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Discovery of new catalysts is crucial for future growth and
development of environmentally friendly energy conversion
processes e.g. the production of hydrogen by water electrolysis.
We developed an aerosol-based synthesis technique as a
comparatively fast and facile method to prepare multi-metal
catalysts. 22 different quinary metal compositions were synthe-
sized and investigated with respect to their activity for the
oxygen evolution (OER) and the glycerol oxidation (GOR)
reactions. The impact of the element composition and the
homogeneous distribution of the elements in the particles on

Introduction

“Green” energy production, conversion and storage includes
various chemical reactions whose successful control via electro-
catalytic processes is the key to enable them. For water
electrolysis and specifically the more demanding oxygen
evolution reaction (OER), noble metals such as Ru- and Ir-based
catalysts exhibit benchmark activities especially in acidic
electrolytes.! However, constant efforts are made to develop
new and improved materials that could replace or reduce the
utilization of noble metals.

A feasible strategy to develop and investigate new types of
materials is to increase the number of elements in the catalyst
composition. The fundamental concept does not only include
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catalytic performance were evaluated. The highest activity for
OER was found for Co,,Cu,oNi,oFe,0Zn,,. For GOR, Ag-containing
catalysts were the most active, however, in most cases Ag was
locally enriched and not homogeneously mixed with the other
metals in the particles. Ag-based catalysts outperformed similar
compositions containing one or more noble metals. The GOR
selectivity of selected catalysts during long-term electrolysis
was also investigated and it was shown that varying the catalyst
composition via aerosol-based synthesis is a potential way to
modulate the GOR selectivity.

the increase of the number of possible combinations and
especially the variability of active sites exposed at the surface
but also the possibility for synergistic effects between the
individual constituting components. Multiple studies report
considerable improvements in catalytic performance for various
reactions by introducing a third component into binary metal
structures.”® Especially the combination of multiple metals
showed promising results for the OERM By increasing the
complexity of the catalysts, among other properties, the
electrical conductivity™ and stability may be modulated,”
electronic interactions between components may favorably
influence the adsorption energies” or create unique active sites
due to synergistic interactions between the elements® A
significant improvement of trimetallic catalysts over bimetallic
compositions has been shown for the electrochemical alcohol
oxidation, that can be employed as an alternative to the OER
during water splitting.”!

Single-phase complex solid solutions (CSS), also known as
high-entropy alloys (HEA), are another class of multi-component
materials that are comprised of at least five elements in a near
equiatomic composition and homogeneously distributed in a
crystalline solid-solution phase."” HEAs recently gained fast
growing interest not only because of their unprecedented
mechanical and physical properties but also due to their
possible application as electrocatalysts e.g. for nitrogen
reduction,"” ammonia  decomposition™ or methanol
oxidation." For the ORR noble metal-free Cr—Mn—Fe—Co—Ni
nanoparticles synthesized by combinatorial co-sputtering into
an ionic liquid were shown to reach catalytic activities
comparable with Pt"¥ Highly active OER catalysts with good
electrochemical durability based on Al-Ni—Co—Fe—X (X=Mo, Nb,
Cr) were reported as an example of how catalytic properties can
be influenced by the changes in the materials composition.'”!
However, not only crystalline multi-component structures like
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HEAs have been investigated as promising future catalysts.
Engineering the local surface structure can also be realized by
increasing the catalyst complexity to possibly create unique
active sites and grain boundaries between different elements
that are in close proximity. This was shown by operando
ambient-pressure X-ray photoelectron spectroscopy and X-ray
absorption spectroscopy measurements of (Ni—Fe—Co—Ce)O, for
the OER which revealed the influence of sharp grain boundaries
between the separated CeO, phases and alloyed transition
metal particles on the catalytic performance. The formation of
active species such as Ni, Co and Fe oxyhydroxides occurred at
a lower potential due to synergistic interactions with nano-
crystalline CeO, boosting water oxidation kinetics."® Evidently,
multi-metal catalysts offer a huge research playground.

The only way to experimentally tackle the sheer number of
different possible material combinations is to develop a syn-
thesis method, which promises quick, easy and reliable catalyst
formation. Moreover, a straightforward catalyst fabrication
technique offers a major advantage compared to previously
proposed and sometimes complicated synthesis routes such as
carbothermal shock synthesis,"” laser ablation,"® spark plasma
sintering"® or plasma arc discharge synthesis.””

We developed an aerosol spraying technique which enables
the simple and low-cost production of mixed-metal particles for
a wide range of elements. As the presence of high entropy
effect was not investigated, we refer to the obtained materials
as multi-metal catalysts, although some of the compositions
could essentially fit in into the class of high-entropy materials.
We demonstrate the application of the obtained quinary metal
composites as possible catalysts for the OER and the more
complex glycerol oxidation reaction (GOR) and highlight the
influence of composition and catalyst structure on the catalytic
performance.

