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Abstract: In this paper, the results of an experimental study on hydrogen production at a tungsten
discharge electrode with negative polarity in the DC electrolysis of a typical 10 wt% Na2CO3 aqueous
solution in three operational regimes (the Faradaic, transition, and plasma-driven solution electrolysis
(PDSE)) are presented for the first time. To focus the study on hydrogen production, a flowing inert
gas (argon) was used to transport the gas mixture produced at the discharge electrode and prevent any
other potential chemical reactions. The results showed that the highest hydrogen production rate of
0.147 g(H2)/h was achieved in the cathodic PDSE regime at the applied DC voltage of 198 V. However,
the energy yield of hydrogen production of 0.405 g(H2)/kWh obtained at the applied voltage range of
141–170 V in the PDSE regime was lower than that obtained in the Faradaic regime (0.867 g(H2)/kWh)
at 28 V. The energy balance of hydrogen production in the cathodic PDSE regime for the typical
aqueous solution of Na2CO3 carried out for the first time showed that a significant share (>98%) of
the electrical energy consumed is spent on heating and evaporation of the electrolytic solution. This
explains why the energy yield of hydrogen production is low in the PDSE regime. Because most of
the energy is consumed for heat generation in the cathodic PDSE regime, organic liquid hydrogen
carriers, such as alcohols, which have a lower boiling temperature, heat of evaporation, and standard
Gibbs free energy, should be considered better aqueous electrolytic solutions in terms of the energy
yield of hydrogen production in the PDSE regime.

Keywords: DC electrolysis; electrolytic solution; plasma electrolysis; contact glow discharge electrolysis
(CGDE); plasma-driven solution electrolysis (PDSE); hydrogen; hydrogen production; hydrogen
production rate; hydrogen production energy yield; energy balance of hydrogen production

1. Introduction

Currently, hydrogen is considered an energy carrier of the future because of its highest
specific energy density of about 121 MJ/kg, low environmental impact, and wide range
of applications [1–3]. Many hydrogen-producing processes exist [4,5], but electrolysis is
regarded as the future way to produce green hydrogen using renewable electricity [6].

Plasma-driven solution electrolysis (PDSE) has garnered attention as one of the possi-
ble ways to achieve green hydrogen production [7]. DC electrolysis is transformed from
its Faradaic regime to the transition regime and then to the PDSE regime with an increase
in the applied DC voltage. When the applied DC voltage is high enough, the first plasma
discharges are induced in the water-vapor envelope formed around the discharge elec-
trode [8]. Our recent analysis [9] showed that hydrogen is more favorably produced in the
cathodic PDSE regime when the discharge electrode is negatively charged compared to the
anodic regime.

Hydrogen production in the cathodic PDSE regime of the typical aqueous solutions of
electrolytes, such as those of K2CO3, Na2CO3, KOH, NaOH, and H2SO4, has been studied
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by several research groups. The results of their studies are presented in [10–15]. The main
objective of those studies was mainly the determination of the hydrogen production param-
eters at the discharge electrode in the PDSE regime of electrolysis without any comparison
with the parameters of hydrogen production in the Faradaic and transition regimes.

Mizuno et al. [16] studied heat balance in the cathodic PDSE regime of 0.2 M K2CO3
aqueous solution at an applied DC voltage between 70 V and 200 V. However, the results
obtained in the study contradict the first law of thermodynamics.

Zongcheng et al. [12] studied the chemical yields and energy consumption for hydro-
gen production in the cathodic PDSE regime of Na2CO3 aqueous solution with an electrical
conductivity of 2 mS/cm, varying the applied DC voltage within the range of 50 V to
650 V. In the study, it was shown that water evaporation accounted for much of the power
consumed. It was estimated that at an applied DC voltage of 650 V, around 97 % of the total
electrical energy consumed in the experiment was spent on water evaporation. However,
the study does not give any details regarding the share of the electric energy spent on the
heating of the electrolytic solution and the disintegration of the discharge electrode.

