
electrode.

In the negative-going scan (Fig. 3b), we find the characteristic cur
rent minimum mentioned already for the BOR on the Au/C catalyst 
electrode, and also the subsequent current increase down to about 1.0 V 
related to the reduction of the Au oxide. Hence, the characteristics in this 
part of the CVs seem to be dominated by the reaction behavior of Au-O 
sites. With further decreasing potential, however, the current increases 
again significantly, reaching a maximum at about 0.6 V. This increase is 
particularly pronounced for high rotation rates. This transport 

Fig. 2. RDE measurements of the BOR and the HOR (dashed lines) over a Au/C (ZSW, 8 wt.%) thin-film electrode at different rotation rates (for rotation rates see 
figure) in the a) positive- and b) negative-going scans. Electrolyte: 1.0 mM NaBH4 in 0.5 M NaOH, potential scan rate: 10 mV s-1, metal loading: 15 µg/cm-2, room 
temperature. Gray lines: base cyclic voltammograms (10 mV s-1) in a stagnant supporting electrolyte.
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dependence seems to be the reason also why this pronounced lower 
potential feature was not resolved in the DEMS measurements in Section 
3.2 and in ref. [32], which were performed at much slower transport 
conditions (see also Section 3.2). Since there are shoulders at about this 
potential both for the Au/C and the Pt/C catalysts in the negative-going 
scan, it is not directly obvious whether this peak is related to Au sites or 
to Pt sites. Considering, however, that for the BOR on Au/C the current 
at 0.6 V is much lower than at the current maximum, we tend to asso
ciate this feature with the BOR on Pt dominated sites.

Significant modifications in the BOR activity of Pt or Pd upon 
alloying with gold or silver were reported also for AuPd/C [37] and 
AgPt/C [19] nanoparticle catalyst electrodes. On these bimetallic cata
lysts, the reaction behavior may be affected by a number of different 
effects, including geometric ensemble effects [49], electronic ligand [50,
51] and electronic strain effects [52]. For a recent review of such effects 
see ref. [53]. Ensemble effects may slow down the reaction rate by the 
limited abundance of larger Ptn ensembles, if these are required for the 
reaction. This is particularly true at lower surface concentrations of the 
respective metal. Electronic modifications of the metals, by interaction 
with neighboring metal atoms or by strain, may affect the adsorption 
energies and kinetic barriers on the otherwise same site [54]. For 
pseudomorphic PtAu films on Pt(111), electronic ligand and strain ef
fects were shown to essentially compensate each other for the adsorp
tion of H, OH [55] and CO [56], while CO adsorption on a 
pseudomorphic PtAu layer on Au(111) with its larger lattice size is 
stabilized [57]. Considering also the relation between adsorption energy 
and activity in a catalytic reaction given by the Sabatier relation [58], it 
is not surprising that the BOR activity of the mixed AuPt/C catalyst is not 
just a down-scaled version of the Pt/C activity, but also shows a different 
potential dependence. This interpretation in terms of a modified activity 
of the Pt sites is in line with the nearly unchanged BOR activity at po
tentials from 0.8 to 1.0 V for the AuPt/C catalyst (Fig. 3, solid line), 
compared to the slow decay of the activity in this potential region for the 
Pt/C catalyst (Fig. 1, solid lines). At higher potentials, on the other hand, 

the loss of the BOR activity of the AuPt/C catalyst (Fig. 3, solid lines) 
seems to be mainly related to the deactivation of the gold sites due to 
gold oxide formation, with a rather steep decay at high potentials above 
1.1 V, in contrast to the slow decay over Pt/C starting already at about 
0.7 V (Figs. 1 and 2, solid lines). Also in the low-potential region, be
tween the steep onset of the BOR up to 0.1 V and 0.6 V, the BOR 
behavior of the AuPt/C catalyst (Fig. 3a, solid lines) differs from that of 
the Pt/C catalyst (Fig. 1a, solid lines), indicative of synergistic effects 
arising from the presence of both metal species at the surface. In this 
case, the increase with potential is much slower than for the Pt/C 
catalyst. In total, the BOR on this catalyst seems to be dominated by 
reaction on electronically modified Pt sites at potentials between 0.1 and 
1.0 V and on (oxide covered) Au sites at higher potentials. A more 
quantitative understanding of these aspects would require, however, 
detailed information on the surface concentrations of Au and Pt atoms 
and on their lateral distribution [53].

Synergistic features, related to the presence and interaction of both 
metals, appear also in the HOR over the AuPt/C catalyst (Fig. 3, dotted 
lines). In contrast to the Au/C catalyst electrode, which is essentially 
HOR inactive, the AuPt/C electrode displays a considerable HOR ac
tivity, although it is more than one third lower than that of the Pt/C 
catalyst (Fig. 1, dotted lines). Hence, there are considerable kinetic 
limitations also for this reaction. These are most likely due to a lack of 
active Pt sites per exposed geometric area for the former case. Here we 
note that we neither know the exact nature (ensemble size) of the active 
sites for the HOR (for a general discussion see refs. [55] and [59]) nor 
the surface composition of the AuPt/C catalysts. Therefore, we can only 
provide a rough estimate of the number of adsorption sites on this 
catalyst surface from the H underpotential deposition features in the 
base CV (Fig. S3, S5), which results in a relative Hupd uptake (per metal 
surface area) of about one fifth of that of the Pt/C electrode. Further
more, the mass transport dominated flat region for the HOR extends to 
more positive potentials for the AuPt/C catalyst (Fig. 3, dashed lines) 
than that for the Pt/C catalyst (Fig. 1, dashed lines), while in the 