Results and Discussion
A spray-coating platform®" was modified and extended with a
tube furnace and a vacuum pump to meet the requirements for
the envisioned aerosol particle synthesis method (Scheme 1).

Briefly, a homogeneous metal salt solution with the target
composition of the individual components is transported to the
spray nozzle by a syringe pump and sprayed onto a deflector
plate with the help of compressed air. This creates an aerosol,
where each droplet supposedly contains the dissolved metal
precursors in the previously set concentration. Subsequently,
the droplets are passed through a tube, which can be heated
with a tube furnace to remove the solvent. A vacuum pump
connected to the outlet of the tube provides constant suction.
As the aerosol travels through the tube, the solvent gradually
evaporates, so that at the end small and dried particles of the
catalyst precursors are collected on a filter paper.

In order to convert the precursor materials into multi-metal
composites, the particles were transferred into a ceramic boat
and subjected to a two-stage heating process. At first, residues
of the filter paper were burned away at 700°C in air which also
led to the formation of the corresponding multi-metal oxides
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Scheme 1. Aerosol-based synthesis technique to produce multi-metal cata-
lysts. A constantly stirred metal precursor-containing solution is pumped to
the spray nozzle and sprayed onto the deflection plate using compressed air
to create an aerosol. With the help of a vacuum pump droplets are then
sucked through the heated tube of a furnace (200°C) to evaporate the
solvent. The metal particles are finally caught in a filter paper and then
further subjected to filter paper removal by oxidation followed by the
reduction of the obtained materials in specific heating processes.

due to decomposition of the metal salts. Secondly, the multi-
metal oxides underwent a reduction process at 400°C in H,/Ar
(5%/95 %) atmosphere to convert the catalysts into the desired
reduced metallic form. Prior to electrochemical characterization,
the obtained materials were studied using scanning trans-
mission electron microscopy with energy-dispersive X-ray
spectroscopy (STEM-EDS) (Figure 1).

The shown particle of a CoCuFeMnZn composite shows a
size of approximately 150 nm with all metals being homoge-
neously distributed in terms of random arrangement of
elements across the whole particle. Inductively-coupled plasma
mass spectrometry (ICP-MS) analysis data validated that in the
resulting materials compositions the relative metal contents of
the initial precursor mixture were retained, namely about ~20%
for each metal. Using this synthesis approach, a total of 30
different catalysts were synthesized and their electrocatalytic
properties for different oxidation reactions were evaluated. The
elemental ratios are indicated according to the atomic metal

Figure 1. TEM-EDS mapping of a CoCuFeMnZn particle in its oxidized form.
The scale bar equals 100 nm.
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ratio supplied in the initial spraying solution. For a consistent
comparison of the electrocatalytic properties of the complex
quinary compositions, it was decided to keep the composite
partially fixed with the elements Co, Cu and Ni being in the
majority of the compositions with the exception of one pure
noble metal catalyst Ag,ylr,,Pd,oPtxRU,.. Aiming for a low
number of different metallic phases inside the catalyst particles,
Co, Cu and Ni were chosen as main components as they are
compatible with respect to their enthalpies of formation of the
lowest energy structure of each binary compound as shown by
Troparevski et al.”? Moreover, Cu and Ni closely follow the
Hume-Rothery rules for solid-solution formation® with similar
atomic radii and electronegativity values. Sufficiently good
compatibility and miscibility between the elements are neces-
sary to ensure the random elemental distribution and thus the
formation of different active sites between neighboring metal
atoms. In quinary compositions a huge variety of different
active sites on the surface also creates a variety of unique,
potentially highly active catalytic sites. Due to the simple
catalyst synthesis and easily applied alterations of catalyst
compositions using the proposed aerosol-based synthesis
technique, it is feasible to synthesize a wide variety of
composites in a relatively short time and evaluate their catalytic
activity in relation to their elemental composition.

At first, catalyst screening for the OER was performed. OER
was chosen as a model reaction due to its fundamental
importance in electrocatalysis and its key role in water
electrolysis. Due to the sluggish four-electron transfer process
and high overpotential values necessary to initiate the OER,
improved catalysts development is the key to the advancement
of hydrogen evolution that acts as a counter reaction to the
OER.”¥ As the electrocatalytic behavior was our primary interest
during the catalyst screening procedure, a detailed structural
analysis of the catalysts was performed later in the study.