Gromov et al. [17] studied the formation of the metal particles and thermal balance of
the cathodic PDSE in potassium hydroxide aqueous solutions at an electrolyte concentration
in the range of 0.125–0.625 wt%. However, the study does not contain any information
about the applied DC voltage at which the thermal balance was analyzed while also
varying the electrolyte concentration; the reactor used in the study was an open system,
and the shares of the electric energy spent on discharge electrode disintegration and on the
production of the gasses at the discharge electrode were not taken into account.

Therefore, the literature review of the experimental results on hydrogen production in
the cathodic PDSE regime of a typical electrolytic solution revealed a lack of data regarding
hydrogen production parameters in the Faradaic and transition regimes of electrolysis and
the proper energy balance analysis of the hydrogen production in the PDSE regime. The lack
of these data stimulated us to study (i) the energy yield and rate of hydrogen production
in the Faradaic, transition, and PDSE regimes of DC electrolysis with an increase in the
applied DC voltage, (ii) the energy balance of hydrogen production in the cathodic PDSE
regime of a typical aqueous solution of Na2CO3 while varying the applied DC voltage.

2. Experimental Methods and Setup
2.1. Experimental Setup

The scheme of the experimental setup used in our study of hydrogen production at the
discharge electrode in the DC electrolysis of a 10 wt% Na2CO3 aqueous solution, including
the Faradaic, transition, and PDSE regimes, is shown in Figure 1.
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The photo of the experimental setup is shown in Figure 2.
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Figure 2. Photo of the experimental setup.

The internal vessel of the PDSE reactor made of polytetrafluoroethylene (PTFE) was
sealed with a PTFE lid and had 2 chambers (the anodic and cathodic) for installing a
25 mm × 70 mm nickel (Ni) foam (Nanografi) anode (see Figure 3a) that served as a counter
electrode, and a 2 mm tungsten rod cathode served as a discharge electrode (see Figure 3b).
Ni was chosen as the material for the positively charged counter electrode to avoid its
anodic dissolution in the electrolytic cell. The foam structure provided the counter electrode
with a high active surface area, which prevented plasma formation at the counter electrode.
Since the discharge electrode operates at high temperatures in the plasma region, tungsten
was chosen as the discharge electrode material.

Energies 2022, 15, x FOR PEER REVIEW 4 of 14 
 

 

mm × 70 mm nickel (Ni) foam (Nanografi) anode (see Figure 3a) that served as a counter 
electrode, and a 2 mm tungsten rod cathode served as a discharge electrode (see Figure 
3b). Ni was chosen as the material for the positively charged counter electrode to avoid 
its anodic dissolution in the electrolytic cell. The foam structure provided the counter elec-
trode with a high active surface area, which prevented plasma formation at the counter 
electrode. Since the discharge electrode operates at high temperatures in the plasma re-
gion, tungsten was chosen as the discharge electrode material. 

In the upper part of the PDSE reactor, the chambers were separated from each other 
by the PTFE cylindrical gas collector. The cathodic chamber with the discharge electrode, 
at which the electric discharge plasma was initiated, was placed in the center of the PDSE 
reactor. A 10 mm long part of the discharge electrode and a 45 mm long part of the counter 
electrode were immersed in a 10 wt% Na2CO3 aqueous solution with an average conduc-
tivity of 77.2 mS/cm (at 22 °C). 

 
(a) 

 
(b) 

Figure 3. Ni foam anode (a) and tungsten cathode (b) used in the PDSE reactor. 

The DC voltage was supplied from the power source, which consisted of the LTC-
300-8D (Rucelf, Kolomna, Russia) variable autotransformer of 2.4 kVA nominal power 
equipped with a diode bridge and two smoothing capacitors of 16 mF (Kemet, Fort 
Lauderdale, FL, USA) providing the electrolytic cell with the rippled DC voltage. 

