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Abstract: This study investigated the impact of acetone on the electrochemical behavior of polycrys-
talline platinum electrodes in 0.1 M NaOH solution, with respect to the kinetics of hydrogen and
oxygen evolution reactions (HER and OER) and indirectly to the underpotential deposition of hydro-
gen (UPDH). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques
were employed to analyze these processes for acetone concentrations ranging from 1.0 × 10−6 to
1.0 × 10−3 M. The addition of (CH3)2C=O enhanced the catalytic efficiency of alkaline water splitting,
which was believed to be a result of a significant reduction in the surface tension phenomenon (due to
mutual interaction of acetone and water molecules), thus considerably facilitating hydrogen bubble
detachment from the Pt electrode. Key findings in this work are described with respect to facilitation
of both the HER and the OER reactions’ kinetics by the presence of acetone (also undergoing Pt
electroreduction over the potential range for UPDH) in the working solution, without an electrode
surface poisoning effect. The latter implies significant opportunities for traces of organic additives
into alkaline electrolyte to improve the industrial alkaline water electrolysis process.

Keywords: acetone electroreduction; alkaline water electrolysis; EIS; HER; OER; UPDH

1. Introduction

Electrochemical processes, such as water electrolysis, are critical for low-impact energy
solutions, especially for green hydrogen production by utilization of renewable energy
sources. The above is essential to energy sustainability and the carbon-free world’s future.
As the production of hydrogen via water electrolysis is quite energy demanding, of special
importance become new methods for the construction of highly efficient and relatively
unexpensive electrode catalysts [1–3]. Interestingly, the kinetics of hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) could significantly be influenced by
the presence of various organic additives in the working electrolyte. These species might
affect an overall efficiency and performance of the electrochemical system, which might be
governed by a variety of nanoscale-type reaction mechanisms [4–6].

Platinum-based electrodes are especially widely used in various electrochemical re-
search activities, due to their superior and consistent electrocatalytic properties. They are
also highly susceptible to various (cationic, anionic, and organic) surface contaminants.
Numerous organic chemicals (e.g., alcohols, ketones, acids, and other compounds) may
become adsorbed on the Pt electrode surface in addition to further undergoing potential-
dependent surface electroreduction and/or electrooxidation processes [7–13], thus possibly
influencing the rates of the water splitting process. In fact, proper understanding of how
to use certain organic electrolyte additives could lead to facilitated reaction rates and
better performance of the green hydrogen production process, especially when realized
via alkaline water electrolysis. For example, acetone, a common organic solvent, was
shown to significantly reduce the electrolyte surface tension through fundamental strength-
ening of hydrogen bonding interactions when mixed with water molecules [14–16]. On
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the other hand, recently undertaken studies by Pierożyński et al. at this laboratory have
proven [17,18] that the resorcinol ion could have a significant influence on the kinetics of al-
kaline water electrolysis on the surface of polycrystalline and Pt(111) single-crystal electrodes.

This work aimed to investigate the effect of acetone on the electrochemical HER and
OER behavior on polycrystalline Pt electrode in 0.1 M NaOH solution. By examining cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) characteristics, we
sought to elucidate how acetone concentrations, ranging from 1.0 × 10−6 to 1.0 × 10−3 M,
could impact the kinetics of the HER, OER, and UPDH processes. The results are expected to
contribute to a deeper understanding of acetone’s role in enhancing electrochemical reaction
efficiencies, paving the way for improved industrial applications within the alkaline water
electrolysis technology.

2. Results and Discussion
2.1. Cyclic Voltammetry

The behavior of the polycrystalline platinum electrode in 0.1 M NaOH solution in the
absence and presence of acetone, at concentrations of 1.0 × 10−6, 1.0 × 10−5, 1.0 × 10−4,
and 1.0 × 10−3 M, is shown in Figures 1–8. The cyclic voltammogram for the platinum
electrode in the potential range characteristic for the UPDH (0.05–0.80 V/RHE) showed two
adsorption states (Figure 1a). Thus, a reversible peak centered on 0.26 V could be attributed
to hydrogen reversible adsorption on the Pt(110) plane. The second, less reversible anodic
peak appeared at approximately 0.40 V and corresponded to hydrogen desorption on the
(100) plane, also in reference to the cathodic H adsorption peak centered at ca. 0.35 V [17].