Electrocatalytic activity towards the OER was evaluated in
terms of current normalized by the geometric area of the
electrode by performing rotating disk electrode (RDE) voltam-
metric measurements in 1M KOH. The obtained current
densities were compared at 1.7 V vs. RHE. A full list of catalysts
investigated for OER is presented in FigureS1 and the
voltammograms of the 9 best-performing catalyst obtained
during the RDE measurements are presented in Figure 2. Based
on the proposed OER four-step mechanism (cf. equations (1)-
(4)) at alkaline conditions,” there is consensus that an OER
catalyst, oxygen-free materials acting as “pre-catalysts”, have to
be converted into their corresponding oxides (3) or hydroxides
(4) first,”? whereas the already oxidized forms do not have to
undergo this step.

*4+OH — *OH+ e M
*OH + OH~ — *0 + H,0 (1) ®)
*O+ OH — *OOH + e~ 3)
*OOH+OH™ — "+ 0, (9) + H,0 (I) + e (4)
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Figure 2. RDE voltammograms of 9 best performing OER catalyst composi-
tions in terms of current density values. Voltammograms recorded from 1 to
1.7 V at 10 mVs™' scanning rate in 1 M KOH solution at 1600 rpm. Catalyst
list from the most active to the least active catalyst in terms of current
density value at 1.7 V: 1 = Co,0Cu,NixFe,0ZNn,, 2 = Co30CusoNizFesMns, 3 -
C020CUNi2AG26ZN20, 4 = CO2CULNIZAT0P 50 5 = AGalraoPdaoPtyoRU, 6 =
C0o,,CuyNiyxxMo,0Fe,q 7 — CogeCuyoNisglng o Snyg, 8 — CoyCuyFes0Ag,eZN5g, 9 —
C0,0CUyNiyPdyoPt,e.

However, an oxygen-rich lattice can cause electrical con-
ductivity problems in contrast to the active form of the catalyst
obtained by electrochemical oxidation of potentially only a shell
of the metal and hence may negatively affect the overall
catalyst performance.

Moreover, all selected oxidized forms that were measured
for the OER demonstrated lower catalytic activity in terms of
current density than their corresponding reduced forms (Fig-
ure S2). Thus, only materials obtained after thermal reduction in
H,/Ar atmosphere were further investigated. This way, a better
comparability between catalysts can be ensured than with the
previously oxidized form with an undefined oxide/hydroxide
layer. During OER measurements it was found that the catalytic
activity is strongly affected by the variation of the elemental
ratio. By varying the amount of Co, Cu, and Ni in the initial
synthesis solution of different CoCuNilnSn samples, we ob-
served that the recorded OER current density increases from
3 mAcm? for equimolar Co,,CuyoNisln,eSn,, to 23 mAcm™2 at
1.7 V vs. RHE when the Co concentration was increased to 60%
(CogoCuygNiygIn,oSnyg) (Figure S3). This rather unusual composi-
tion was chosen to investigate the influence of less conven-
tional elements in the multi-metal catalysts. Out of all
investigated composites, the highest catalytic activity towards
the OER was obtained with Co,,Cuy,NiyFe,nZn,, reaching total
current density values of 58 mAcm™ at 1.67 V vs. RHE, Figure 2,
line 1). Even though the specific role of each element in
enhancing the activity of the multi-metal catalysts has not been
fully understood yet, a positive influence of Fe in combination
with Co and Ni can be expected based on previous
investigations.**” Multiple explanations have been presented
and possible mechanisms proposed to rationalize the significant
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improvement in catalytic activity when Fe is introduced into a
bi-metallic CoNi structure.”® Moreover, other quinary composi-
tions containing Co, Ni and Fe also showed high currents with
C03,CusNizFesMn; reaching 28 mAcm™2 (Figure 2, line 2) and
thus exceeding the value of Agylry,Pd,oPt,Ru,, the only noble
metal-containing catalyst investigated in this study, which only
exhibited 24 mAcm™2 (Figure 2 line 5, Figure S1). A comparison
with other OER electrocatalysts reported in the literature can be
found in Table S1. For a better understanding of the catalyst
structure and its influence on the performance, TEM-EDS
analysis was performed for Co,,Cu,NiyFe,nZn,, (Figure 3) that
demonstrated the highest activity towards OER in this study.
EDS mapping displays uniform elemental distribution of Co, Ni,
Fe, Cu and Zn, with the latter being visibly more concentrated
in some areas than the other elements. According to ICP-MS,
elements are distributed in nearly equiatomic composition in
the range of 19-21% (Table 1). These findings support the
formation of a random distribution of elements, which would
allow the formation of different multi-metal active sites that
might benefit from synergistic effects to enhance the electro-
catalytic activity.