The instantaneous discharge voltage was measured using a WAD-A-MAX-608 
(Acon, Lismore, Australia) voltage probe, while the instantaneous discharge current was 
measured using the voltage drop across a resistor of 1.5 mOhm using a WAD-A-MAX-
609 (Acon) precision isolation amplifier. All signals of the current and voltage probes were 
recorded using a WAD-AD12-128H (Acon) data logger. The data acquisition frequency 
was set at 100 kHz for each probe. The electric energy consumed by the autotransformer 
of the DC power supply was additionally measured by the KEW 5020 (Kyoritsu, Tokyo, 
Japan) 3-channel logger. 

The PTFE lid also had an insert for installing a HEL-705 (Honeywell, Charlotte, NC, 
USA) Pt-1000 resistance temperature detector (RTD) to measure the electrolytic solution 
temperature within the reactor, two fittings for connecting to a GM520 (Benetech, Palo 
Alto, CA, USA) digital differential pressure gauge (DPG) to measure the pressure differ-
ence between the anodic and cathodic chambers, and four fittings with hoses equipped 
with needle valves to purge the gas products from the anodic and cathodic chambers. 

The coiled tube heat exchanger was applied to condense water vapor from the ca-
thodic gas–vapor mixture prior to the measurement of the volume flow rate of the ca-
thodic gas and gas chromatography. Cooling to 0 °C was achieved with a CC-K6 (HUBER) 
circulation thermostat. Additionally, two separators were installed after the condenser. 

Figure 3. Ni foam anode (a) and tungsten cathode (b) used in the PDSE reactor.



Energies 2022, 15, 9431 4 of 13

In the upper part of the PDSE reactor, the chambers were separated from each other
by the PTFE cylindrical gas collector. The cathodic chamber with the discharge electrode,
at which the electric discharge plasma was initiated, was placed in the center of the PDSE
reactor. A 10 mm long part of the discharge electrode and a 45 mm long part of the
counter electrode were immersed in a 10 wt% Na2CO3 aqueous solution with an average
conductivity of 77.2 mS/cm (at 22 ◦C).

The DC voltage was supplied from the power source, which consisted of the LTC-300-
8D (Rucelf, Kolomna, Russia) variable autotransformer of 2.4 kVA nominal power equipped
with a diode bridge and two smoothing capacitors of 16 mF (Kemet, Fort Lauderdale, FL,
USA) providing the electrolytic cell with the rippled DC voltage.

The instantaneous discharge voltage was measured using a WAD-A-MAX-608 (Acon,
Lismore, Australia) voltage probe, while the instantaneous discharge current was measured
using the voltage drop across a resistor of 1.5 mOhm using a WAD-A-MAX-609 (Acon)
precision isolation amplifier. All signals of the current and voltage probes were recorded
using a WAD-AD12-128H (Acon) data logger. The data acquisition frequency was set
at 100 kHz for each probe. The electric energy consumed by the autotransformer of the
DC power supply was additionally measured by the KEW 5020 (Kyoritsu, Tokyo, Japan)
3-channel logger.

The PTFE lid also had an insert for installing a HEL-705 (Honeywell, Charlotte, NC,
USA) Pt-1000 resistance temperature detector (RTD) to measure the electrolytic solution
temperature within the reactor, two fittings for connecting to a GM520 (Benetech, Palo Alto,
CA, USA) digital differential pressure gauge (DPG) to measure the pressure difference
between the anodic and cathodic chambers, and four fittings with hoses equipped with
needle valves to purge the gas products from the anodic and cathodic chambers.

The coiled tube heat exchanger was applied to condense water vapor from the cathodic
gas–vapor mixture prior to the measurement of the volume flow rate of the cathodic gas
and gas chromatography. Cooling to 0 ◦C was achieved with a CC-K6 (HUBER) circulation
thermostat. Additionally, two separators were installed after the condenser. The first,
called the gravity separator, was used to separate droplets of condensate from the cathodic
gas flow. The second one was filled with silica gel to absorb moisture from the cathodic
gas flow.