Fig. 3. RDE measurements of the BOR (full lines) and HOR (dashed lines) over a AuPt/C (ZSW, 25 wt.%) thin-film electrode at different rotation rates (for rotation 
rates see figure) in the a) positive- and b) negative-going scans. Electrolyte: 1.0 mM NaBH4 or H2-saturated 0.5 M NaOH, potential scan rate: 10 mV s-1, metal loading: 
50 µg cm-2, room temperature. Gray full lines: base cyclic voltammograms (10 mV s-1) in a stagnant supporting electrolyte.
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low-potential region the HOR starts to decay already at potentials lower 
than 0.2 V for the AuPt/C catalyst (Pt/C: 0.15 V), which is likely due to a 
combination of fewer active Pt sites and modifications of the electronic 
properties of the alloyed metals.

In summary, the RDE measurements revealed synergistic effects in 
the BOR, caused by the interaction of Pt and Au surface atoms, as 
compared to a superposition of Pt- and Au-typical reaction character
istics. In the low-potential region, up to the flat maximum in the po
tential range 0.8 – 1.0 V, the BOR seems to be dominated by the reaction 
on electronically modified Pt sites, while in the oxide region it is more 
Au-like. The lower number of highly active Pt sites leads to an increased 
contribution of kinetic limitations compared to Pt/C, with a maximum 
current of about 60 % of that on Pt/C.

The HOR measurements allowed us to determine the mass transport 
limited current, which is identical for all catalysts. Considering the 
higher number of electrons, it should be four times higher for the BOR, 
assuming complete oxidation of borohydride. Since on the other hand 
the diffusion coefficient of BH4

- anions is lower than that of H2 (DBH4 =

16.7 - 35±3.5 × 10-6 cm2 s-1 [43,60,61], DH2 = 40 - 45 × 10-6 cm2 s-1 

[62–64]), the difference should be slightly less. Furthermore, the mea
surements clearly demonstrated that the BOR can proceed also over the 
oxidized electrodes, where the HOR is inhibited, though at lower rates.

3.1.4. Electron transfer in the BOR on the different catalyst electrodes
The number of electrons transferred in the BOR per BH4

- species 
consumed was calculated from Koutecky-Levich plots of at the respec
tive potentials according to [37]. For this analysis, we used values 1.95 
× 10-5 cm2 s-1, and 1.19 × 10-2 cm2 s-1 [61]) for the diffusion constant D 
of BH4

- and for the kinematic viscosity ν, respectively. The value of the 
diffusion constant D, which is in the range of the different values re
ported in the literature [43,60,61 and close to that determined by 
Denuault et al. (D = 1.67 × 10-5 cm2 s-1) [60], was arranged such that 
the theoretical limit of 8 electrons per BH4

- (complete oxidation) was not 
exceeded on the different catalysts. The quality of the fits is illustrated in 
a representative Koutecky-Levich plot in Fig. S1 in the Supplementary 
Materials. The data in Fig. 4 represent averages of the positive- and 
negative-going scans, which differ by their contributions from 
double-layer charging to the measured current. Data obtained from the 
individual scans are presented in Fig. S2.

The number of electrons transferred in the BOR per BH4
- species 

consumed on the Pt/C catalyst, is plotted in Fig. 4a. The value of 
approximately 7.2 electrons in the potential range from 0.05 to 0.8 V 
corresponds to almost complete oxidation of borohydride to borate with 
a release of eight electrons (complete oxidation of borohydride) ac
cording to the general Eq. (1). 

BH4
- + 8 OH- → BO2

- + 6 H2O + 8 e-                                               (1)

In the PtO region, at ≥ 0.8 V, this number decays to ca. 6.1, indic
ative of a change in the selectivity, which is in full agreement with the 
decay of the current in the RDE measurements in Fig. 1 and the obser
vation of hydrogen formation in [32] (see also Section 3.2). Less than 
eight electrons transferred per BH4

- ion indicate an incomplete oxidation 
over this catalyst according to the general Eq. (2): 

BH4
- + x OH- → BO2

- + (x - 2)H2O + (4 - x/2)H2 + x e-                    (2)

Hence, despite of the complexity of the multistep reaction, the 
evaluation via the Koutecky-Levich results in similar trends as deduced 
from the Faradaic current and the hydrogen formation.

For the Au/C catalyst (Fig. 4b), we find a significantly lower electron 
transfer at the onset of the reaction at ca. 0.5 V of ca. 4.0 electrons per 
BH4

- , which increases to about 4.9 electrons at ca. 0.8 V. This is followed 
by a plateau at this level up to ca. 1.1 V. This plateau corresponds to the 
flat region in the measured current between 0.9 and 1.1 V (in the 
negative-going scan). In the oxide region, at potentials above 1.15 V, the 
number of electrons transferred decreases to about 4.4. The generally 

lower number of electron transferred goes along with the low activity of 
Au to oxidize hydrogen, leading to the release of H2 in the BOR at the 
Au/C catalyst ([32] and Section 3.2), as expected from the Eq. (2). The 
release of H2 can be rationalized by the negligible activity of Au elec
trodes for the adsorption and oxidation of hydrogen (see also Section 
3.2) [48]. Here it is interesting to note that the difference in the 
maximum Faradaic current obtained on the Au/C and Pt/C electrodes is 
less than the 25 % given the lower electron number on Au/C, which 
points to additional kinetic barriers in the BOR on the latter electrode. 
Furthermore, the much smaller difference between the currents in the 
positive- and negative-going scan than obtained for the other two cat
alysts (see Fig. S2) indicates much smaller contributions from 
double-layer charging.

