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Herein, a study dealing with a progress on palladium (Pd) electrocatalysts for an efficient glycerol electro-
oxidation in model aqueous and real fermentation solutions with special focus on some physicochemical pa-
rameters (e.g, the impact of adsorption stage of multiple species, presence of oxygen, influence of anodic limits
and Pd-size) was conducted. During the course of investigations by tandem of an optical oxygen minisensor and
cyclic voltammetry a significant impact of oxygen on the efficiency of glycerol electrooxidation on Pd electro-
catalysts at alkaline pH in model aqueous and yeast fermentation media was revealed.

The obtained knowledge was used for the optimization of an assay utilizing Pd-sensing layers for glycerol
determination and quantification in yeast fermentation medium. Received results showed a satisfactory agree-
ment with a control measurement carried out by gas chromatography mass-spectrometry.

1. Introduction

Glycerol is a frequently used substrate for bacterial or yeast cells
fermentation [1]. In some cases glycerol can be utilized as a signaling
product of microbial activity of cells [2,3]. Therefore, the development
of a rapid, simple in use, sensitive and selective measurement ap-
proaches enabling monitoring and control of glycerol in real biological
samples would significantly assist our understanding on pathways of its
production or conversion by cells.

Although several non-enzymatic amperometric assays based on
noble metal-based electrodes (Au, Pt, Pd) applied for a rapid glycerol
sensing in a variety of biological samples with different analytical merit
were proposed [4]. However, the only a few attempts towards estab-
lishment of the mechanism underlying electrooxidation of glycerol or
factors affecting the efficiency of the process were conducted [5]. At the
same time, revealing and systematization of key aspects impacting
glycerol electrooxidation could significantly promote the development
of novel electrodes with a controlled design and tuned analytical
properties.

* Corresponding author.

The electrooxidation of glycerol undergoes the following route:
sorbate adsorption (1), bond breaking and electron transfer (2), reaction
between sorbate and adsorbed species on the surface (3) and product
desorption (4) [6]. The intermediates formed during electrooxidation of
glycerol on noble metals, in particular on Pd, were discussed in [6,7] in
aspect of alkaline fuel cells. However, no attention has been paid to the
chemical stages of glycerol and its intermediates alteration leading to
the formation of electroactive species, e.g., gem-diol forms of glyceral-
dehyde. At the same time, the key role of these species in the formation
of an electrochemical signal for methanol and ethanol was proved [8,9].
Moreover, the electrochemical behavior of various types of Pd catalysts
and experimental conditions of CV procedure used for the estimation of
activity in glycerol oxidation reaction strongly differ from study to study
that makes their comparison difficult (see ESI, Table S1, [10-16]).

The adsorption of glycerol (1) at alkaline pH on the surface of elec-
trodes based on noble metals relies on the cleavage and transport of the
hydrogen atom (the source of hydrogen could be -CHjy or -OH alcohol
group) from the alcohol molecule retained on the surface of electro-
catalysts [17-20]. Therefore, the use of electrocatalytic layers, viz.
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palladium (Pd) which is known by its ability to support specific in-
teractions with hydrogen, could enhance the cleavage of hydrogen and
the overall oxidation efficiency of glycerol [21,22].

Although earlier it was shown that the adsorption of OH-species at
alkaline supporting electrolytes can drastically affect the efficiency of
alcohols electrooxidation on palladium electrodes [23], the funda-
mental reasons for this phenomenon remain non-understood. For
example, why a concurrent adsorption of multiple species (e.g., glycerol
and hydroxyl) at the surface of the same electrode should assist the
entire electrooxidation process is unclear [18,19,24]. More significantly,
it was shown that the adsorption step of alcohols (1) on Pd is almost
irrelevant in total electrochemical route [23].

Herein, the role of the oxygen released in alkaline media after hy-
droxyl decomposition on the surface of Pd-electrodes on glycerol elec-
trooxidation efficiency was revealed. The obtained results open up the
possibilities of a rational design of Pd-electrocatalytic layers based on
the tuning of their surface properties for the efficient and controlled
glycerol electrooxidation in model aqueous and real fermentation
solutions.

2. Experimental part
2.1. Chemicals and materials

Graphene oxide and Pd-ink modified screen-printed electrodes
(SPEs) were obtained from DropSens (Metrohm, Germany). HoPdCly,
(NH4)2HPOy4, NagHPO4-12H50, 25 % NH4OH used to prepare a basic Pd-
electrolyte (pH 9.1), glycerol solution (85 %), glyceric acid, KOH pellets,
derivatization agent N-trimethylsilyl-N-methyl trifluoroacetamide
(MSTFA), yeast fermentation HC complete medium (Hartwells Complete
medium) supplemented with 10 % of yeast nitrogen base (YNB) were
received from Merck (Darmstadt, Germany).

2.2. Yeast fermentation

The received yeast colonies (Saccharomyces cerevisiae strain BY4742)
were transferred to flasks filled with 10 mL of HC complete medium for a
cultivation of 24 h The optical densities (OD) of the received yeast
suspensions ranged from 3.0 + 0.4 to 6 + 0.3. After cultivation, cells
were removed from the medium by centrifugation. The obtained me-
dium after contact with cells was used for glycerol sensing. Prior to
electrochemical studies, the pH of the model aqueous and fermentation
(collected surfactants) samples was set to 12 using KOH pellets.