The temperature of the cathodic gas–vapor mixture was measured using a HEL-705
(Honeywell) Pt-1000 resistance temperature detector (RTD). The static pressure in the
cathodic gas–vapor mixture flow was measured by an IPT-1000 (Institute of Semiconductor
Physics, Kyiv, Ukraine) pressure sensor. An MF 5706 (Siargo, Santa Clara, CA, USA) digital
volume flow meter was used to measure the flow rate of the cathodic gas. In addition, a
rotameter (Aalborg, Orangeburg, NY, USA) was also used to measure the flow rate of the
cathodic gas. The data acquisition frequency was set at 1 Hz for the RTDs, the pressure
sensor, and the digital flow meter.

The qualitative and quantitative contents of the cathodic gas after the condensate
separation and the moisture absorption were measured by an 8610C (SRI Instruments, Bad
Honnef, Germany) gas chromatograph (GC) with a thermal conductivity detector (TCD).

The weight of the discharge electrode and the weight of both separators before
and after each experiment were measured using AS220.3Y (Radwag, Radom, Poland)
analytical scales.

2.2. Experimental Procedure

The PDSE reactor was filled with 1 kg of 10 wt% Na2CO3 aqueous solution and
heat insulated. In each experiment, the initial temperature of the aqueous electrolytic
solution before applying voltage was 22 ◦C. Hydrogen production was studied when
DC electrolysis transitioned from the Faradaic regime to the PDSE regime as the applied
DC voltage increased from 28 V to 226 V with a 28 V step. After setting the applied DC
voltage, the values of the instantaneous discharge current and voltage, the electrolytic
solution temperature within the PDSE reactor, the pressure and temperature of the cathodic
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gas–vapor mixture flow, and the flow rate of the cathodic gas were recorded. The content of
the produced gas mixture was measured by GC one time in each experiment. The duration
of each experiment was 300 s. After data recording was finished, MATLAB 2016b was used
to process and present the collected data in graphical representations.

The weight loss of the discharge electrode was measured as the difference between
the weights of the discharge electrode before and after each experiment. The amount of
water vapor produced by the plasma discharges at the discharge electrode was found from
the change in the weight of both separators before and after each experiment.

3. Method of Calculating the Energy Yield and Rate of Hydrogen Production

The total weight of hydrogen mH2 produced in the experiment in g was calculated
using the formula:

mH2 =
1

60
× FH2

av × T × ρH2, (1)

where FH2
av is the average flow rate of the produced hydrogen in sLpm, T is the duration of

the experiment in s (T = 300 s), and ρH2 is the hydrogen density in g(H2)/L under standard
conditions. In this study, according to the datasheet of the manufacturer of the digital flow
meter, the standard conditions are 20 ◦C and 101,325 Pa.

The average volume flow rate FH2
av of the produced hydrogen in sLpm was calculated

using the formula:
FH2

av = VH2 × Fav, (2)

where VH2 is the volume concentration of hydrogen in the cathodic gas measured by GC in
vol%, and Fav is the average flow rate of the cathodic gas in sLpm.

The average flow rate Fav of the cathodic gas in sLpm was calculated using the formula:

Fav =
1
T

τf∫
τi

Fi(τ)× dτ, (3)

where Fi(τ) is the instantaneous flow rate measured by the digital flow meter in sLpm, τi is
the start of the experiment (τi = 0 s), and τf is the end of the experiment (τf = 300 s).

The rate of hydrogen production RH2 in g(H2)/h was defined using the formula:

RH2 = 3600 ×
mH2

T
. (4)

The total electric energy consumption E in J was calculated using the formula:

E =

τf∫
τi

Ii(τ)× Ui(τ)dτ, (5)

where Ii(τ) is the instantaneous discharge current in A, Ui(τ) is the instantaneous discharge
voltage in V, τ is the time in s.

The energy yield of hydrogen production YH2 in g(H2)/kWh was defined using the
following formula:

YH2 =
mH2

2.7778 × 10−7 × E
, (6)

where 2.7778 × 10−7 is the conversion coefficient of J into kWh.