Subsequently, with the addition of increasing amounts of acetone, a gradual shift in the
anodic oxidation peaks toward more negative potentials from 0.26 to 0.23 V (for less anodic
hydrogen peak) and from 0.40 to 0.36 V (for more anodic H peak) for the concentration
of acetone at 1.0 × 10−3 M, compared with an unmodified sodium hydroxide solution,
could be observed. Also, as later seen in Figure 2a,b, subsequent CV cycles did not cause a
reduction in the current density of the characteristic peaks for the UPDH process, both in the
presence and in the absence of acetone, which may indicate the lack of Pt catalyst poisoning
effect. However, in the presence of dimethyl ketone, another characteristic feature emerged
on the cathodic voltammetric scan over the potential range ca. 0.15–0.20 V/RHE. This
behavior could be attributed to the electroreduction of acetone to isopropanol via active
UPD hydrogen radicals adsorbed on the Pt surface, as illustrated in Scheme 1 [9–11,19].
Furthermore, this process became radically more pronounced at the concentration of 0.5 M
acetone (Figure 1b), reaching a peak current density of about 130 µA cm−2. Nevertheless,
the product of this reduction did not exhibit any poisoning effect on the electrode surface.
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Scheme 1. The most probable reaction pathways for acetone reduction to isopropanol at the Pt
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Figure 1. (a) The cyclic voltammograms recorded on the surface of the polycrystalline Pt electrode
(for the second cycle) within the potential range for UPDH in 0.1 M NaOH electrolyte with acetone
concentrations of 1.0 × 10−6, 1.0 × 10−5, 1.0 × 10−4, and 1.0 × 10−3 M. (b) As above but for highly
increased acetone concentration of 0.5 M.

Then, the voltammograms recorded for the HER in the potential range from −0.50 to
0.20 V are shown in Figure 3. Except for a typical Faradaic region of hydrogen evolution
reaction, they also featured a characteristic oxidation peak (centered at ca. 0.10 V), corre-
sponding to the phenomenon of hydrogen oxidation (HOR: hydrogen oxidation reaction)
on the Pt electrode surface. Hence, the current density recorded at the potential of −0.50 V
for the unmodified sodium hydroxide solution came to −7.8 mA cm−2 (red plot in Figure 3).
Then, upon increasing concentrations of acetone in the electrolyte, a gradual increase in the
respective current density parameter was observed, reaching about −11.4 mA cm−2 for the
highest acetone concentration (ca. 1.5× increase). This suggested that significantly more
hydrogen was actually generated, as compared with the acetone-free solution. The latter
could respectively be confirmed by a 9.3× increased peak current density value (from 0.23
to 2.13 mA cm−2 at the electrode potential of 0.08 V).
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Figure 2. The cyclic voltammograms recorded on the surface of the polycrystalline Pt electrode, within
the potential range for UPDH in 0.1 M NaOH electrolyte, showing the lack of surface contamination,
in the presence of 1.0 × 10−3 M acetone (a) and in the absence of acetone (b).
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A comparison of two consecutive scans during a single measurement is presented in
Figure 4a,b. Again, irrespectively of the absence or presence of acetone in the supporting
solution, the second voltammetric scan was characterized by significantly higher current
density values, thus indicating that initial CV sweeps did not lead to the working electrode
contamination. Furthermore, an apparent facilitation of the HER rates (as shown in Figure 3)
was most likely due to a significant reduction in the surface tension parameter, caused by
acetone-to-water strong hydrogen bonding interactions [15,16]. Under such circumstances,
larger amounts of hydrogen bubbles are being formed, which then tend to detach from the
Pt surface at smaller radii, thus reducing an overall reaction overpotential (Scheme 2).
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Figure 4. The cyclic voltammograms recorded on the surface of the polycrystalline Pt electrode, within
the potential range for HER and HOR in 0.1 M NaOH electrolyte, in the presence of 1.0 × 10−3 M
acetone (a) and in the absence of acetone (b).
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Figure 6. The cyclic voltammograms recorded on the surface of the polycrystalline Pt electrode,
showing the potential range for OER in 0.1 M NaOH electrolyte, in the presence of acetone at the
concentration of 1.0 × 10−3 M (a) and in the absence of acetone (b).