2.3. Formation of functional layers of electrodes and electrochemical
studies

Herein, several designs of electrodes modified by Pd electrocatalysts
(e.g., Pd-ink (i), Pd-nanoparticles (Pd-NPs) (ii) and hybrid Pd-ink/Pd-
NPs (iii) layers) were explored towards glycerol electrooxidation.

Pd-ink modified SPEs were used in their original form. To compare
the electrocatalytic performance of Pd-ink electrodes towards glycerol
electrooxidation, SPEs modified by Pd-nanoparticles (Pd-NPs) were
utilized. Pd-NPs were formed on the surface of commercial SPEs modi-
fied by graphene oxide (GO) during galvanostatic deposition at a
cathodic current of —2.5 mA (current density was 19.9 mA cm’z) for 30
s from the alkaline electrolyte (pH 9.1) according to a previously re-
ported protocol [25]. The used polarization mode leads to Pd deposition
from the solution accompanied by a hydrogen evolution reaction. These
conditions enable to avoid the multicycle CV activation of the metal
surface in the range of hydrogen adsorption/desorption potentials.

To compare the commercial Pd-ink modified and homemade Pd-NPs,
it was proposed to synthesize an electrode with a hybrid functional Pd-
layer. For this goal, Pd-NPs were deposited at the same electrochemical
parameters (i.e. cathodic current of —2.5 mA for 30 s) from the same
basic electrolyte (pH 9.1) on a Pd-ink surface (hybrid Pd-ink/Pd-NPs).
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The estimation of the electroactive surface area (ECSA) of Pd elec-
trocatalysts was performed via CO electrodesorption method in a three-
electrode electrochemical cell and by oxygen desorption method ac-
cording to a previous study [9]. The specific ECSA value was calculated
by the use of Pd weight estimated by Faraday’s law from the charge
passed during dissolution of Pd from the electrode in 1 M HCIl. The
dissolution of the palladium layer from SPEs was conducted in a gal-
vanostatic mode at 0.1 mA for Pd-NPs and 0.5 mA for Pd-ink and hybrid
electrode.

The electrochemical measurements were carried out in three-
electrode electrochemical cell (equipped with Schlenk line to maintain
an argon, air or CO atmosphere) with a Pt wire counter electrode and
silver chloride or Hg/HgO, OH™ reference electrodes (depending on the
solution composition) separated from the working solution by a double
frit. In these experiments, the SPE working electrode was connected to
the signal input of the PGstat via a special plug. The solution volume was
15 mL in these experiments. The applied level of pH was defined for
glycerol electrooxidation in our previous study [26].

In other series of experiments the Pd modified SPEs was explored in a
droplet mode at ambient conditions (open system). Ag/Ag>O, OH™
reference electrode of SPE and carbon counter electrode of SPE were
used in this set of experiments. The studied electrolyte was placed on the
surface of SPE and fixed in the connector box of the potentiostat
(PalmSens4, Utrecht, The Netherlands). The 0.02 M KOH, pH 12 or
potassium phosphate buffer, pH 7 were used as electrolytes. For the
electrochemical experiments the volume of the electrolyte droplet was
150 plL.

The comparison of electrochemical activity of studied electrodes was
carried out by the use of two approaches, e.g., by external standard
calibration, ESTD, used for model glycerol solutions and by multiple
standard addition approach applied for real fermentation medium.

2.4. Scanning electron microscopy (SEM/EDX)

The morphology of SPEs was studied by scanning electron micro-
scopy (SEM) in high vacuum mode on a FEI (Hillsboro, OR, USA) Quanta
400 FEG system equipped with an EDAX (Mahwah, NJ, USA) Genesis V
6.04 X-ray module at a voltage of 10 keV.

2.5. Atomic force microscopy (AFM)

AFM topography measurements of the samples were performed
using a NX 10 AFM system (Park Systems, Korea) using noncontact
mode under ambient pressure and at room temperature. Pre-mounted
ACTA-10 probes (“material: Si, N-type, 0.01-0.025 ohm/cm”, canti-
lever length (L): 125 um, width (W): 30 um, thickness (T): 4 pm, tip-
radius: <10 nm, frequency (f): 200-400 kHz, spring constant (k):
13-77 N/m, coating: Al (reflex side)) were purchased from AppNano
(USA). Topography images (scan size of 25 ym x 25 pm) were recorded
with a resolution of 256 pxl x 256 pxl. Imaging settings were automat-
ically set by the Park SmartScan™ operating program and AFM data
were further processed with the free Gwyddion software including 3D
image re-construction. For data acquisition, two roughness parameters,
namely arithmetic average roughness (R,) and root mean square
roughness (R,) values were obtained using Gwyddion software for four
25 um x 25 pm images for each sample. Roughness was presented as
mean R, and Ry values £SD.