4. Method of Calculating the Energy Balance of Hydrogen Production in the Cathodic
PDSE Regime

To estimate the energy balance, the following assumptions were taken into consideration:

• The PDSE reactor is an adiabatic system, i.e., dQ = 0. There is not any thermal energy
exchange with the environment.
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• The electric energy supplied to the PDSE reactor is consumed only for (i) heating of the
electrolytic solution, (ii) evaporation of the solvent (distilled water), (iii) disintegration
(sputtering) of the discharge electrode, (iv) heating of the carrier gas (Ar), and (v) water
decomposition.

• In the experiment, the heating of the vessel and lid of the PDSE reactor is negligible
because they are made of PTFE, which has a low specific heat capacity.

The change in the total enthalpy of the system ∆Htotal in J is defined using the following
expression [18]:

∆Htotal = ∆G + T∆S, (7)

where ∆G is the Gibbs free energy (electric energy supplied to the PDSE reactor) in J, and
T∆S is the heat input from the environment in J.

Since the system is considered adiabatic, i.e., dQ = 0, then dQ = T∆S = 0. Therefore,
the electric energy supplied to the PDSE reactor is consumed only to change the total
enthalpy of the system, i.e.:

∆Htotal = ∆G. (8)

According to the assumptions given above, we can conclude that the total enthalpy
change of the system is defined using the following expression:

∆G = ∆Htotal = ∆Hheat + ∆Hevap + ∆Hsputt + ∆HAr + ∆Hdecomp, (9)

where ∆Hheat is the enthalpy change of the electrolytic solution in J, ∆Hevap is the enthalpy
change of solvent evaporation in J, ∆Hsputt is the enthalpy change of the sputtering of the
discharge electrode in J, ∆HAr is the enthalpy change that occurs during Ar heating in J,
and ∆Hdecomp is the enthalpy change of water decomposition in J.

The enthalpy change of the electrolytic solution ∆Hheat in J is calculated using the
following formula:

∆Hheat = H f − Hi, (10)

where Hi is the initial enthalpy of the electrolytic solution in J and H f is the final enthalpy
of the electrolytic solution in J.

The initial Hi and final H f enthalpies of the electrolytic solution in J are defined using
the following expressions:

Hi = csol
p × msol × ti, (11)

H f = csol
p × msol × t f , (12)

where csol
p is the isobaric specific heat capacity of the electrolytic solution in J/(kg × K),

msol is the weight of the electrolytic solution (msol = 1 kg), and ti and t f are the initial and
final temperatures of the electrolytic solution in K, respectively.

The specific heat capacity of the electrolytic solution csol
p in J/(kg × K) is defined as an

additive property, i.e.:

csol
p =

[
cNa2CO3

p × g + cH2O
p × (1 − g)

]
, (13)

where cNa2CO3
p is the isobaric specific heat capacity of Na2CO3 in J/(kg × K) [19], cH2O

p is
the isobaric specific heat capacity of the solvent (distilled water) in J/(kg × K), and g is the
weight fraction of the solute (g = 0.1).

For the distilled water, the following function was used to calculate its isobaric specific
heat capacity cH2O

p in J/(kg × K) in the temperature range 0–100 ◦C [20]:

cH2O
p = 4223.6 + 1.075 × t × ln

(
t

100

)
, (14)

where t is the temperature of the electrolytic solution in ◦C.
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The enthalpy change ∆Hevap of solvent evaporation in J:

∆Hevap = ∆mH2O × LH2O, (15)

where ∆mH2O is the weight of the evaporated solvent (distilled water) in g and LH2O is the
latent heat of water evaporation in J/g [19].

The weight of the evaporated solvent (distilled water) ∆mH2O in g was defined using
the formula:

∆mH2O = mH2O
f − mH2O

i , (16)

where mH2O
i is the initial weight of the separators (before the experiment) in g and mH2O

f is
the final weight of the separators (after the experiment) in g.

The enthalpy change ∆Hsputt of the disintegration (sputtering) of the discharge elec-
trode in J was calculated using the formula:

∆Hsputt = ∆mel × LW , (17)

where ∆mel is the weight loss of the discharge electrode in g and LW is the surface binding
energy (SBE) for the sputtering of the discharge electrode material (tungsten) in J/g [21]. In
this study, we assume that the disintegration of the discharge electrode is mainly caused by
ion bombardment known as a sputtering.