The oxygen evolution reaction was studied in the potential range from 0.50 to 2.10 V
(Figure 5). Hence, upon cycling in the unmodified 0.1 M NaOH solution, a cathodic
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peak observed at the potential of about 0.65 V with a current density of approximately
−0.1 mA cm−2 corresponded to the reduction in platinum oxides [20,21]. When the cycling
was extended anodically beyond the potential range 1.80–1.90 V, a sharply rising anodic
feature appeared in the voltammetric profile, which related to Pt surface oxidation along
with an onset of oxygen evolution process. The recorded current density around the
electrode potential of 2.10 V came to about 5.8 mA cm−2. Then, the introduction of acetone
resulted in a noticeable rise in the recorded voltammetric current density values to reach
ca. 6.7 and 7.0 mA cm−2, correspondingly at the acetone concentrations of 1.0 × 10−6 and
1.0 × 10−5 M, with no significant differences observed upon further acetone addition.
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Figure 7. (a) The Nyquist impedance plots for UPDH, conducted on the surface of the polycrystalline
Pt electrode at 200 mV vs. RHE in the base electrolyte of 0.1 M NaOH and in the presence of
acetone, at the indicated concentrations. (b) Equivalent circuit used to fit the UPDH process, where
CpH is Faradaic pseudocapacitance, RH is Faradaic resistance, and Cdl is double-layer capacitance
(both capacitance parameters are CPEs-modified), connected in series with uncompensated solution
resistance Rs.

Furthermore, the first CV cycle exhibited the highest current density features, where
their subsequent reduction upon consecutive scanning indicated possible contamination
of the electrode. However, the latter also occurred upon the CV scans carried out in the
unmodified NaOH solution, so one could most likely exclude possible Pt pollution by
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the surface adsorption of acetone or its contaminants (Figure 6a,b). Also, no peaks were
observed at any acetone concentration that could be associated with acetone oxidation [22],
indicating that acetone did not undergo significant oxidation under the experimental
conditions.
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Figure 8. (a) The Nyquist impedance plots for HER conducted on the surface of polycrystalline
platinum electrode at −300 mV vs. RHE in 0.1 M NaOH in the absence and presence of acetone, at
the indicated concentrations. (b) Equivalent circuit used to fit the data for HER and OER processes,
where Rct is charge transfer resistance and Cdl, and Rs correspond to the elements from Figure 7b.

2.2. Ac. Impedance Spectroscopy

The electrochemical ac. impedance behavior of the polycrystalline platinum electrode
in 0.1 M NaOH solution, in the absence and presence of acetone, at the concentrations of
1.0 × 10−6, 1.0 × 10−5, 1.0 × 10−4, and 1.0 × 10−3 M, over the potential ranges characteristic
for UPDH, HER, and OER processes, is shown in Nyquist impedance plots (Figures 7–9)
and Tables 1–3.
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Table 1. The resistance and capacitance parameters for the process of UPDH on the polycrystalline
Pt electrode surface in 0.1 M NaOH solution, recorded in the absence and presence of various
concentrations of acetone, obtained by fitting the equivalent circuit (Figure 7b) to the recorded
impedance data (the values of dimensionless φ parameter for the CPE circuits fluctuated between
0.93 and 0.96; χ2 = 2 × 10−5–3 × 10−3).