The high number of available materials and their applic-
ability for electrochemical reaction such as the OER, led to the
consideration that the obtained materials could also be
employed for other multi-step oxidation reactions. Specifically,
the oxidation of glycerol as an alternative to the OER as the
anode reaction for clean hydrogen production is of great
interest. Most multi-metal composites investigated for the OER
contained Co, Cu and Ni that are known to be active for the
catalytic conversion of glycerol.”**3" Glycerol, the main by-

Figure 3. TEM-EDS mapping of a CoCuNiFeZn particle. The scale bar equals
100 nm

Table 1. Best-performing reduced forms of catalyst for OER and GOR.

Reaction Nominal elemental
composition

Current Experimental data
density ICP-MS

OER CoyCuyNixgFe,Zn,y 58 mAcm™  C0y99CU,; 1 Nijg,Fe5,Zn5
at 1.67V
vs. RHE

17 mAcm™
at 1.5V vs.

RHE

2

GOR C020CuzNixAg;0ZN5 C0,5,6CU202Nizs 5AG40ZN5s 7
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product of biodiesel production, has attracted special attention
because of its low price® and potential for its conversion to
value-added products due to the presence of three hydroxyl
groups. Catalyst screening for the glycerol oxidation reaction
(GOR) was performed in the presence of 0.1 M glycerol
dissolved in 1 M KOH under the same conditions used for OER
evaluation (Figure 4 and Figure S4). Due to a poor performance
of the oxidized forms of the catalyst composites in terms of
activity for the OER, only the reduced forms of the catalysts
were investigated for the GOR. Catalytic activities obtained
during the GOR with the different catalyst are compared at
1.5V vs. RHE (Figure 5).

The highest catalytic activity towards glycerol oxidation out
of all investigated materials was recorded for
C0,0CuyNixnAgy0Zny, reaching a current density of approxi-
mately 17 mAcm™ at a potential value of 1.5V vs. RHE.
Interestingly, all the catalysts that performed well in terms of
GOR activity contained Ni, which was not always the case for
the OER. To overcome the competition between the GOR and
the OER it is required that a GOR catalyst exhibits much lower
overpotential value to initiate GOR compared to the OER
(Figure S5). Due to the three available OH™ groups one
molecule of glycerol could theoretically occupy up to three
active surface sites and therefore be oxidized faster. At higher
potentials competition between GOR and OER takes place and
both reactions influence the shape of the voltammogram. In
some cases, such as for noble metal-containing catalysts (line
19 in Figure S4, catalyst Ag,lr,oPd,oPt,0Ru,,) poisoning effects
may occur based on the nature of the catalysts and the
individual adsorption strength of the intermediates.

It is expected that an efficient GOR catalyst exhibits lower
overpotentials to initiate the reaction than those required to

50
1= C0,(Cu,NizpAg,,ZNn
40 2 C0,0CUzNizAG5P 20 1
e 33— C02,CuyNiy,Pdy,Zny,
'E 4= Coy,CuyoNiFe,Zn,,
o 5 CogoCi;oNisoln1oSnsg
<30 6 CoyoCuyNizgMoyFes, 4
E, 7 C0,0CuoNizoPdy0Ptyg
> 8 CooCUNizpAUz0ZN0 2
B 9—— C04,CuyoNigoFesMng
CIC) 20 3
© 5
: .
S0tk ~—5
5 e
9
0+
1 1 1 1 1 1 1 1

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
E vs. RHE (V)

Figure 4. RDE voltammograms of 9 best performing GOR catalyst composi-
tions in terms of current density values. Voltammograms recorded from 1 to
1.7V at 10 mVs™' scan rate in 1 M KOH solution at 1600 rpm. Catalyst list
from the most active to the least active catalyst in terms of current density
value at 1.7 V: 1 = C0,0CU,Nix0AG20ZN,0, 2 — CO2CUxNizpAg,0Pdy0, 3 -
C0,0CUyNiy,Pdy0ZN5,, 4 = CO,0CUyNiFe0ZN 50, 5 = CogoCuUyNiIN oSNy, 6 —
C0,4CUNizM0O,Fesq, 7 = C0,0CU,NixPd0Pt,0, 8 = CO2CUyNizgAUL0ZNS,, 9 —
Co3,CuyNizoFesMng.
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Figure 5. Catalytic performances of aerosol spray-synthesized multi-metal catalysts for GOR. Current densities at 1.5 V vs. RHE for GOR (Hl) are presented.

Colours are used as a guideline for the eyes to highlight the catalyst groups that contain noble metals (

), both Ni and noble metal () and only Ni ().