2.6. Oxygen minisensor studies

To evaluate the intensity of oxygen consumption or release at Pd-
electrocatalysts, the oxygen concentration (umol-L™!) in a droplet of
test solutions was monitored by an OXR430 needle oxygen minisensor
(Pyro Science GmbH, Aachen, Germany). The calibration of the mini-
sensor prior to use was performed in accordance with manual recom-
mendations in air (1) and in a test-liquid (2). During recording of the
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oxygen consumption values the electrodes were operated in CV mode in
the range of —0.4 ...0.8 V (unless otherwise stated).

2.7. Quantum-chemical calculations

To study the impact of the adsorption stage on glycerol electro-
oxidation at Pd-electrodes, quantum-chemical studies were carried out
using density functional theory (DFT) B3LYP.!! The 6-31G(d,p) basis set
was utilized for O, N, H atoms [27]. For Pd, a LANL2DZ ECP basis with
added f-polarization function was applied [28,29].

During the calculations, the position of glycerol was varied on the
surfaces of Pd and PdO fragments. The Gibbs (G,qs) and total (Eags)
adsorption energies of glycerol on Pd (PdO) clusters were calculated as
follows:

Gags = G12 — (G1 + G2) (@9)
Eoys = Eyp — (E1 + E,) (3]

where G; and G, — are the Gibbs energies of fragments 1 and 2, G5 - is
the Gibbs energy of the system obtained by combining of these frag-
ments into a complex; E; and E; — are the total energies of fragments 1
and 2, E;5 — is the total energy of the system obtained by combining of
these fragments into a complex.

So far, the electrooxidation of glycerol was studied on Pd-based
electrodes at pH 12, the calculations were also performed for hydroxyl
radical, OH [23].

2.8. Gas-chromatography mass spectrometry (GC-MS)

For quantitative analysis of glycerol in yeast fermentation samples, a
previously published protocol utilizing standard additions was used
[26]. Briefly, fermentation samples were derivatized with MSTFA at 60
°C for 30 min followed by a subsequent GC-MS separation performed on
a QP5050 GC-MS system (Shimadzu, Japan) equipped with a PAL auto
sampler (CTC Analytics, Zwingen, Switzerland). For this goal, 0.5 uL of
the derivatized sample was injected into the system. A ZB-5HT Inferno
column (30 m x 0.25 mm, thickness 0.25 ym) was used in GC-MS ex-
periments: start temperature 50 °C held for 2 min, raised to 300 °C at 25
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K/min and held at 300 °C for 1 min. Mass spectra were recorded in TIC
and SIM modes in the range of m/z 100 — 500. MS interface was set at
250 °C, ion source temperature was 200 °C.

3. Results and discussion

3.1. Comparison of morphology, composition and electrochemical activity
of Pd-electrodes in glycerol oxidation reaction

Three types of SPEs were used in this study: (i) Pd-NPs modified
electrodes, where the functional layer was formed via electrodeposition
of Pd from the solution on the surface of the working electrode, (ii)
commercial Pd-ink SPE and (iii) a hybrid electrode based on a com-
mercial Pd-ink with electrodeposited Pd-NPs (will be further refereed to
Pd-ink/Pd-NPs).

EDX spectra recorded from the studied Pd-electrocatalysts (i-iii)
indicate the increase of Pd-mass/counts for the hybrid Pd-ink/Pd-NPs
layer as compared to the individual Pd-ink or Pd-NPs (Fig. S1). This
result was confirmed by SEM studies: thus, the pronounced difference in
the morphology of electrocatalytic layers was seen with an obvious vi-
sual increase of Pd-deposits amount for the hybrid Pd-ink/Pd-NPs layer,
Fig. 1A-C.

The Pd-ink functional layer was represented by spheres with an
average diameter of 600 — 800 nm partially covered by polymer
(Fig. 1A). The Pd-NPs layer consisted of much smaller nanoparticles
(NPs) with a diameter of 40 — 60 nm (Fig. 1B). Remarkably, Pd-NPs
deposited on Pd-ink (Pd-ink/Pd-NPs hybrid) at the same current and
time as it was used for Pd-NPs synthesis were larger in diameter, i.e. 600
— 800 um vs Pd-NPs formed on an empty electrode (graphene oxide-
modified SPEs), e.g., 40 — 60 nm, Fig. 1C. This phenomenon can be
explained by the deposition and growth of Pd particles on polymer-free
parts of the Pd-ink surface. It was in accordance with a known obser-
vation: the type of the surface/template significantly determines the
morphology of electroplated Pd-deposits [30].

Subsequently, performed investigations of the topography of the
electrodes supported the obtained SEM/EDX results: although no pro-
nounced topographical changes were detected by AFM studies for Pd-ink
(Fig. 1D) and hybrid Pd-ink/Pd-NPs modified electrodes (Fig. 1F), the

Fig. 1. SEM (A-C) and AFM (D-F) topography images of Pd-modified SPEs: (A,D) — Pd-ink; (B,E) — Pd-NPs; (C,F) — hybrid Pd-ink/Pd-NPs layer.
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calculated values of the average roughness (Ry) and surface root mean
square roughness (R,) clearly showed a significant enhancement for the
hybrid Pd-layer, ESI, Fig. S2.