Finally, for the AuPt/C catalyst (Fig. 4c), the average number of 
electrons in the plateau region is about eight, with slightly higher values 
in the low-potential range below 0.4 V. At potentials above 1.15 V, the 
number of electrons decreases, indicative of increasing contributions 
from incomplete borohydride oxidation. Possible reasons for the 
apparent increase to values above the theoretical limit of eight electrons 
per BH4

- will be discussed in Section 3.2.3, with the DEMS results. Here 
we only note that in this potential range also contributions from double- 
layer charging are highest, and that the Faradaic current measurements 
(Fig. 3) indicate significant kinetic limitations, as evidenced by the slow 
increase of the Faradaic current. The less pronounced decay at higher 
potentials compared to Pt/C can be attributed to the synergistic effects, 

Fig. 4. Average number of the apparent number of electrons transferred per 
BH4

- over: a) Pt/C (E-Tek 20 wt.%); b) Au/C (ZSW, 8 wt.%); c) AuPt/C (ZSW, 25 
wt.%) thin-film electrodes during the positive-going and negative-going scans, 
calculated from the data of Figs. 1–3 using the Koutecky-Levich formalism. 
Experimental parameters are given in Figs. 1–3. Error bars indicate a ±4 
% spread.
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which were discussed already in detail in Section 3.1.3. Similar trends in 
the calculated number of electrons per borohydride ion in the BOR as for 
the AuPt/C catalyst, with synergistic contributions from both compo
nents, were reported also for a set of Pd/C, Au/C and a series of AuxPdy/ 
C thin-film catalyst electrodes [37].

In summary, the evaluation of the electron transfer numbers via the 
Koutecky-Levich formalism fully confirmed our conclusions based on 
the maximum reaction currents and on the potential dependent 
hydrogen formation [32] of a predominant complete borohydride 
oxidation on the Pt containing nanoparticle catalysts in the potential 
region up to the onset of Pt-OH/Pt-O formation, while at higher po
tentials and for the Au/C catalyst over the entire potential region where 
the BOR is active, incomplete oxidation prevails.

3.2. DEMS measurements

In this section, we present and briefly discuss potentiodynamic DEMS 
measurements performed under continuous electrolyte flow conditions 
in a thin-layer flow cell, which are similar to those reported earlier for 
the BOR using isotope labelled BD4

- species and were also recorded under 
similar conditions [32], however, with normal borohydride. Compari
son with the earlier data allows us to identify kinetic isotope effects in 
the kinetic currents, which because of the complex multistep reaction 
may differ also with potential. Furthermore, they allow a more direct 
comparison with the RDE data in Section 3.1 and with published data on 
the BOR using normal borohydride, because of the absence of possible 
kinetic isotope effects. In the discussion, we will therefore focus on 
differences with respect to the data in reference [32] and aspects, which 
had not been discussed in that earlier paper. This also includes the 
evaluation of the number of electrons transferred electrons per boro
hydride ion as a function of the potential from the measured Faradaic 
current and the hydrogen evolution rate.

3.2.1. DEMS measurements of the BOR on a Pt/C thin-film electrode
Measurements of the BOR on a Pt/C catalyst are presented in Fig. 5. 

Over a wide potential range, they show the base voltammetry features 
superimposed on the mass transport limited current (Fig. 5a). This fully 
agrees with previous DEMS measurements on the BOR on BD4

- [32] and 
also with the general shape of the RDE measurements at low rotation 
rates (Fig. 1, solid lines), As discussed in Section 3.1.1, they exhibit a 
very steep onset of the reaction at oxidation at lower potential limit and 
a slow decay of the BOR current above 0.6 V. The distinct structures 
visible in the RDE measurements between 0.7 and 1.0 V are not resolved 
because of the much lower electrolyte transport. The simultaneously 
monitored m/z = 2 ion current (Fig. 5b) reveals rapidly increasing bulk 
evolution of H2 at very low potentials, below 0.1 V, which by DEMS 
detection of H2 during oxidation of isotope labeled borodeuteride was 
identified to result from water reduction [32]. Up to the PtO region, 
there is no measurable m/z = 2 ion current, which corresponds to the 
transfer of close to 8 electrons per borohydride ion derived from the 
Koutecky-Levich analysis of the RDE data (Fig. 4). Together with the 
onset of OH adsorption / PtO formation at 0.75 V (see base CV in 
Fig. S3), we find an increasing H2 signal, which reaches its maximum at 
about 1.1 V and then decays slowly, similar to the Faradaic current in 
this region. Hence, while in the range between 0.75 and 1.1 V the decay 
in Faradaic current is at least partly due to a change in BOR selectivity 
(increasing contributions from incomplete borohydride oxidation), at 
higher potentials it seems to be mainly caused by other kinetic limita
tions, with little change in the selectivity. Also these trends agree fully 
with the results obtained for BD4