Catalysts in the white region do not contain any of the aforementioned components.

initiate the OER in order to overcome the competition between
the two reactions. In general, Ni-based catalysts have been
reported to demonstrate comparatively lower overpotentials for
the GOR than for the OER, with additional beneficial properties
regarding the GOR selectivity.?**¥ Furthermore, catalysts con-
taining a small portion of noble metals show comparatively
high activity. The presence of Ag in combinations like
Co,,CuyNiynX,0Z5, beneficially affects current densities in com-
parison to other noble metals: XZ=PdPt (3 mAcm™) <PdZn
(6 MAcm™) <PdAg (7 mAcm ) <AgZn (17 mAcm™) at 1.5V
vs. RHE. Catalysts containing Au and Ru (together with Co, Cu,
Ni and Zn) displayed low current densities of approximately
only 3mAcm™ and 2mAcm™ at 1.5V vs. RHE, respectively
(Figure S6). Similar behavior of Ag-based compounds has
already been discussed in the literature before as it was
reported that interaction between Ag and noble metals in bi-
and tri-metallic compositions lead to substantial changes in the
adsorption energies of the catalytically active species during
alcohol oxidation.®” For example, together with Pd it is
suggested that Ag either is an oxygen source for alcohol
oxidation at lower potentials or that it alters the electronic
properties of Pd thus yielding a more active catalytic surface.™
Moreover, because of electronic and bi-functional effects, Ag-
containing composites also demonstrate higher tolerance with
respect to poisoning effects of CO-like species that are known
to cause a significant decrease in activity in noble metal
catalysts during oxidation of organic compounds.*® Another
advantage of Ag as catalyst material is that it is considerably
cheaper than other noble metals commonly used in catalysis
(e.g. Pt, Au, Ru) and only a small amount of it is necessary for
the composite synthesis, thus lowering the production cost

ChemElectroChem 2022, 9, 202200107 (5 of 9)

even more. A comparison of the catalyst performance with
other noble and non-noble metal catalysts from the literature
can be found in TableS1. TEM-EDS imaging of
C0,oCuyNiyxAg,0Zn,, revealed a higher degree of separation
between the elements compared to its Fe-containing analog
with well distributed Co, Ni, Cu and Zn and only small clusters
(~30-100 nm) of Ag (Figure 6). ICP-MS results agree with EDS
measurements indicating that only 4% of Ag is present in the
composite while the other elements are present with 22-26%
(Table 1). Since this catalyst demonstrated higher activity
towards glycerol oxidation (17 mAcm™ at 1.5V vs. RHE) than
the one where Ag is replaced with homogeneously distributed
Fe (5mAcm™), it can be hypothesized that the activity is

Figure 6. TEM-EDS mapping of a CoCuNiAgZn. The scale bars equal 300 nm.
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positively influenced by the interface between the abundant
Co, Cu, Ni, Zn and the small silver islands. However, it is
important to mention that TEM-EDS cannot fully confirm the
location of Ag, and other processes known to influence electro-
catalytic activity like dealloying or strain effects could also play
a role.’” Currently, only few studies on Ag/non-noble metal
catalysts for alcohol oxidation are available.®®

Moreover, to the best of our knowledge no study has yet
reported a tri-, tetra- or quinary-metallic Ag/transition metal
catalyst composition for electrocatalytic oxidation of alcohols.
To confirm that the behavior of Co,,CuyNiyAg,,Zny, is indeed
an effect of the interaction of the Ag islands with the “main”
particle, additional RDE measurements were performed under
the same conditions using Ag microparticles which were
obtained via the aerosol-based synthesis. Only very low glycerol
oxidation currents were registered during this control experi-
ment. To further investigate how the Ag content influences the
activity of the catalyst mixture, its content in the initial spraying
solution was varied between 10 and 60%. It should be noted
that at the same time the Ni content (as well as the content of
the other elements) was changed accordingly. The following
materials were synthesized and investigated:
C044CuygNigoAg;10ZN;0, Co,4CuyNi;gAgeeZn,o-red, and
€0, 5CU2 5Nz 5AG10ZNy; 5.

RDE voltammetry revealed no significant differences be-
tween measurements with an equimolar composition contain-
ing 20% Ag and the one where the Ag concentration is
increased to 60% (Figure S7). Moreover,  when
C0,,5Cuy,5NiyysAg Zn,, s Was used, the current density also
remained similar at 1.5V vs. RHE (22 mAcm 2 and even
surpassed that of other composites at higher potential values.
On the other hand, notably lower current densities were
observed for the catalyst where the initial Ni content was
increased to 60%, while the content of Ag and other elements
was lowered to 10%. When the Ag concentration was increased
to 60%, the distribution of elements generally remained the
same with the Ag clusters visible all over the nanoparticle
(Figure S8). ICP-MS elemental analysis showed only 16% of Ag
instead of the intended 60% provided in the spraying solution.
Furthermore, for C0,,5CU», 5Niy»5Ag16ZN5s 5 and
C0,oCuyoNigeAg eZny, the samples with 10% intended Ag
content, only about 1% Ag was detected by ICP-MS (Table S2)
and through TEM-EDS elemental mapping (Figure S9 and S10).