The comparison of SEM/AFM data with the determined ECSA values
summarized in Table 1 allows to conclude that the ECSA found for the
hybrid electrode is mostly provided by additionally deposited Pd-NPs,
that could be explained by the composition and morphology of the
commercial Pd-ink electrode. The surface of the commercial Pd-ink
electrode consisted of agglomerates of spherical Pd-nanoparticles sur-
rounded by a thin isolating polymer film [26]. The absence of the gain in
Pd weight for the hybrid modified electrode in comparison to the Pd-ink
electrode can be explained by a partial loss of Pd from the Pd-ink layer
due to the associated hydrogen evolution process.

The electrochemical responses for the studied Pd-modified SPEs in a
full polarization range —0.4 ... 0.8 V in model glycerol solutions were
similar, viz. there are two anodic waves corresponded to glycerol
oxidation marked on curves in Fig. 2 as A; at —0.1 V and A, with the
onset potential at about 0.4 V. The latter wave appeared in the range
corresponding to Pd electrooxidation in a background solution. At the
same time, the anodic current responses recorded from Pd electro-
catalysts in the potential range —0.4 ... 0.8 V increased from cycle to
cycle (Fig. S4, ESI). Notably, this trend was more pronounced for Pd-
NPs modified electrode: the peak A; at —0.1 V was absent in the first
cycle of CV; however, starting from the second scan the main anodic
peak corresponding to glycerol electrooxidation was recorded. A re-
striction of the cathodic limit (except for the hydrogen adsorption/
desorption region) is necessary to exclude the influence of electrode pH
changes accompanied with changes of composition of electroactive
species near the electrode surface. The influence of the cathodic polar-
ization limit on current responses was described in [9]. Surprisingly, the
current densities (calculated from ECSA) of these peaks changed inde-
pendently on ECSA of studied electrodes, viz. the current densities found
for Pd-NPs-modified SPE were comparable with hybrid-modified SPE,
while the ECSA and specific ECSA (SECSA) of these electrodes were
different (Table 1). The obtained analytical merit (e.g., LDR, sensitivity)
of the tested Pd electrodes in model glycerol solutions was in line with
results reported in literature [12,31-36].

Comparison of current responses of Pd-ink and Pd-hybrid modified
SPEs also demonstrated the inconsequent activity in glycerol oxidation
reaction, viz. the hybrid electrode with lower ECSA and specific ECSA
demonstrated the highest responses. Moreover, the sensitivity of studied
electrodes to glycerol in model solutions in the same linear dynamic
range (LDR), 1-100 mM, estimated from CV at potential of wave Ay,
0.55 V, varied independently on ECSA values. That was unexpected,
because the difference in the morphology and ECSA of electrodes is
usually the main reason for their different electrochemical activity,
given the same nature and composition of electrocatalyst.

The diminution of the anodic polarization limit to 0.6 V led to a
current decrease in the anodic branch of CVs corresponding to glycerol
oxidation for both Pd-ink modified SPE and a hybrid electrode (Fig. 2).
Pd-NPs modified electrode didn’t show any anodic response corre-
sponding to glycerol oxidation in the reduced anodic range. This elec-
trochemical behavior indicates that the anodic processes occurring on
Pd-surface at potentials higher than 0.4 — 0.6 V are necessary for an
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efficient glycerol oxidation.

The influence of pH on the glycerol electrooxidation was typical for
alcohol oxidation reactions on Pd, i.e. the increase of pH leads to an
increase of the current responses on the anodic branch of CVs (ESI,
Fig. S5).

To sum it up, some features of glycerol electrochemical oxidation on
the surface of various types of the studied Pd electrodes could be high-
lighted, viz. independence of electrochemical activity on ECSA and the
influence of the anodic polarization limit on electrochemical activity of
electrodes.

Keeping in mind the complex mechanism of alcohols electro-
oxidation including formation of several intermediates and participation
of oxygenic species [37,38], the influence of the adsorption stage of
oxygen on Pd particles could be the main reason for the observed elec-
trochemical features of studied electrodes. The impact of oxygenic
species and preliminary chemical stages on the activity of Pd-modified
electrodes in methanol and ethanol oxidation reactions was in detail
discussed in previous works [8,9,39]. For glycerol oxidation reaction,
the experiment with a preliminary polarization-less keeping of electrode
in alcohol solution described in [8] was repeated here as an additional
argument supporting the influence of oxygen on the process. From Fig. 3
it is seen that the preliminary keeping of electrodes in a contact with the
analyzed glycerol solution during only 10 min without polarization
leads to an increase and stabilization of the current responses on CV.

At the same time, the electrochemical behavior of glyceric acid at pH
12 on the same Pd-electrode is different (Fig. 3, curve 5) from glycerol.
Thus, the oxidation peak of glyceric acid was shifted to a more negative
potential (—0.2 V) and CV responses remained constant from cycle to
cycle (no changes were recorded for glyceric acid vs glycerol). It means
that the preliminary chemical stages occurred on the surface of Pd in a
glycerol solution lead to the formation of an electroactive product sub-
sequently adsorbed and electrochemically transformed on the electrode
surface.

Next, to clarify and systemize the key parameters (e.g. adsorption)
affecting glycerol electrooxidation on the surface of palladium electro-
catalysts in alkaline medium, quantum-chemical simulations were
conducted (see next section).