- oxidation [32]. From those previous 
measurements, we also know that the H2 signal in this potential range 
stems from the incomplete oxidation of BH4

- and not from a reaction 
involving decomposition of water. Our present results are consistent also 
with those of a comparable DEMS study of the BOR over a Pt/C catalyst 
in a flow cell [26], which showed an ill-resolved slight increase of H2 
evolution in the PtO region and a H2 evolution increase at low 

potentials, which those authors attributed to the reduction of water. The 
much better resolution of the H2 signal and the resulting excellent 
signal-to-noise ratio in the present measurements are due to the use of 
the liquid nitrogen trap at the inlet to the mass spectrometer chamber. 
This strongly reduces the water vapor pressure at the ionization cham
ber of the mass spectrometer and thus the resulting background of the 
fragment at m/z = 2 from water ionization, by about two orders of 
magnitude. This allows a highly sensitive detection and quantification of 
the m/z = 2 signal variation even at very small H2 formation rates.

Following the approach used in [26], we have calculated the number 
of electrons per borohydride ion consumed ne-/BH4- from the measured 
Faradaic current IF via Eq. (3)

ne− /BH4− = (8ʹIF)
/
(IF + IH2), (3) 

where the equivalent current for the H2 evolution (IH2) is calculated 
from the m/z = 2 ion current via the separately measured calibration 
constant (K*) for the two-electron hydrogen evolution in the supporting 
electrolyte K* = (2 × Im/z=2) / IF [41]. The resulting apparent number of 
electrons released per one borohydride ion is shown as function of the 
potential in Fig. 5c. Note that the use of an ‘apparent number of 

Fig. 5. DEMS measurement of the BOR over a Pt/C thin-film electrode. a) CV, 
b) mass spectrometric CV (MSCV) and c) apparent electron number per boro
hydride oxidation. Electrolyte: 0.1 mM NaBH4 in 0.5 M NaOH, potential scan 
rate: 10 mV s-1, electrolyte flow rate: 3 μl s-1, metal loading: 40 µg cm-2, room 
temperature. The related base CV is presented in Fig. S3.
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electrons’ refers to the fact that at low potentials we cannot distinguish 
between contributions from the BOR and the H2 evolution reaction 
(HER) to the measured Faradaic current IF, which can lead to severe 
underestimates of the electron number or even negative values for the 
BOR in this potential region. Considering also the contributions from 
capacitive and adsorption/desorption currents, as indicated by the base 
voltammogram of Pt/C (see Fig. S3), we find a transfer of approximately 
eight electrons per BH4

- over a wide potential range, from ca. 0.2 to 
about 0.8 V, in good agreement with the values derived from the RDE 
measurements (Fig. 4a). Also Pasqualeti et al. reported a broad plateau 
of 8 electrons per borohydride in the double-layer region [26]. At lower 
potentials, below about 0.1 V, the electron number decays to zero 
(Fig. 5a), which can be explained as a result of the counteracting con
tributions from the BOR and the increasing H2 evolution reaction (HER) 
at potentials close to the open circuit potential [26]. Contributions from 
the BOR in this potential region, despite an apparently zero or even 
negative measured current, are supported also by the observation of HD 
and D2 when using deuterated borohydride [32], in addition to H2. At 
potentials below the apparent onset potential of the BOR, the contri
bution from the electrochemical reduction of water is dominant.

The number of electrons transferred per BH4
- decreases also at po

tentials positive of 0.8 V, reaching about 6.5 electrons per borohydride 
at ca. 1.0 V, and then remains nearly constant over the whole PtO region, 
up to the upper potential limit of 1.36 V (Fig. 5c). The general trend 
resembles that in Fig. 4a, where the number of electrons also started to 
decay at about 0.8 V, reaching a value of about 6 electrons per BH4

- 

oxidation. Hence, both measurements indicate a distinct change in BOR 
selectivity towards incomplete oxidation at potentials positive of 0.8 V, 
on the OHad covered / oxidized Pt surface. Our results agree rather well 
also with the decay of the electron transfer number from eight to ca. 
seven in the PtO region reported by Pasqualeti et al. [26].

Finally, combining these data with those we had reported previously 
for the BOR of deuterated borohydride [32], allows us to assess kinetic 
isotope effects (KIEs). These are evaluated from the kinetic BOR currents 
in Fig. 5a, which are derived from the measured Faradaic currents 
assuming that under these transport conditions the mass transport 
limited current is identical to the maximum current in Fig. 5 of about 0.2 
mA. The kinetic currents rH and rD as well as the resulting kinetic isotope 
effect KIE = rBH4 / rBD4 are plotted in Fig. S6. The low values of the rBH4 / 
rBD4 ratio of between 1 and at most 1.5 at all relevant potentials point to 
a secondary KIE, which indicates that B-H bond breaking or a subse
quent product-determining step in the BOR on Pt/C do not represent the 
rate limiting step [65]. Secondary KIEs are observed, e.g., for a change in 
the steric environment, when the atom bound to the H/D undergoes 
rehybridization, e.g., from sp3 to sp2 or vice versa [65]. Furthermore, 
KIEs do not result in significant modifications of the BOR characteristics 
on Pt/C.