Although the presence of Ag was found to be important for
the catalytic activity, fine-tuning of the amount of Ag had a
rather small influence on the catalytic performance of the
obtained CoCuNiAgZn compounds. RDE measurements and
structural analysis could indicate the existence of energetic
barriers, which lead to a poor miscibility of Ag within the metal
matrix. However, it is also possible that a small fraction of Ag
that is below the resolution of EDS could be intermixed with
other elements due to the entropy effects. This would also
explain the high catalytic activity for relatively low contents of
Ag visible during glycerol oxidation. On the other hand, the
variation of Ni, Co, Cu and Zn amounts yields clearer results
possibly due to the good compatibility of these 3d transition
metals. Even though a controlled variation of the catalyst
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composition is desirable, it can also be observed that a high
concentration of Ni affects catalytic activity negatively as in the
comparison of the C0,,5CU» 5Nis»5AG16ZN55 5 and
Co,4CuyNigoAg;0Zn;, samples. This emphasizes once more that
not only the presence of specific elements but also the fine-
tuning of their ratio is important for the overall catalytic
performance.

Due to the multiple possible reaction pathways during the
GOR, one of the biggest remaining challenges is to control or at
least modulate product selectivity. The material with the
highest activity, C0,,CuyNigAg,xZn,, was hence further
studied. The ability of the catalyst to selectively form specific
products was determined by performing glycerol electrolysis in
a two-compartment flow-through cell (Figure 511).2" Measure-
ments were performed at a constant potential of 1.5V vs. RHE
for 48 h while taking samples at fixed time intervals and
subsequently performing product analysis using high-perform-
ance liquid chromatography (HPLC). For electrolysis, 0.1 M
glycerol solution in 1M KOH was used. However, to avoid
further chemical transformation electrolysis samples are acidi-
fied converting the primarily formed organic acid salts into the
corresponding acids that are detected during HPLC analysis.
The main product during glycerol oxidation was formic acid,
followed by oxalic acid and glycolic acid (Figure 7a). Addition-
ally, traces of acetic, glyceric, and lactic acid were also observed
(Figure 7b). The amount of formic, oxalic and acetic acid
increased gradually throughout the measurement, while the
concentration of glycolic, lactic, and glyceric acid reached a
peak after a certain time, before their concentrations started to
decrease presumably due to further oxidation. Almost half of
the glycerol was converted during the first 24 h (47 %). After
that point, the conversion rate of glycerol slowed down,
possibly also influenced by competing oxidation reactions of
intermediates as it was e.g. observed for glycolic acid. After
48 h, about 66% of glycerol was converted. The catalyst
C0,,CuyNiyxAg,0Zn,, demonstrated high selectivity towards
formic acid that reached almost 70 % after 48 h. Formic acid is a
higher value product than glycerol that is often applied as a
preservative and antibacterial agent in livestock feed, a
component in cleaning products or used for a leather and
textile processing.?” Due to the rapid electrooxidation and low
toxicity, formic acid is also an important compound for
alternative energy production as it can be used as a fuel for
direct formic acid fuel cells.”” The tendency of Ag to favor C,
product formation is in agreement with previous research that
employed Ag-containing catalysts.””’ Wang and coworkers
argued that a high production of formate is “Ag-like behavior”
and demonstrated that increasing the amount of Ag on the
catalyst surface drives the product selectivity towards formic
acid.*? These findings were also confirmed by the observations
made when Co,,Cu,NiygFe,0Zn,, was used as catalyst during
glycerol electrolysis (Figure S12). The selectivity towards formic
acid formation dropped significantly in this case from 68% to
37%. Moreover, the concentration of acetic acid increased more
than four times making it the compound with the second
highest concentration after formic acid. Thus, the modification
of the catalyst composition can be further explored in order to
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Figure 7. Glycerol oxidation measurement using Co,,Cu,oNi,cAg,0ZNny, as a catalyst in 0.1 M glycerol in 1 M KOH and product analysis with HPLC. Concentration
profiles during 48 h electrolysis: a) overview of glycerol and products, b) close-up excluding glycerol and formic acid, and c) selectivity as a fraction towards

specific product formation. Dashed lines are a guide for the eyes.

achieve variations in product selectivity during glycerol oxida-
tion.