3.2. Quantum-chemical calculations of glycerol adsorption in dependence
on the oxygenic species presence on Pd surface

The overall reaction of glycerol electrooxidation in an alkaline me-
dium can be described as follows [40]:

CH,OH—CHOH—CH,0H + 200H — 3C0% + 14H,0 + 14¢ 3)

The reaction (3) proceeds in several steps resulting in the formation
of intermediates having substantially less activation energy. Most au-
thors believe that the initial stage underlying glycerol electrooxidation
starts with a cleavage of hydrogen atom from CH; or OH-group of
glycerol [6,25]. However, hydroxyl-ions present in solution at pH 12
can also be adsorbed on the surface of Pd electrode. As it is seen from
Fig. 4A,B, the change of Gibbs’ energy, Ga.qgs, during adsorption of hy-
droxide ions on the Pd-surface was negative while in the case of glycerol,

Table 1.
Evaluation of ECSA and activity of Pd-based electrodes in glycerol oxidation reaction.
System ECSA, Pd weight, SECSA, m?/ SA (Ay), ;.lA»crrf2 SA(A), pA MA(A), YA pg Sensitivity**, uA mM ! LDR***,
cm? g g em 2 -1 em ™2 mM
Pd-NPs 2.0 6.5+ 0.5 31 266 273 85 0.77 1-100
Pd-ink 9.2 257424 3.6 68 75 2.7 0.58 1-100
Hybrid (Pd-ink/Pd- 4.9 243126 2.0 237 169 3.4 1.51 1-100
NPs)

* SA - surface activity, i.e. the peak current to ESCA ratio, MA — mass activity;.

™ read-out to glycerol at 0.6 V; sensitivity to glycerol was evaluated in model solutions in the concentration range of 1-100 mM;.
" linear dynamic range evaluated by external standard (ESTD) approach in model glycerol solutions, see also ESI, Fig. S3.
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Fig. 2. CV curves recorded from SPEs modified with (a) Pd-NPs, (b) Pd-ink and (c) hybrid Pd-NPs/Pd-ink layer in (1) 0.02 M KOH and (2,3) in the same background
electrolyte supplemented with 100 mM glycerol in various polarization ranges: —0.4 ... 0.8 V (1,2), —0.4 ... 0.6 V (3). Scan rate 20 mV/s, 3rd cycles shown, all
potentials given vs. Ag/Ag20 electrode.
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Fig. 3. CV curves of Pd-ink modified SPE in (1-4) 100 mM glycerol or (5) 100 mM glyceric acid solution pH 12. 1, 5 - 3rd cycle of CV registered immediately after
contact with solution, 2-4 — 1st —3rd cycles of CV correspondingly recorded after 10 min of contact of the electrode with solution (without polarization). Scan rate 20
mV/s, all potentials given vs. Ag/Ag>0 electrode.
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OH  anion on Pd-based electrode A

Eags= -148.75 kcal/mol
Gags = -100.79 kcal/mol

OH" anion on PdO-based electrode C
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Glycerol on Pd-based electrode B

2%
¢

E.qs=-16.32 kcal/mol
Gags = 32.62 kcal/mol

Glycerol on PdO-based electrode D

Eaqs=-121.95 kcal/mol
Gags = -109.37 kecal/mol

the positive changes of Gibbs’ energy indicates a non-spontaneous
process. In contrast, on the surface of PdO the adsorption of glycerol
leads to a diminution of Gibbs’ energy (Fig. 4,D) vs oxides-free Pd-sur-
face. At the same time, the adsorption of hydroxyls ions on both Pd and
PdO is advantageous compared to glycerol.

Glycerol is a weak acid, pK, 14.4 [41], and the detachment of the
first proton leads to its electrochemical transformation to glyceralde-
hyde or ketone (Fig. 5). Its hydration leads to the formation of carbonyl
or keto-group to a gem-diol form [42,43] which could be further
transformed in the presence of OH-ions to a gem-diolate anionic form.
These chemical transformation stages are known from literature, how-
ever, hardly discussed in terms of the mechanism of glycerol oxidation
and factors affecting this process [6,43,44], see also refs. in Table S1.

The optimized gem-diol forms of glyceraldehyde possibly formed in

Eags=-21.79 kcal/mol
Gads =-7.55 kcal/mol

Fig. 4. The most advantageous location of glycerol (B, D) and hydroxyl (A, C) on Pd (A, B) and PdO (C, D) surfaces.

an aqueous solution on both Pd and PdO surfaces are summarized in
Table S2, ESI. As it can be seen the G3 and G4 structures are trans-
formed on Pd surfaces. Moreover, the G3 structure is unstable on the Pd
surface and loses one hydroxyl group, whereas on the PdO surface this
form is more stable compared to the solution. The estimation of Gibbs
energy changes during adsorption of various gem-diol forms on Pd
showed the negative values only for the transformed G4 structure. In
contrast, the adsorption of G1-G5 structures on PdO surface leads to the
diminution of Gibbs energy, while the adsorption of G2 and G4 struc-
tures is more favorable. All structures were tested for their stability by
frequency analysis. During analysis the absence of imaginary fre-
quencies in these structures was established that confirmed their sta-
bility and correspondence not to transition states, but to minimum on
the potential energy surface.