In summary, these DEMS measurements revealed considerable 
changes in the BOR selectivity of Pt/C with potential, with a high 
selectivity for the complete oxidation in the potential region up to the 
onset of Pt-OH/Pt-O formation and considerably lower selectivity in the 
PtO potential region. This was indicated by the observation of H2 in the 
latter potential region and quantified by calculating the electron transfer 
number per BH4

- based on the H2 formation current. In the low-potential 
region, close to the onset of the BOR, these numbers are lowered by 
contributions from the HER and therefore not characteristic for the BOR. 
In combination with previous data, they allowed us to derive kinetic 
isotope effects, which revealed that B-H bond breaking does not repre
sent the rate limiting step in the BOR on this catalyst. This finding agrees 
well also with conclusions in previous density functional theory (DFT) 
based calculations [66] and in a kinetic modeling study [67].

3.2.2. DEMS measurements of the BOR on a Au/C thin-film electrode
Similar DEMS measurements of the BOR on a Au/C catalyst (Fig. 6) 

show no activity up to ca. 0.2 V, in good agreement with the RDE data 
(Fig. 2) and our previous data obtained for borodeuteride oxidation on 

this catalyst [32]. This also agrees with predictions based on DFT and 
microkinetic modeling [10]. After the onset of oxidation, the Faradaic 
current passes an ill-resolved shoulder at ca. 0.4 V and increases further 
until reaching the maximum at around 1.0 V. At higher potentials, it 
decreases again. In the negative-going scan, the current response 
essentially reproduces that in the positive-going scan, considering the 
superimposed pseudo-capacitive features of the Au/C base CV (see 
Fig. S4), and changes into a reduction current close to the low potential 
limit. The latter is associated with the evolution of hydrogen, as can be 
seen from the increase of m/z = 2 ion current at potentials below -0.1 V 
(Fig. 6b). Going to higher potentials, the m/z = 2 ion current sets in 
more positive of 0.2 V, passes a broad asymmetric peak with a distinct 
shoulder, which corresponds to an ill-resolved shoulder of the Faradaic 
current at ca. 0.4 to 0.5 V, and decays to lower values at potentials 
positive of 0.6 V. This latter decay is in contrast to the increase of the 
Faradaic current in this potential range. The peak of the m/z = 2 ion 
current in the potential range 0.3 to 0.6 V is related to H2 formation 
during borohydride oxidation, as evidenced using deuterated borohy
dride in [32]. (Here it should be noted that in reference [32] we used a 
different correction for the time delay between Faradaic current and 

Fig. 6. a) CV, b) MSCV and c) the apparent number of electrons transferred per 
borohydride oxidation for the BOR over a Au/C (ZSW, 8.0 wt.%) thin-film 
electrode. Electrolyte: 0.1 mM NaBH4 in 0.5 M NaOH, potential scan rate: 10 
mV s-1, electrolyte flow rate: 3 μl s-1, metal loading: 15 µg cm-2, room tem
perature. The related base CV is presented in Fig. S4.
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mass spectrometric signal, which for this catalyst resulted in a more 
pronounced potential separation between positive-going and 
negative-going scan and in a more pronounced hysteresis in the H2 
signal at about 0.25 V. Using the same correction as in the present work, 
the shapes are identical.) In contrast, H2 formation at low potentials 
originates from the reduction of water. The opposite trends of the 
Faradaic and m/z = 2 ion current responses at potentials ≥ 0.6 V clearly 
suggest a potential-dependent change in the BOR selectivity of the Au/C 
electrode. Comparable DEMS measurements of borohydride oxidation 
on a Au/C catalyst in a thin-layer DEMS cell by Pasqualeti et al. [26] also 
showed a decrease of the H2 evolution rate prior to AuO formation, but 
down to the background level, while in our measurements it decreases 
only by less than 50 %. We explain this difference by experimental 
problems in the measurement of the m/z = 2 signal in that earlier work. 
Furthermore, those authors had assigned the H2 evolution at the onset of 
the BOR to a catalytic hydrolysis of borohydride [26], which is in 
contrast to the absence of hydrogen evolution at a Au/C catalyst under 
open-circuit conditions, upon open circuiting a pre-oxidized Au/C 
catalyst [32,37]. Instead, it must be due to incomplete borohydride 
oxidation, which is reasonable also when considering that gold is not 
active for the hydrogen oxidation (Fig. 2 and [48]).

Finally, we would like to note that from the present observations of a 
considerable reaction current and H2 formation in the oxide potential 
region alone we would not be able to separate between a reaction pro
ceeding via the electrooxidation of Au and subsequent chemical reaction 
between Au oxide and borohydride on the hand and direct electro
catalytic oxidation of borohydride on the other hand. In a continuous 
reaction, both would result in the same number of electrons transferred. 
Considering, however, that reduction of a pre-formed Au surface oxide 
was observed in open circuit transients with the release of D2 from the D- 
labeled borohydride and reduction of the oxide [32], we conclude that 
the first pathway will at least contribute to the measured reaction cur
rent and H2 evolution in the oxide potential region.