The weight loss ∆mel of the discharge electrode was calculated using the formula:

∆mel = mel
i − mel

f , (18)

where mel
i is the initial weight of the discharge electrode (before the experiment) in g and

mel
f is the final weight of the discharge electrode (after the experiment) in g.

The enthalpy change ∆HAr of the carrier gas (Ar) in J was calculated using the formula:

∆HAr = cAr
pµ × FAr

av ×
(

tAr
f − tAr

i

)
× T, (19)

where cAr
pµ is the isobaric molar heat capacity of Ar in J/(mol × K) [19], FAr

av is the average
flow rate of Ar in sLpm, tAr

i is the initial temperature of Ar in ◦C (at the inlet of the PDSE
reactor), and tAr

f is the final temperature of Ar in ◦C (at the outlet of the PDSE reactor).

The average volume flow rate FAr
av of Ar in sLpm was calculated using the formula:

FAr
av = VAr × Fav, (20)

where VAr is the volume concentration of Ar in the cathodic gas measured by GC in vol%.
The enthalpy change ∆Hdecomp of water decomposition in J:

∆Hdecomp = nH2 × WH2O
th , (21)

where WH2O
th is the thermodynamically minimal energy consumption for the formation of

one hydrogen mole in the water decomposition reaction (equal to the standard enthalpy of
water), WH2O

th = 285.83 kJ
mol [22].

Using the formulae given above, we can determine the enthalpies consumed for the
heating of the electrolytic solution (∆Hheat), the evaporation of the electrolytic solution
(∆Hevap), the sputtering of the discharge electrode (∆Hsputt), the heating of the carrier gas
(∆HAr), and water decomposition (∆Hdecomp).
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5. Results and Discussion
5.1. Hydrogen Production

In our previous experimental study [8] on the transformation of the DC electrolysis of
a 10 wt% Na2CO3 aqueous solution from its Faradaic regime to the cathodic PDSE regime
by increasing the applied DC voltage, we found values of the breakdown voltage and
discharge onset voltage indicating the origin of the three regimes of DC electrolysis, i.e.,
the Faradaic, transition, and PDSE regimes. With respect to the experimental conditions
described in [8], they were 59 V and 74 V (corresponding to 42 V and 52 V of the RMS
applied AC voltage mentioned in [8]). In other words, the Faradaic electrolysis occurred at
the discharge electrode when the applied DC voltage was below 59 V. When the applied
voltage was between 59 V and 74 V, the transition phase existed. When the applied
voltage exceeded 74 V, the PDSE regime formed around the discharge electrode. As the
present experiment was very similar to that described in [8], we assumed that values of the
breakdown voltage of 59 V and values of the discharge onset voltage of 74 V on the I(V)
characteristic were the same in both experiments.

Figure 4 shows the influence of the applied DC voltage on the energy yield and rate
of hydrogen production in the electrolysis of a 10 wt% Na2CO3 aqueous solution in the
Faradaic (marked I), transition (marked II), and PDSE regimes (marked III).
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in the DC electrolysis of a 10 wt% Na2CO3 aqueous solution for 3 regimes: the Faradaic (marked I),
transition (marked II), and PDSE (marked III) regimes.

As seen in Figure 4, in the Faradaic regime of electrolysis, an increase in the applied
DC voltage from 28 V to 57 V leads to a drop in the hydrogen production rate from
0.093 to 0.089 g(H2)/h. Further increasing the applied DC voltage to 66 V results in the
transformation of the Faradaic regime of electrolysis to the transition regime, in which
the formation of the gas-vapor envelope around the discharge electrode occurs due to
electrochemical water splitting and solvent (water) evaporation due to Joule heating. In the
transition region of electrolysis at an applied DC voltage of 66 V, the hydrogen production
rate was 0.085 g(H2)/h, which is lower than that in the Faradaic regime. At the applied
DC voltage of 74 V, the first plasma discharges are initiated in the vicinity of the discharge
electrode, and the PDSE regime of electrolysis begins. The subsequent increase in the
applied DC voltage up to 85 V leads to a drop in the hydrogen production rate. Thus, at
an applied DC voltage of 85 V, the hydrogen production rate is 0.077 g(H2)/h. Further
increases in the applied voltage result in a rising hydrogen production rate. At an applied
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DC voltage of 198 V, the highest hydrogen production rate of 0.147 g(H2)/h is achieved in
the PDSE regime of electrolysis. At an applied DC voltage higher than 198 V, the hydrogen
production rate decreases.