Fig. 5. Transfer of the hydrogen atom 2, initially bound to the central oxygen atom of glycerol 1 to the oxygen atom 3 of the adsorbed hydroxyl anion resulting in

H,0 formation (H" + OH™ = H,0), blue - Pd, red — O, white — H.
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The obtained data confirmed that the adsorption of gem-diol forms is
more favorable even on Pd surface in comparison with glycerol. It is
hypothesized, that the first oxidation peak at —0.1 V corresponds to the
oxidation of gem-diolate form of glyceraldehyde, by analogy of acetal-
dehyde or formaldehyde gem-diolates previously described in [9].
Hence, the transformation of this peak in CV mode and current increase
from scan to scan in the absence of electrode polarization during 10 min
(Fig. 3, see also ESI, Fig. S3) could be explained via a slow formation of
electroactive gem-diolate species oxidized at —0.1 V on the electrode
surface.

Notably, the diminution of Gibbs energy during adsorption of OH-
ions or glycerol (gem-diol) on palladium modified by oxygenic species
preliminary highlights the role of oxygen on the efficiency of glycerol
electrooxidation. It should be mentioned that not only the intact surface
chemistry of Pd-electrodes can serve as a source of oxygenic species, but
also previously adsorbed OH-ions. Thus, OH-ions can readily be
decomposed on a Pd-surface according to the following sequence [45]:

20Hads — H2Oads + Oads + 2€ 4)
Oadst Oads = O2ads = O2 %)

As aresult of the decomposition of OH-groups, the overproduction of
oxygen in test-solutions can be expected in a specific range of potentials.
To verify this assumption, next, the luminescent oxygen minisensor was
used during electrochemical measurements with glycerol.

3.3. Electrochemical «detailing» of oxygen participation in glycerol
electrooxidation

The optical oxygen minisensor measures the luminescent response of
its active sensing layer in dependence on the concentration of the dis-
solved oxygen in solution [46]. Thus, the synchronization of the
response of a minisensor with CV-responses in time would enable to
evaluate the evolution/consumption of the dissolved oxygen even in the
open system (ambient conditions).

To test the proposed set-up, firstly, the electrochemical behavior of
Pd-modified electrodes was compared in model solutions at pH 7 and pH
12. The current-time (from 3¢ CV-cycles) and oxygen concentration-time
diagrams were combined in one image. The results are summarized in
Fig. S6 (ESI).

Briefly, for all studied Pd-modified electrodes in model glycerol so-
lutions clear oxygen consumption in the cathodic wave of CV was
observed followed by oxygen evolution during the anodic peak. The
“saturation” of the oxygen minisenor response in a solution at pH 12
correlates well with the facilitation of oxygen evolution in alkaline
media during the anodic polarization in comparison with neutral pH.
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Interestingly, in glycerol solutions at pH 12, the oxygen minisensor
response changes depending on the anodic polarization limit of CV
curves. Thus, the oxygen consumption increases in the presence of
glycerol during the cathodic polarization and oxygen release occurs in a
solution only when the polarization reaches a value higher than 0.6 V,
Fig. 6.

Moreover, the diminution of oxygen release from cycle to cycle of CV
was seen even if the polarization anodic limit achieves 0.8 V (Fig. 6a).
Diminution of the anodic limit to 0.6 V leads to significant changes in the
response of the oxygen minisensor (Fig. 6b). In latter case, the overall
concentration of oxygen in solution is diminished from the 1st cycle of
CV to the last scan and a slight release of oxygen during the anodic
polarization did not compensate the diminution of its overall concen-
tration. In addition, the current responses corresponded to glycerol
oxidation at —0.1 V diminished with a restriction of the polarization
limit to 0.6 V.

Both oxygen minisensor and current CV responses recorded from the
hybrid Pd-NPs/Pd-ink modified electrode demonstrated a similar
behavior with the restriction of the anodic polarization limit (ESI,
Fig. 7b,c). On the contrary, for Pd-NPs modified electrode, both re-
sponses were quite different, i.e.,, even in the case of an extended po-
larization range (—0.4 ... 0.8 V) a great oxygen consumption was
observed during 3 cycles of CV (ESI, Fig. S7c). The oxygen release
occurred only during the first cycle of CV where the current response at
—0.1 V corresponded to glycerol oxidation was absent. The subsequent
restriction of the polarization limit to 0.6 V resulted in the absolute
inactivation of Pd-NPs modified SPE to glycerol oxidation (ESI,
Fig. S7d).

Experiments performed in a three-electrode electrochemical cell
under argon atmosphere confirmed that the presence of dissolved oxy-
gen facilitates the oxidation of glycerol. The increase of the anodic limit
during polarization or replacement of the inert atmosphere to air leads
to the increase of anodic currents corresponding to glycerol oxidation
(Fig. S8, ESI). However, due to the large solution volume in comparison
to the electrode surface in a standard cell the effect of oxygen influence
is less pronounced vs. measurements conducted in a droplet mode with a
thin layer of electrolyte on the electrode surface.