A plot of the apparent number of electrons transferred per borohy
dride oxidation over a Au/C electrode (Fig. 6c) shows an initial value of 
about 6.5 in the positive-going scan, indicative of an incomplete (par
tial) oxidation of borohydride with the release of H2 and incomplete 
oxidation intermediates (Eq. (2)). This number is somewhat higher than 
the about four electrons obtained via the Koutecki-Levich analysis 
(Fig. 4). Reasons for this discrepancy will be discussed below. With 
increasing potential, this number increases, reaching a maximum value 
of close to eight at a potential of 1 V. This increase in electron number 
results from an increase of the Faradaic current in combination with the 
hydrogen formation rate (Fig. 6a and b). This increase agrees with the 
trend in the RDE measurements (Fig. 4b) and also with results of rotating 
ring-disk experiments, which showed an increase of the ring current in 
this potential range. This was associated with the oxidation of the re
action intermediates in this potential region (note that in those experi
ments the Au ring was set to a potential where borohydride oxidation is 
inhibited) [18,26,43]. It also fits to the observation of bands attributed 
to adsorbed reaction intermediates in SERS measurements [10]. At 
higher potentials, the electron number decreases slowly, by about 0.3 e-, 
which also agrees with the trend in the Faradaic current. Thus, under 
present reaction conditions, complete oxidation is hardly reached. Even 
at potentials around 1 V, where the electron number reaches its 
maximum, there is still measurable H2 formation, reflecting contribu
tions from incomplete oxidation. It should be noted that this statement is 
highly reliable, since H2 formation (above the background level in the 
mass spectrometer) can be measured with high sensitivity. In the 
negative-going scan, the electron number largely follows this trend, 
except for a slight displacement to lower numbers due to the capacitive 
contributions. Only at potentials below 0.8 V, it deviates increasingly to 
lower electron numbers.

Comparing these DEMS-based data with the RDE-based data in 
Fig. 4b, we find a similar trend with potential, while the absolute 
numbers are lower in Fig. 4b. The lower electron numbers in the RDE 

measurements are caused by the much higher electrolyte transport in 
this measurement, which is evidenced also by the much higher 
measured reaction current. This favors the off-transport of incomplete 
oxidation products as compared to re-adsorption and further reaction, 
and thus results in a tendency towards incomplete oxidation (lower 
selectivity for complete oxidation) and therefore a lower number of 
electrons transferred per BH4

- consumed in the RDE experiment [45]. 
Using Pt/C catalyst layers of different thickness, comparable effects had 
also been reported for the BOR by Freitas et al. [21].

Comparable effects are held responsible also for the increasing de
viation in the number of electrons transferred between positive-going 
and negative-going scan at potentials below 0.8 V. This is due to 
increasing contributions from the base CV to the measured current, in 
particular from double layer charging, which will modify the measured 
current accordingly. Such effects, which are generally present, become 
important in particular at low measured currents, as they are obtained, 
e.g., for the Au/C catalyst electrode for potentials < 0.8 V (see Fig. 6a 
and 6c).

A similar evaluation of the kinetic isotope effect as described before 
for the BOR on Pt/C is plotted in Fig. S6. Also in this case, we find low 
values for the rBH4 / rBD4 ratio of between 1 and at most 1.5 at all 
relevant potentials, indicative of a secondary KIE where B-H bond 
breaking does not represent the rate limiting step or a subsequent 
product-determining step. In this case, contributions from the HER or 
HOR in the onset region of the BOR can be neglected, different from Pt/ 
C. Nevertheless, also on this catalyst, KIEs do not result in significant 
modifications of the BOR characteristics.

In summary, these DEMS measurements with their high sensitivity 
and low noise in the m/z=2 signal provided a detailed picture of the 
potential dependent changes of the BOR selectivity of the Au/C catalyst 
for incomplete vs. complete oxidation, with rather complex variations in 
the potential dependent low selectivity. Similar to Pt/C, the Au/C 
catalyst is active for the BOR also in the Au oxide region, in the presence 
of an OH/O cover layer, though with a distinctly different potential 
dependence. The low activity of the Au/C catalyst for complete BOR 
oxidation agrees well also with its inactivity in the HOR. Finally, a 
similar evaluation of the kinetic isotope effects as described for Pt/C 
revealed that also in this case B-H bond breaking does not represent the 
rate limiting step in the BOR on Au/C (see also refs. [66,67].

3.2.3. DEMS measurements of the BOR on a AuPt/C thin-film electrode
The results of similar DEMS measurements performed on a AuPt/C 

electrode are presented in Fig. 7. The CV (Fig. 7a) exhibits similar 
characteristics as found in the RDE measurements (Fig. 3), with a low 
onset potential, a broad current maximum at about 0.6 – 1.0 V and a 
later decay. The early BOR onset resembles the behavior of Pt/C (Figs. 1 
and 5), while the later decay of the BOR current with considerable 
currents in the oxide region is more characteristic for Au/C (Figs. 2 and 
6). Based on the featureless, low m/z = 2 signal, H2 formation is fully 
suppressed over a wide potential range, between 0.1 and 0.8 V, similar 
to the reaction on Pt/C (Fig. 5), but different from that on the Au/C 
electrode (Fig. 6). Hence, H2 oxidation is highly efficient in this potential 
range, indicating that Had adsorbing on Au sites can easily surface 
diffuse to Pt or mixed sites that are active for the HOR (see also Section 
3.1.3). Furthermore, the evolution of H2 at potentials positive of 0.3V, 
which occurs on the Au/C electrode (Fig. 6), is largely missing over the 
AuPt/C catalyst. Most simply, this can also be explained by a spill-over 
of the Had formed at gold sites to the HOR-active Pt sites, where it is 
immediately oxidized. On the other hand, the increase in the m/z = 2 
ion current in the oxide region is less pronounced on the AuPt/C elec
trode than on the Pt/C electrode (Fig. 5). Together with the observation 
of a later onset of the Pt oxidation (see base CV in Fig. S5), this indicates 
that PtO formation is somewhat hindered when Pt is surface alloyed 
with Au [55] (see also our discussion in Section 3.1.3 and below). 
Furthermore, both CV and MSCV closely resemble those obtained for 
borodeuteride oxidation on this catalyst in their characteristic features 
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[32], indicating that kinetic isotope effects do not result in significant 
changes in their characteristic features. The latter measurements also 
indicated that at low potentials (< 0.1 V) H2 formation is dominated by 
water reduction (H2, m/z = 2), with small amounts from borodeuteride 
oxidation even at the onset of the BOR, as evidenced by small signals of 
HD (m/z = 3) and D2 (m/z = 4). At high potentials (> 0.9 V), in contrast, 
deuterium formation from incomplete borodeuteride oxidation occurs 
over the oxide covered catalyst.