In the Faradaic regime of electrolysis, an increase in the applied voltage from 28 to
57 V results in a considerable decrease in the energy yield of hydrogen production, from
0.867 g(H2)/kWh to 0.367 g(H2)/kWh. This can be explained by the increase in the electric
current at the discharge electrode with increasing applied DC voltage. In the transition
phase at an applied DC voltage of 66 V, we observe a further drop in the energy yield
of hydrogen production to 0.299 g(H2)/kWh. The subsequent increase in the applied
DC voltage leads to the formation of the plasma discharges at the discharge electrode.
In the PDSE regime of electrolysis, the energy yield of hydrogen production reaches its
maximal value of 0.405 g(H2)/kWh at an applied DC voltage of around 141–170 V and
then decreases.

Figure 5 shows the change in the composition of the gas mixture evolved from the
discharge electrode with increases in the applied DC voltage.
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Figure 5. The composition of the gas mixture evolved from the discharge electrode.

As seen in Figure 5, only hydrogen is produced at the discharge electrode in the
Faradaic and transition regimes of DC electrolysis when the applied DC voltage is below
74 V. In the PDSE regime of electrolysis, apart from hydrogen, oxygen also evolved from
the discharge electrode as a result of the water splitting by the plasma discharges. In the
PDSE regime, the ratio of hydrogen to oxygen corresponds to the stoichiometric ratio of
the water-splitting reaction, i.e., two moles of hydrogen over one mole of oxygen.

5.2. Energy Balance Analysis

Figure 6 shows the weight loss of the discharge electrode as a function of the applied
DC voltage.

As seen in Figure 6, the mass loss of the discharge electrode increases exponentially
with the increase in the applied DC voltage, especially at an applied DC voltage higher
than 113 V. When the applied DC voltage is lower than 113 V, the weight loss of the
discharge electrode is zero. Thus, the highest value of the mass loss is around 0.1168 g at
198 V. A sputtered discharge electrode underwent weight loss with similar exponential
characteristics in [23].

Results of the energy balance analysis of the hydrogen production in the cathodic
PDSE regime of electrolysis of a 10 wt% Na2CO3 aqueous solution at an applied DC voltage
in the range of 85 V to 226 V are presented in Table 1.
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Figure 6. The weight loss of the tungsten discharge electrode as a function of the applied DC voltage
in the cathodic PDSE regime of the DC electrolysis of a 10 wt% Na2CO3 aqueous solution.

Table 1. Results of the energy balance study of the hydrogen production in the cathodic PDSE regime
of electrolysis of a 10 wt% Na2CO3 aqueous solution at an applied voltage in the range of 85 to 226 V.
Shares of the total electrical energy (∆Htotal) consumed for the electrolytic solution heating (∆Hheat),
the electrolytic solution evaporation (∆Hevap), the sputtering of the discharge electrode (∆Hsputt), the
carrier gas heating (∆HAr), and the water decomposition (∆Hdecomp).

Applied
DC Voltage,

V

∆Hheat
∆Htotal

×100, % ∆Hevap
∆Htotal

×100, % ∆Hsputt
∆Htotal

×100,% ∆HAr
∆Htotal

×100,% ∆Hdecomp
∆Htotal

×100,%

85 39.66 58.96 0 0.2 1.19

113 42.65 55.91 0 * 0.23 1.21

141 39.05 58.86 0.27 0.22 1.61

170 33.57 64.33 0.36 0.13 1.61

198 37.39 60.58 0.44 0.16 1.43

226 38.78 60.05 0.3 0.04 0.83
Note: * Because of the very low weight loss of the discharge electrode at an applied DC voltage of 113 V (see
Figure 6), we assume that the share of the total energy spent on the discharge electrode sputtering is negligible.