Conclusion

In this work, we propose a new aerosol-based synthesis
technique to produce multi-metal composites directly from a
metal precursor solution. Using this method in total 22 different
quinary materials compositions were obtained and investigated
for their applicability for the OER as well as for the GOR. The
influence of the elemental ratio and composition variation on
catalytic activity was investigated. The highest catalytic activity
towards OER in terms of current density at a set overpotential
was exhibited by Co,,Cu,,NiyFe,Zn,, with a current density of
about 58 mAcm™ at 1.7 V vs. RHE. During glycerol oxidation Ag
plays a crucial role in increasing catalytic activity. Measurements
with varying elemental ratios in CoCuNiAgZn revealed that
even very low amounts of Ag (1%) led to a significant increase
in current density. Even though Ag is not well miscible with
other elements it is by far more beneficial for the selectivity and
activity during GOR than well-distributed Ni. The selectivity of
C0,oCuyNixxAg,eZn,, for GOR was evaluated by performing
glycerol electrolysis in a two-compartment flow-through cell
which showed a glycerol conversion value of 66% in 48 h
alongside a 68% selectivity towards the formation of formic
acid.

Experimental Section

If not stated otherwise, nitrate forms of metal precursors were used
for the aerosol-based synthesis route. For the synthesis of Ru-, In-,
Sn-, Ir-containing catalysts, chloride precursors were used. Manga-
nese (Il) acetate tetrahydrate (C,H;MnO,x 4H,0) was used to obtain
Mn, chloroauric acid (HAuCl,) for Au composites and molybdenum
(VI) oxide bis(2,4-pentanedionate) (C;,H,{M0oO,) for Mo. Co, Zn, Fe,
Ni, Ag, Pd, Pt, Ru, Ga, In, Ir, Mn and Au precursors were purchased
from Sigma-Aldrich and Cu, Al, Pb, Sn, Mo precursors from Alfa
Aesar. All compounds were synthesis grade (98% or above). As
electrolyte 1 M KOH (86.4 %, Fisher Scientific) solution in ultra-pure
water was used after purification with a Chelex 100 cation-
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exchange resin (Sigma-Aldrich). For the preparation of glycerol
solution, 0.1 M glycerol (99.9%, Fisher Scientific) was mixed in with
1 M KOH.

Electrochemical catalyst screening measurements were carried out
using a rotating disk electrode comprising a RDE80983 rotator with
a potentiostat/galvanostat Autolab PGSTAT 204 (Metrohm). Glassy
carbon RDEs with a geometric area of 0.113 cm? modified with the
corresponding catalyst suspension, were used as working electrode.
A self-made Ag|AgCl|KCl (3 M) electrode with double junction (1 M
KOH) was used as reference electrode and a Pt mesh was used as
counter electrode. A glass compartment with a ceramic frit filled
with electrolyte was used to separate the counter electrode from
the bulk solution. For the electrode modification, 5 mgmL™' catalyst
was dispersed in a mixture consisting of equal volume parts of
distilled water, ethanol and 2 vol% Nafion (49:49:2). The suspen-
sion was sonicated with a tip sonicator (Bandelin Sonopuls UW
3100) for 1 min (amplitude 25%, pulse duration 1 s) prior to use.
The glassy carbon electrodes were polished using different rough-
ness of polishing sheets: 3 um, 1 um, 0.3 um, and rinsed with
distilled water before the catalyst deposition. For this, 4.8 uL of
prepared suspension was drop-cast onto the polished working
electrode surface, aiming for a nominal catalyst loading of
approximately 210 pgcm?® and left to dry in air prior to measuring
for at least 20 min. A conditioning procedure was conducted in 1 M
KOH by potential cycling between 0 and 0.4V vs. Ag|AgCl|KCl
(3 M) at 100 mVs™' for 10 cycles. The RDE rotator speed during
conditioning and other voltammetry measurements was kept
constant at 1600 rpm. The catalytic activity for OER was evaluated
by performing cyclic voltammetry measurements from 0 to 0.7 V vs.
Ag|AgCl|KCl (3 M) at T0 mVs™' in 1 M KOH solution. The same CV
procedure was also repeated in an electrolyte containing 0.1 M
glycerol solution to observe the catalytic activity towards glycerol
oxidation. Both solutions were purged with Ar (Air Liquide, Ar>
99,999%) for at least 15 min and an Ar flow was maintained near
the surface of the electrolyte throughout the measurements. All
RDE measurements were repeated at least three times to ensure
reproducibility (Figure S13). To compare catalytic activity between
different catalysts the average current density value of a first
forward scan at the certain potential was chosen. Current density
was calculated based on the geometric area of the glassy carbon
working electrode (5).

i (mA)
A (cm2) )
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To determine the uncompensated resistance, electrochemical
impedance spectra (EIS) were recorded after both CV measure-
ments at open circuit potential (OPC), in a frequency range
between 100 kHz and 10 Hz and an AC amplitude of 10 mV root
mean squared (RMS) with no electrode rotation. Potentials recorded
vs. Ag|AgCl|KCl (3 M) are converted to the reversible hydrogen
electrode (RHE) by correcting the measured potential with the
uncompensated resistance (R,) obtained from Nyquist plots during
EIS measurements and adding the formal potential of the reference
electrode according to equation (6). The pH value was obtained
considering the concentration of hydroxide in the electrolyte using
the literature value of 0.766 for the activity of water (y) (7).