The above-made observations affecting glycerol oxidation on Pd
electrocatalysts during the anodic polarization can be summarized as
follows: (i) reduction of the anodic limit in CV leads to a decrease of the
anodic current responses during glycerol oxidation; (ii) the impact of
oxygenic species on glycerol oxidation in alkaline medium differs
depending on the size of Pd-electrocatalysts (oxygen consumption in the
presence of glycerol was seen for Pd-NPs modified electrode which
should be the most active because of a size effect; in contrast, for Pd-ink
as well as for the hybrid Pd-NPs/Pd-ink modified SPEs a significant
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Fig. 6. Overlaid oxygen electrochemical responses recorded from Pd-ink modified SPE during CV (1) and results of simultaneous oxygen minisensor measurements
(2) in 0.02 M KOH +100 mM glycerol. Polarization limit: (a) — 0.8 V, (b) — 0.6 V. Scan rate 20 mV/s. Note: various colors of curve 1 indicates the different cycles of CV
(1st, 2nd, 3rd); dashed lines — current responses in the background solution at pH 12 (in the absence of glycerol).
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oxygen release was recorded); (iii) the absence of the electrochemical
response to glycerol on Pd-NPs without an additional source of oxygen
provided by the extended anodic polarization limit.

It can be assumed, that Pd-electrodes with large particles (Pd-ink or
hybrid Pd-NPs/Pd-ink layers) demonstrating weak interactions with
oxygenic species could be more active in glycerol oxidation reaction. To
prove this statement, the electrode modified with large Pd particles was
synthesized via electrodeposition approach. The electroanalytical merit
of this electrode was further compared with the electrode modified with
small Pd-NPs in the glycerol oxidation reaction (see next section).

3.4. Impact of synthesis parameters of Pd-NPs on glycerol
electrooxidation

Next, large Pd particles were formed on SPEs by extending the
deposition time to 120 s and applying a cathodic current of —6 mA. The
increase of Pd-NPs size (—2.5 mA for 30 s) from 40 — 60 nm to 500 —
1000 nm (—6.0 mA for 120 s, Fig. 7, SEM data) has led to a significant
increase of the anodic current densities in glycerol solution (Fig. 7, CV
curves). It should be mentioned, that these two electrodes differ only by
the electrodeposited Pd weight and ECSA and the possible impact of the
electrode support can be excluded. For Pd-NPs electrodeposited at —6
mA, 120 s the ECSA was 1.2 cm?, the weight estimated from electrolytic
dissolution of Pd was 16.5 + 0.9 pg, SECSA 7.2 m2/g. Moreover, this
model experiment confirmed the above-made hypothesis: the larger Pd-
particles better catalyze glycerol oxidation due to a weaker interaction
with oxygen.

This result was in line with the oxygen mini-sensor behavior. In
comparison to the small electrodeposited Pd-NPs (—2.5 mA, 30 s), the
dynamic response recorded from the electrode modified by larger Pd-
NPs (—6 mA, 120 s) was different, ESI, Fig. S9. Thus, a strong oxygen
consumption was seen in the entire scanning range on small Pd-NPs
(produced at —2.5 mA, 30 s) vs larger Pd-NPs (formed at —6 mA, 120
s). Briefly, the release of oxygen was observed during the entire scan-
ning. Moreover, the concentration of the dissolved oxygen in solution
slightly increased from cycle to cycle of CV. In other words, the increase
of oxygen release for the electrode modified by larger Pd-NPs (—6 mA,
120 s) promotes the glycerol oxidation reaction. To facilitate glycerol
oxidation, the increase of the oxygen content in a thin layer of electro-
lyte by an extension of the anodic polarization limit to potentials cor-
responding to oxygen release can be applied.

3.5. Impact of medium on glycerol electrooxidation at alkaline conditions

In the next set of experiments using oxygen minisensor and yeast
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fermentation medium taken after pH correction (pH 12), no free dis-
solved oxygen was detected in these samples regardless of the used
anodic limit, Fig. 8a,b. The absence of the dissolved oxygen in yeast
fermentation medium was also confirmed in the absence of polarization
(oxygen concentration was found at a level of 1 — 3 uymol/L). This result
can be explained by a strong oxygen consumption necessary to support
the chemical oxidation of components of the media (carbohydrates,
amino acids, etc.) occurring at alkaline pH [47-50]. In this regard, the
anodic signal related to glycerol oxidation at Pd electrocatalysts in HC
medium (pH 12) can readily be suppressed or even absent. Indeed, the
weak anodic waves at 0 V and 0.65 V appeared on CV (Fig. S10a, ESI)
only in case of an extended anodic polarization (0.8 V), whereas at a
restricted polarization (anodic limit 0.6 V), the current responses in HC
medium in the presence or absence of glycerol were practically equal
(Fig. 8b).

In addition, the anodic current response in the extended polarization
range was reduced almost in 3.6 times as compared to model glycerol
solutions (see Fig. 6a). The diminution of the current response corre-
sponded to glycerol oxidation in HC medium correlates well with data
recorded in a standard cell under inert atmosphere (Fig. S8a, ESI). It
means that the deficit of the dissolved oxygen suppresses the glycerol
electrooxidation on Pd electrocatalysts at alkaline pH. The obtained
results highlight the sufficient role of molecular oxygen presence and
impact of the media on glycerol electrooxidation on Pd.