As seen from Table 1, around 34–43% of the electric energy supplied to the electrodes
is spent on the heating of the electrolytic solution (∆Hheat). The majority of the rest of the
energy, from around 56% to 64%, is spent on the evaporation of the electrolytic solution.
The discharge electrode also loses its weight due to sputtering. The highest share of the
total energy spent on sputtering constitutes 0.44% at an applied DC voltage of 198 V. The
electric energy consumed for the heating of the carrier gas (Ar) is less than 0.23%. The
electric energy consumed for hydrogen production in the cathodic PDSE regime is 1.61% at
an applied DC voltage of 141–170 V.

The energy balance analysis showed that more than 98% of the supplied electrical
energy is spent on heat generation. That is why the share of the total energy spent on
hydrogen production in the cathodic PDSE regime constitutes only 1.61%.

The energy balance analysis carried out in this work suggests that to increase the share
of the total energy spent on hydrogen production in the cathodic PDSE regime, preheating
of the electrolytic solution should be done using an inexpensive heat source (e.g., solar
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heat, the waste heat of industrial processes, etc.). Because most energy during the cathodic
PDSE goes towards heating and evaporation of the aqueous electrolytic solution, the use of
PDSE for hydrogen production should be cost-effective when electrolytic solutions with
the so-called organic liquid hydrogen carriers such as alcohols are used instead of the
typical electrolytic solutions. As shown in our previous studies [24,25], the presence of
alcohols in the electrolytic solution has a positive effect on the main parameters of hydrogen
production in the PDSE regime of electrolysis because of the following reasons:

• The high hydrogen content;
• The alcohols have low boiling temperatures;
• Hydrogen production by the thermal decomposition of the alcohols occurs at a lower

temperature compared to the direct thermal decomposition of water;
• The alcohols have a low enthalpy of vaporization;
• The alcohols have lower Gibbs free energies compared to water.

6. Conclusions

The hydrogen production in the DC electrolysis (including Faradaic, transition, and
PDSE regimes) of a 10 wt% Na2CO3 aqueous solution was studied and the following
conclusions can be drawn:

1. In the cathodic PDSE regime of electrolysis of a 10 wt% Na2CO3 aqueous solution,
the highest energy yield of hydrogen production was 0.405 g(H2)/kWh at an ap-
plied DC voltage of 141–170 V. In contrast, the highest hydrogen production rate of
0.147 g(H2)/h was received at an applied voltage of 198 V.

2. Only hydrogen is produced at the discharge electrode in the Faradaic and transition
regimes of electrolysis at an applied DC voltage below 74 V. In the PDSE regime of
electrolysis when the applied DC voltage is higher than 74 V, oxygen also evolved
from the discharge electrode.

3. The energy balance analysis of the hydrogen production in the cathodic PDSE regime
showed that more than 98% of the supplied electrical energy is spent on heat genera-
tion. For this reason, the share of the total energy consumed for hydrogen production
in the cathodic PDSE regime is only 1.61%.

4. Because the main effect of the cathodic PDSE regime of electrolysis is heat genera-
tion, this regime of electrolysis can be beneficial for hydrogen production from the
electrolytic solutions containing so-called organic liquid hydrogen carriers such as
alcohols that have lower boiling temperatures, lower heats of evaporation, lower
standard Gibbs free energies, and higher hydrogen contents compared to the typical
aqueous electrolytic solutions.
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Acronyms

AC alternating current
CGDE contact glow discharge electrolysis
DC direct current
DPG differential pressure gauge
GC gas chromatograph
GFM gas flow meter
PC personal computer
PDSE plasma-driven solution electrolysis
PTFE polytetrafluoroethylene
RMS root-mean-square
RTD resistance temperature detector
SA signal amplifier
SBE surface binding energy
sLpm standard liter per minute
TCD thermal conductivity detector
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