E= Emeasured_Ru St EO,Ag/AgCI/KCI 3Mm) +0.059 pH (6)
pH = 14 + log [OH™] + log(y) (7)

The selectivity of the catalyst was evaluated using a two-compart-
ment flow-through cell, where the working electrode and the
counter electrode compartments were separated using an anion-
exchange membrane (Fumatech fumasep FAA-3-PK-130), which
was soaked in 1 M KOH prior to use. 0.1 M glycerol solution in 1 M
KOH was used for the circulation through the working electrode
compartment and 1 M KOH was used for the counter electrode
compartment. A home-made Ag|AgCl|KCl (3 M) electrode with
double junction filled with 1M KOH was used as the reference
electrode. Ni foam (Goodfellow) was used as counter electrode and
carbon paper (H23C2, Freudenberg) modified with the catalyst
suspension acted as working electrode. 1.96 mg of catalyst was
mixed with a solution of 98 vol% absolute ethanol and 2 vol%
Nafion to make a suspension, which was deposited onto the surface
of carbon paper via drop-casting, to achieve a loading of 1 mgcm?
and left to dry overnight. After the cell was assembled, the
electrolyte was circulated for 15 min prior to the measurement.
Then OCP was recorded for 1 min, EIS measurements were
conducted galvanostatically at a current of 0 A in the frequency
range from 100 to 1 kHz with 50 pA AC perturbation amplitude
(RMS) followed by a CV between 0 and 0.5V vs. Ag/AgCI/KCI (3 M)
at a scan rate of 10 mVs™'. Subsequently, a LSV was recorded
between 0 and 0.5V vs. Ag|AgCl|KCl (3 M) and the final potential
was held for 48 h. Electrochemical measurements were carried out
using a VSP-300 potentiostat (BioLogic) controlled by the EC Lab
software. 350 pL liquid samples were taken before chronoamper-
ometry and after 1 h, 2h, 3h, 4h, 16 h, 24 h, 42 h, and 48 h. To
avoid further chemical transformation of unstable intermediates,
samples were acidified with 530 mM HPLC grade H,SO, (Merck,
98 %) solution. The mixture was subsequently filtered with a 0.2 um
syringe filter to remove any particles before HPLC analysis.
Selectivity was calculated according to the Equation (8), where n, is
the amount of product and n, is the amount of reactant (glycerol)
in moles at a certain time of electrolysis compared to their initial
amounts n,, and ny,. Stoichiometry factor for glycerol (v,)=1, and
v, (C; products) =3, v, (C, products)=1.5, v, (C; products)=1.

S 7np_np‘0 ‘Vk|
" Neo—n, v,
k0 Nk

8

P

Product analysis was carried out using high-performance liquid
chromatography (HPLC) with the Dionex ICS-5000+ system
(ThermoFischer) equipped with a refractive index (RI) detector
(Knauer RefractoMax520), a diode array detector (Dionex UltiMate
3000) and an ion-exclusion column and precolumn (Bio-Rad Aminex
HPX-87H). To enable product separation, the column compartment
was heated to 70°C and 4 mM H,SO, was used as eluent with a
flow rate of 0.6 mLmin~'. STEM was performed on a JEM-2800
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(JEOL) with a Schottky-type field emission gun working at 200 kV
with a point-to-point resolution of 0.20 nm and 0.14 nm. The
spherical aberration and the chromatic aberration are 0.7 mm and
1.3 mm, respectively. EDS mapping was performed with the
equipped double SDD detectors, with a solid angle of 0.98 sr with a
detection area of 100 mm?2 Samples were typically prepared by
drop-casting of catalyst ink onto a carbon film-coated copper or
gold mesh. Elemental ratios in the catalysts were determined with
ICP-MS (Anton Paar Multiwave PRO) after adding 4 mL of concen-
trated nitric acid to approximately 1 mg of sample and filling up to
10 mL with water. The average ppb values for Ni-60, Cu-63, Zn-66,
Ag-107, Mn-55, Fe-57, Co-59 isotopes from 5 runs were divided by
the weighed-in mass thus obtaining the element content in the
sample.
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