0.1 M NaOH

E/mV RH/Ω cm2 Cdl/µF cm−2 CpH/µF cm−2

100 60.0 ± 1.6 23.2 ± 0.7 164 ± 4

150 82.6 ± 3.9 26.4 ± 4.6 182 ± 7

200 67.2 ± 1.9 43.8 ± 1.2 427 ± 14

250 212.9 ± 13.9 59.1 ± 1.2 209 ± 10

300 696.0 ± 73.6 61.2 ± 4.3 291 ± 31

350 4294.0 ± 112.0 76.2 ± 0.9 344 ± 19

0.1 M NaOH + 1.0 × 10−6 M acetone

100 52.9 ± 1.9 33.6 ± 1.6 172 ± 3

150 88.6 ± 3.4 32.6 ± 1.2 141 ± 6

200 138.0 ± 5.3 39.7 ± 1.2 163 ± 8

250 91.6 ± 3.9 73.3 ± 2.7 458 ± 28

300 224.0 ± 19.0 78.3 ± 2.2 231 ± 22

350 1050.0 ± 57.3 76.8 ± 1.3 352 ± 23

0.1 M NaOH + 1.0 × 10−5 M acetone

100 41.3 ± 2.2 38.5 ± 2.5 186 ± 8

150 62.6 ± 2.9 37.2 ± 1.8 152 ± 7

200 98.4 ± 4.3 45.9 ± 1.7 188 ± 10

250 77.6 ± 3.7 77.8 ± 3.2 449 ± 27

300 274.0 ± 25.4 75.1 ± 2.0 523 ± 31

350 1029.0 ± 59.9 87.5 ± 1.5 411 ± 12

0.1 M NaOH + 1.0 × 10−4 M acetone

100 30.3 ± 1.8 34.5 ± 2.7 197 ± 9

150 67.4 ± 3.2 46.9 ± 2.1 266 ± 13

200 75.0 ± 2.1 45.5 ± 4.4 175 ± 9

250 91.1 ± 5.3 64.6 ± 2.5 421 ± 26

300 349.0 ± 25.9 50.3 ± 1.2 487 ± 17

350 855.0 ± 50.2 115.0 ± 2.2 352 ± 19

0.1 M NaOH + 1.0 × 10−3 M acetone

100 14.5 ± 1.4 46.6 ± 6.9 187 ± 10

150 19.3 ± 1.6 43.6 ± 5.1 162 ± 8

200 25.0 ± 2.1 45.5 ± 4.4 175 ± 9

250 61.5 ± 5.4 43.6 ± 2.5 178 ± 10

300 189.0 ± 13.9 39.7 ± 1.2 200 ± 13

350 506.0 ± 27.3 51.6 ± 1.1 143 ± 5
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Table 2. The resistance and capacitance parameters for the process of HER on polycrystalline Pt
electrode surface in 0.1 M NaOH solution, recorded in the absence and presence of acetone at
the indicated concentrations, obtained by fitting the equivalent circuit (Figure 8b) to the recorded
impedance data (values of dimensionless φ parameter for the CPE circuit fluctuated around 0.85;
χ2 = 3 × 10−5–5 × 10−3).

0.1 M NaOH

E/mV Rct/Ω cm2 Cdl/µF cm−2

−100 104.2 ± 1.1 42.1 ± 0.9

−150 72.8 ± 1.0 43.5 ± 1.3

−200 52.2 ± 0.7 44.9 ± 1.6

−300 34.1 ± 0.6 48.1 ± 2.3

−400 25.2 ± 0.5 51.5 ± 3.1

−500 20.2 ± 0.5 54.4 ± 4.1

0.1 M NaOH + 1.0 × 10−4 M acetone

−100 102.7 ± 1.1 44.7 ± 1.0

−150 78.5 ± 0.9 45.5 ± 1.2

−200 52.1 ± 0.7 47.5 ± 1.6

−300 31.2 ± 0.6 51.2 ± 2.6

−400 22.3 ± 0.5 55.3 ± 3.6

−500 17.9 ± 0.5 58.7 ± 4.6

0.1 M NaOH + 1.0 × 10−3 M acetone

−100 91.1 ± 1.19 49.5 ± 1.3

−150 73.2 ± 1.0 49.8 ± 1.5

−200 49.6 ± 0.7 51.9 ± 1.9

−300 29.0 ± 0.6 56.2 ± 3.1

−400 20.5 ± 0.5 60.9 ± 4.4

−500 16.3 ± 0.5 65.2 ± 5.7

The Nyquist impedance plots for the UPDH are characterized by a semicircle present
over high and intermediate frequencies throughout the entire studied potential range (from
100 to 350 mV), followed by a vertical line (but deviating from a 90-degree angle), caused
by the so-called capacitance dispersion response, related to the electrode surface roughness
and inhomogeneity (see, e.g., ref. [18] for details). The results presented in Table 1 for the
UPDH kinetics in the pure 0.1 M NaOH solution were close to those of the literature data
(see ref. [17]).