The trend of a more Pt-like (not Pt identical!) behavior in the lower 
potential region, up to 0.6 V, and a more Au-like or better Au oxide like 
behavior in the oxide region is reflected also by the apparent number of 
transferred electrons (Fig. 7c). This shows a rapid increase at potentials 
up to 0.1 V, followed by a constant value of around eight electrons be
tween 0.1 and 0.8 V, which closely resembles the behavior observed for 
the Pt/C catalyst electrode. The only major difference compared to Pt/C 
is the less pronounced hysteresis between positive-going and negative- 
going scans in the potential range around the onset of oxide formation 
on the AuPt/C catalyst electrode. Obviously, in this range the over
potentials for Pt oxide formation and Pt oxide reduction, respectively, 
are reduced by interaction with Au, leading to this decay in hysteresis. 

Similar effects had been reported also by Tang et al. for methanol 
oxidation on AuPt nanoparticle electrodes [68]. In the oxide region, in 
contrast, it resembles more the trend obtained for the Au/C catalyst, 
with a continuous decrease rather than a steep decrease followed by a 
constant low value as obtained for Pt/C. Most likely, oxidation of 
borohydride on Au and Au oxide sites is significantly faster than reaction 
on Pt oxide sites.

Comparison of the number of electrons transferred during reaction in 
Fig. 7c with the data derived from RDE measurements (Fig. 4c) reveals 
similar trends for potentials positive of 0.8 V. Differences appear, 
however, at lower potentials, between the onset of the reaction and that 
value, where the DEMS data indicate complete oxidation with eight 
electrons per BH4

- consumed, while the RDE show a continuous increase 
to higher numbers with decreasing potential. As already mentioned in 
the discussion in Section 3.1.4, values of above 8 electrons per BH4

- are 
unphysical for the BOR, as this represents the maximum number of 
electrons released during complete oxidation of borohydride. The DEMS 
data support our tentative explanation in Section 3.1.4 that the higher 
electron numbers derived from the Koutecky-Levich (KL) analysis of the 
RDE data in this potential range are the result of an artifact in that 
analysis, caused either by the contributions from the base CV in the 
reaction current or by a change in selectivity with increasing transport. 
Interestingly, this is also the potential region where the measured re
action current is strongly affected by kinetic limitations, as indicated by 
its rather slow increase of the reaction current after the onset of the 
reaction (Fig. 3), much slower than observed for the Pt/C electrode 
(Fig. 1).

The evaluation of kinetic isotope effects (Fig. S8) revealed that also 
for the BOR on AuPt/C the rBH4 / rBD4 ratio is between 1 and at most 1.5 
at all relevant potentials, indicative of a secondary KIE. We would like to 
note that in this case the potential dependence of the KIE in the positive- 
going scan seems to follow the general trend in the Faradaic current, 
although a detailed mechanistic explanation is still missing. Neverthe
less, also for this catalyst B-H bond breaking does not represent the rate 
limiting step or a subsequent product-determining step, and KIEs have 
no significant impact on the BOR characteristics.

In total, the DEMS measurements of the BOR on the AuPt/C catalyst 
electrode confirmed the synergistic behavior of this catalyst concluded 
already from the RDE measurements, with a more Pt-like, but not Pt- 
identical behavior in the lower potential regime, where the Au/C cata
lyst is inactive for the BOR and hydrogen evolution. In the oxide region, 
in contrast, its behavior is more Au-like, but not Au-identical. Finally, 
the evaluation of the kinetic isotope effects revealed that B-H bond 
breaking or B-H bond making do not represent the rate-limiting step in 
the BOR on AuPt/C.

Finally we would like to comment on the role of the oxides on the 
above catalysts in the BOR, which was addressed in detail in our pre
vious contribution [32]. In a set of DEMS measurements, starting with a 
catalyst pre-oxidized at 1.04 V, followed by open-circuiting, and 
simultaneously monitoring the rest potential of the electrode and the H2, 
HD and D2 formation in a thin-layer DEMS flow cell, we found that the 
metal oxides can be reduced by reaction with borohydride, with no 
evolution of D2 (complete D-borohydride oxidation) for the 
Pt-containing catalysts. In contrast, there is release of D2 (incomplete 
oxidation) during the potentiometric transient upon the reduction of Au 
oxide by borodeuteride. Such a difference in the selectivity of borohy
dride oxidation even under open-circuit conditions reflects also the 
inability of a gold electrode to oxidize hydrogen. Based on these results, 
electrooxidation of borohydride can at least in principle not only pro
ceed via direct electrooxidation along Eqs. (1) or (2), but also by elec
trooxidation of the metal and subsequent reduction of the metal oxide by 
a chemical reaction between borohydride and the oxide. The relevance 
of this pathway shall be investigated in more detail in future.