3.6. Electroanalytical performance of Pd-electrodes in real yeast
fermentation medium

Finally, the electroanalytical performance of Pd-ink, Pd-NPs and
hybrid Pd-ink/Pd-NPs SPEs was quantitatively evaluated in HC
fermentation medium collected after cultivation of yeasts. For this goal,
the multiple standard addition approach of glycerol solutions of variable
volume was used. This approach enables to overcome the matrix effects
[51-53]. Concisely, by skipping of HC medium taken after 24 h of yeasts
cultivation, it was revealed that an average glycerol content was 60.16
+5.3 mM, Table 2. The recovery for glycerol utilizing Pd-ink modified
electrode was ranged from 94 % to 105 %; for Pd-NPs-based electrode —
from 100 % to 112 %; for the hybrid Pd-ink/Pd-NPs — from 98 % to 103
%, respectively.

As expected, the highest sensitivity in real fermentation samples (HC
medium) was detected for the hybrid Pd-ink/Pd-NPs electrode, the
lowest — for Pd-NPs-based electrode. The obtained trends in medium
were in line with those seen in model solutions (Table 1), however, with
less intensity and efficiency: the highest glycerol electrooxidation effi-
ciency in alkaline media was observed on the large Pd-structures than
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Fig. 7. CV plots of Pd-NPs modified SPE recorded in model glycerol solutions at pH 12: 1 — Pd-NPs were synthesized at —2.5 mA for 30 s; 2 — Pd-NPs were synthesized
at —6 mA for 120 s and corresponding SEM images of the functional Pd-layers (electrode surface). Note: scan rate 20 mV/s, 3rd scans shown, all potentials given vs.

Ag/Ag,0 electrode.
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Fig. 8. Overlaid oxygen electrochemical responses recorded from Pd-ink modified SPE during CV (1) and results of simultaneous oxygen minisensor measurements
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Table 2.
Electroanalytical results” of glycerol quantification in HC fermentation medium
at pH 12 on Pd-modified electrodes polarized from —0.4 V to 0.8 V” at 20 mV/s.

Functional Calibration R? Concentration RSD, Sensitivity,
layer formula of glycerol, % pA mM !
mM? em ™2
Pd-NPs y“=0.39-x 0.999  65.58 1.18 0.195
+25.5
Pd-ink y“=5.12-x 0.999 55.00 2.61 0.552
+ 281.6
Hybrid Pd- y© =5.43-x 0.997  59.92 1.22 1.108
ink/Pd- + 325.4
NPs

2 typical CV plots and calibration curve are summarized in ESI, Fig. S11
(shown for the hybrid electrode as a case study);.

b read-out at 0.6 V; anodic limit 0.8 V;.

¢ in standard addition approach y (uA) = 0, x — is the concentration of analyte,
mM;.

4 cells with OD = 5.1 obtained after 24 h of cultivation were removed from the
medium by centrifugation prior to analysis. The remaining medium was used for
the subsequent analysis.

for smaller analogues despite the opposite ECSA values found for these
electrodes.

Notably, the obtained quantitative results were in line with GC-MS
analysis conducted after derivatization following standard addition
approach [51,52] of glycerol solutions. The concentration of glycerol
was defined by GC-MS on the level of 60.2 mM with RSD 15.8 %, ESI,
Fig. S12. In contrast, by Pd-based electrocatalysts glycerol was quanti-
fied in fermentation sample with RSD below 3 % (Table 2).

In summary, the proposed designs of the functional Pd layers of SPEs
can be successfully applied for rapid measurements of glycerol con-
centration in fermentation samples without preliminary sample deriv-
atization or separation.

4. Conclusion

In this study we tried to reveal and systemize key physicochemical
parameters affecting the electrooxidation of glycerol at alkaline pH in
model aqueous and real fermentation solutions. More specifically, dur-
ing investigations it was found that the anodic polarization limit turns
up an even more significant factor impacting electrochemical activity of
the studied Pd-electrodes than their electroactive surface area (ECSA)
(1). Surprisingly, the adsorption of glycerol appears to be not a

dominant factor in its total electrooxidation route as compared to hy-
droxyls (2).

By quantum-chemical simulations, the role of oxygen on the effi-
ciency of glycerol electrooxidation was highlighted (3). The obtained
calculations were further confirmed by experiments using the needle
optical oxygen minisensor. Briefly, the deficit of dissolved oxygen sup-
pressed the glycerol electrooxidation on Pd electrocatalysts at alkaline
pH.

Moreover, Pd-electrodes with large particles (500 — 1000 nm, e.g,
Pd-ink or hybrid Pd-NPs/Pd-ink layers) were found to show weak in-
teractions with oxygen and, hence, could be more active in glycerol
oxidation reaction. In other words, the larger Pd-particles better cata-
lyze glycerol oxidation (4).

The obtained knowledges were used to assist the controlled choice of
Pd-electrodes for an efficient glycerol electrooxidation in complex
fermentation media. The highest electroanalytical sensitivity for glyc-
erol determination in both model buffered and a fermentation medium
solution was reached using the hybrid Pd-ink/Pd-NPs-modified elec-
trode. The performed recovery studies indicate that it is possible to
determine glycerol in real samples, and the proposed methodology can
be a valuable tool for practical glycerol analysis.
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