Hence, the charge transfer resistance, RH, parameter was related to the inverse of the
UPDH exchange rate and oscillated between 60 (at 100 mV) and 213 Ω cm2 (at 250 mV),
reaching 4294 Ω cm2 at the electrode potential of 350 mV, where hydrogen adsorption
on the working electrode surface became radically depleted. The recorded double-layer
capacitance, the Cdl, parameter values ranged from 23.2 to 76.2 µF cm−2, respectively.

Then, the introduction of acetone, at sequentially increasing concentrations, caused
a gradual reduction in the RH parameter (practically indiscernible for the concentration
of 1.0 × 10−6 M), whereas the corresponding capacitance parameters (both Cdl and CpH)
remained relatively consistent with those of the unmodified supporting solution. Hence,
for the highest acetone concentration of 1.0 × 10−3 M, the recorded RH parameter values
reached 14.5 and 506.0 Ω cm2 for the electrode potentials of 100 and 350 mV vs. RHE,
respectively. The latter could be translated to a radical, about 4.1× and 8.5× reduction in
the Faradaic charge transfer resistance, at the corresponding electrode potentials.
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Table 3. The resistance and capacitance parameters for the process of OER on the polycrystalline Pt
electrode surface in 0.1 M NaOH solution, in the absence and presence of acetone at the indicated
concentrations, obtained by fitting the equivalent circuit (Figure 8b) to the recorded impedance data
(values of dimensionless φ parameter for the CPE circuit fluctuated around 0.94; χ2 = 3 × 10−5–2 × 10−3).

0.1 M NaOH

E/mV Rct/Ω cm2 Cdl/µF cm−2

1600 16,976 ± 1645 23.3 ± 1.2

1700 1644 ± 20 22.9 ± 0.3

1800 260 ± 2 25.7 ± 0.6

1900 45 ± 1 24.3 ± 1.5

2000 14 ± 0 24.3 ± 2.6

0.1 M NaOH + 1.0 × 10−6 M acetone

1600 14,805 ± 169 24.4 ± 0.2

1700 1446 ± 9 24.5 ± 0.3

1800 99 ± 1 30.0 ± 0.8

1900 45 ± 0 27.6 ± 1.4

2000 14 ± 0 23.8 ± 2.3

0.1 M NaOH + 1.0 × 10−3 M acetone

1600 12,266 ± 126 23.9 ± 0.2

1700 1157 ± 5 23.7 ± 0.3

1800 161 ± 1 28.0 ± 0.6

1900 30 ± 0 26.0 ± 1.8

2000 11 ± 0 27.6 ± 3.0

With respect to the investigation of the hydrogen evolution reaction, a single (some-
what depressed) semicircle characteristic of hydrogen evolution on the Pt electrode surface
was observed in the Nyquist impedance plots (Figure 8). The impedance measurements
were conducted over the potential range from −100 to −500 mV vs. RHE. Hence, for the
unmodified sodium hydroxide solution, the recorded charge transfer resistance, Rct, values
decreased from 104.2 Ω cm2 at an overpotential (η) of 100 mV to 20.2 Ω cm2 at η = 500 mV.
The double-layer capacitance, Cdl, parameter values ranged from 42.1 to 54.4 µF cm−2,
correspondingly (Table 2).

Then, the introduction of acetone into the supporting solution resulted in a gradual
reduction in the Rct parameter, where for the highest acetone concentration of 1.0 × 10−3 M,
the recorded resistance values of 91.1 Ω cm2 (at −100 mV) and 16.3 Ω cm2 (at −500 mV)
demonstrated 1.1× and 1.2× Rct reductions, respectively. This behavior was strongly
believed to result from the reduction in the solution’s surface tension due to increased H
bonding interactions between acetone and water molecules. The above would facilitate the
process of gas bubbles’ detachment from the electrode surface (Scheme 2), thus increasing
the electrochemically accessible electrode surface area. The latter may be supported by
increasing Cdl values upon rising acetone concentrations at all electrode potentials (see
Table 2 for details).