Fig. 7. CV, MSCV and the apparent electron number per borohydride oxidation 
for the BOR over a AuPt/C (ZSW, 25 wt.%) thin-film electrode. Electrolyte: 0.1 
mM NaBH4 in 0.5 M NaOH, potential scan rate: 10 mV s-1, electrolyte flow rate: 
3 μl s-1, metal loading: 50 µg/cm-2, room temperature. The related base CV is 
presented in Fig. S5.
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4. Summary

Aiming at a more detailed understanding of the kinetics, mechanism 
and mass transport effects of/in the borohydride oxidation reaction 
(BOR), we have systematically studied this reaction in alkaline solution 
over structurally well-defined carbon-supported Pt/C, Au/C and AuPt/C 
catalysts. Employing rotating disk electrode (RDE) and differential 
electrochemical mass spectrometry (DEMS) measurements under 
controlled electrolyte transport conditions and using thin-film catalyst 
electrodes, we arrived at the following main insights and conclusions: 

1. Systematic RDE measurements and comparison with the H2 oxida
tion reaction revealed that for the Pt containing catalysts the mass 
transport limited current is (approximately) reached only at low 
transport conditions and in a limited potential range around 0.3 V for 
Pt/C. At higher transport conditions and at lower / higher potentials, 
kinetic limitations play an increasing role. Except for the oxide po
tential range, these limitations do not involve a change in selectivity, 
as evidenced by the absence of H2 formation in this potential range, 
but must result from other kinetic limitations such as (partial) sur
face blocking. For the BOR on Au/C and on AuPt/C, the Faradaic 
currents are well below the mass transport limited current under all 
reaction condition. For Au/C, the kinetic limitations also leads to 
incomplete borohydride oxidation, which is indicated by the H2 
formation at all potentials.

2. Evaluation of the number of electrons transferred per borohydride 
ion oxidation via the Koutecky-Levich formalism revealed numbers 
close to 8 on the Pt/C and AuPt/C catalyst electrodes in the potential 
region from about 0.2 V up to the onset of oxide formation at about 
0.8 V. For Pt/C, it starts to decay steeply at that potential, while for 
AuPt/C this decrease is much slower. This decay provides further 
support of a change in the BOR selectivity from complete oxidation 
to incomplete oxidation. For Au/C, the number of electrons trans
ferred per BH4

- varies between 4.1 and 5.5 in the RDE measurements. 
Thus incomplete oxidation prevails under these conditions, inde
pendent of the potential. Comparable trends were obtained from the 
evaluation of the total Faradaic current and the currents required for 
H2 formation in the DEMS measurements, although under these 
conditions, at significantly slower electrolyte transport and therefore 
an increased tendency towards complete oxidation, the electron 
number is generally higher, between 5 and up to close to 8 at about 
0.9 – 1.1 V.

3. For Pt-containing catalysts, the simultaneous BOR and H2 evolution 
from water reduction result in effective Faradaic currents in the 
range around 0 VRHE. Thus, BH4

- oxidation is also possible in the 
range of low negative Faradaic currents, where the negative HER 
current overcompensates the still existing positive BOR current.

4. Highly sensitive differential electrochemical mass spectrometry 
measurements, applying a liquid nitrogen cold trap before the inlet 
to the ionization chamber of the mass spectrometer, allowed us to 
sensitively monitor H2 formation even at low rates without inter
ference with H2 fragments from water vapor ionization. The absence 
of even small amounts of H2 evolution down to the onset of water 
reduction at about 0.1 V confirms earlier reports of complete 8-elec
tron oxidation of borohydride over Pt/C and AuPt/C catalysts. In the 
oxide region, the clear detection of significant amounts of H2 for
mation indicates incomplete borohydride oxidation, arising from the 
interaction of borohydride with the metal oxides, which is in contrast 
to previous DEMS measurements [26]. In addition to the significant 
overpotential, the BOR over the Au/C catalyst is dominated by 
incomplete oxidation, as evidenced by the much lower electron 
transfer per borohydride and the H2 evolution over the whole region 
where the BOR is active on this catalyst.

5. Comparison of the DEMS results with data reported earlier for the 
BOR of deuterated BD4

- species [32] shows that there are no signifi
cant differences, indicating that kinetic isotope effects (KIEs) are 

small and do not vary much with potential. Quantitative evaluation 
of the potential dependent KIEs results in low values of the rBH4 / rBD4 
ratio of between 1 and 1.5 at most for all catalysts and at all relevant 
potentials, indicating a weak secondary KIE. Accordingly, B-H bond 
breaking does not represent the rate-limiting step or a subsequent 
product determining step in the BOR on these catalysts.

As a general point, this work underlines the importance of mea
surements under high-transport conditions in model studies of technical 
fuel cell reactions, as they provide a relevant picture of the role of kinetic 
and transport limitations under technically relevant high transport re
action conditions.
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