For the oxygen evolution reaction, the impedance measurements were conducted over
the potential range from 1600 to 2000 mV vs. RHE. Similarly to the HER, the recorded
Nyquist impedance plots represented single and distorted semicircles (Figure 9). Hence, for
the unmodified NaOH electrolyte, the charge transfer resistance, Rct, parameter reduced
from 16,976 Ω cm2 (at 1600 mV) to 14 Ω cm2 (at 2000 mV). Again, the introduction of
acetone resulted in a significant reduction in the Rct, reaching 12,266 Ω cm2 (at 1600 mV)
and 11 Ω cm2 (at 2000 mV) at 1.0 × 10−3 M acetone concentration in the working solution



Catalysts 2024, 14, 488 12 of 14

(Table 3). The latter translated to the Rct reduction by ca. 1.4× and 1.3×, correspondingly.
In addition, the Cdl parameter remained approximately invariant (oscillating between 23
and 30 µF cm−2) for all conducted OER measurements.
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3. Materials and Methods

The 0.1 M NaOH supporting solution was prepared using superior quality sodium
hydroxide pellets provided by MERCK and ultrapure water produced by the Millipore
Direct-Q3 UV (Darmstadt, Germany) water purification system with 18.2 MΩ cm water
resistivity. The concentration of acetone (Sigma-Aldrich, >99%, Poznań, Poland) in the
electrolyte ranged from 1.0 × 10−6 to 1.0 × 10−3 M.

All electrochemical experiments were performed in a typical three-electrode cell,
consisting of a polycrystalline Pt working electrode (WE) with a surface area of 1.12 cm2,
a Pd reversible hydrogen electrode (RHE) as a reference electrode (1.0 mm diameter Pd
wire, 99.99% purity, Sigma-Aldrich), and a coiled Pt wire as the counter electrode (CE). All
platinum electrodes were made from 1.0 mm diameter 99.9998% purity Pt wire obtained
from Johnson Matthey, Inc. (Chicago, IL, USA). The Pt working electrode was subjected
to a typical flame-annealing procedure, followed by quenching in ultrapure water before
every new measurement.

All electrochemical tests were carried out at room temperature using a Biologic SP-240
Electrochemical System (Biologic, Seyssinet-Pariset, France). Both cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) experiments were conducted. The EIS
spectra were recorded for the frequency ranges of 60 kHz to 1 Hz, 200 kHz to 0.2 Hz, and
100 kHz to 1 Hz for the HER, OER, and UPDH processes, respectively, with an output
ac. signal set at 5 mV for all examined processes. The instrument was controlled by EC-
Lab® 10.4 version software. The EIS measurements were conducted in three repetitions
at each electrode potential value. The reproducibility of the results was typically below
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10%. Data analysis was performed by means of ZView 3.5 (Corrview 3.5) software package
for Windows, where the impedance spectra were fitted using a complex, non-linear, least-
squares immittance fitting program, LEVM 6 [23].

4. Conclusions

The introduction of acetone over the concentration range from 1.0 × 10−6 to 1.0 × 10−3 M
into 0.1 M NaOH supporting solution resulted in significant facilitation of the kinetics
of UPDH, HER, and OER processes. This effect was strongly believed to result from a
radical reduction in the surface tension parameter due to mutual H-bonding interactions of
acetone and water molecules. The latter was suggested to considerably facilitate hydrogen
bubble (most likely also oxygen species) detachment from the platinum electrode. In
addition, over the potential range adjacent to the hydrogen reversible potential, acetone
underwent significant surface reduction to form isopropanol. Interestingly, acetone (or
its reactivity product) at the examined concentration range was found not to have any
significant impact on the repeatability of the voltammetric scans and thus exhibited no
visible surface poisoning on the polycrystalline Pt electrode.

The obtained results suggest that such simple organic molecules as acetone could
find technologically important application in facilitation of the process of alkaline water
electrolysis. However, in order to fully evaluate (and understand) the impact of acetone on
the course of alkaline water splitting, further studies, including long-term and temperature-
based measurements, would be required. Future research activities should consider not
only optimization of its concentration but also the use of other, technologically viable
catalyst materials, particularly those based on nickel nanoparticles and its alloys, as those
are the most commonly used catalysts in industrial alkaline water electrolyzers.
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