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The influence of the solution of their amount on the process
of water splitting by the electrolysis method

The article presents the results of an experimental study of the effect of the solution and their concentration
on the process of splitting water by electrolysis under the action of a direct electric current using a Hoffman
device. As solutions, we used sodium hydroxide, sodium phosphoric acid, sodium carbonate, sodium sulfate,
sodium metaborate, sodium phosphoric acid 2 — substituted and potassium hydroxide. The number of salts in
the solution varied from 0.2 mol to 0.8 mol. The study showed that the splitting water at constant current and
voltage is influenced by both the nature of salts and their quantity. So, it was found that with the same amount
of substances in the solution, the process of splitting water occurs faster in a solution containing potassium
hydroxide. When using an aqueous KOH solution in an amount of 0.2 mol, the volume of hydrogen released
was 15 ml, and at 0.8 mol, 19.5 ml. Using an aqueous solution of sodium metaborate with a similar
concentration, the volume of hydrogen released was 2 ml and 4.5 ml, respectively. The obtained results allow
to choose the solution and its amount during the process of photocatalytic splitting of water.

Keywords: water splitting, Hofmann apparatus, electrolysis, hydrogen, salt, solution, reactions,
electrochemical process.

Introduction

Hydrogen is considered the ideal fuel of the future. Hydrogen fuel can be produced from clean and re-
newable energy sources, which will make it environmentally friendly. The sun and wind are the two main
sources of renewable energy, as well as promising sources for the production of renewable hydrogen. Cur-
rently, the production of hydrogen by the above methods is not yet popular due to the high cost. Photovoltaic
electrolysis of water can become more competitive, since the cost of hydrogen produced decreases with the
development of technologies and materials used [1].

The photocatalytic splitting of water was first mentioned by Giacomo Ciamitian in the early 1900s [2].
Later, in 1970, Honda and Fujishima experimentally proved the possibility of splitting water by using a
wide-band semiconductor and solar energy. Since then, revolutionary research by scientists on the
photoelectrochemical decomposition of water has been published [3—9]. The works are mainly devoted to the
study of the photocatalyst and its modification to improve the ability to split water [10—-14]. However, it is
necessary to take into account that even using a highly efficient photocatalyst, the splitting of distilled water
is extremely difficult. Therefore, it becomes necessary to add sources of donor electrons to the purified
water, which can serve as organic compounds methanol, ethanol and lactic acid, which significantly
enhances the interaction of the electron/hole of the semiconductor and the solution used, leading to higher
quantum efficiency [15, 16]. The addition of carbonate salts Na2CO3, HCO2—, C202- to water also
increases the production of hydrogen and oxygen [17]. It can be concluded that the process of photo-splitting
of water is affected not only by the high performance of the photocatalyst but also by the solution where the
splitting of the water molecule into hydrogen and oxygen occurs, which makes this work relevant.

This paper presents the results of a study of the effect of the solution (sodium hydroxide, sodium
phosphoric acid, sodium carbonate, sodium bicarbonate, sodium sulfate, sodium metaborate, sodium
phosphoric acid 2 — substituted and potassium hydroxide) and their amounts on splitting water.

Experimental

To determine the effect of the solution on the water-splitting process, the following were used: sodium
hydroxide (NaOH), sodium phosphoric acid 3 substituted (Na3PO4), sodium carbonate (Na2CO3), sodium
bicarbonate (NaHCO3), sodium sulfate (Na2SO4), sodium metaborate (NaBO2), sodium phosphoric acid 2
substituted (Na2HPO4), potassium hydroxide (KOH). All the salts were dissolved in distilled water in a
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volume of 150 ml. The requirement for all samples was presented in the same way. The amount of the
substance varied from 0.2 mol to 0.8 mol. The amount of hydrogen released at the cathode and oxygen at the
anode was recorded every 5 minutes, with a total duration of 60 minutes.

All experimental work was carried out by electrolysis at constant voltage using the Hoffmann
apparatus. The diagram of the working chamber of the Hoffmann apparatus is shown in Figure 1. The device
consists of three vessels, each with a volume of 50 ml. Three vertical, glass communicating vessels, one of
which is open and designed to inject an aqueous solution. Platinum electrodes are placed in the lower part of
the vertical vessels. The electrodes are connected to the positive and negative poles of the current source.
The electrolysis voltage is 3 V. When a voltage source is connected to the network, the electrolysis process
takes place. The volume of hydrogen and oxygen released is recorded by the volume of the solution
displaced by the gas. A universal power supply PHYWE with direct and alternating current was used as a
voltage source.
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Figure 1. Scheme of the Hoffmann apparatus of three vessels

Sodium hydroxide NaOH is a solid substance, that dissolves well in water and emits a large amount of
heat. Solubility in water 108.7 g per 100 ml temperature + 15 °C. KOH potassium hydroxide-solubility in
water 107 g per 100 ml temperature +15 °C. Na2HPO4 sodium hydrophosphate-forms colorless crystals. It is
well soluble in water. Solubility temperature +100 0C. Na2S04 sodium sulphate g / 100ml at 0 °C 4.5 g, at
20°C —19.2 g, at 32.4 °C — 49.8 g at 100 °C — 42.3 g. Sodium acid Na2CO3 is insoluble in acetone and
carbon disulfide, slightly soluble in ethanol, well soluble in glycerin and water. NaHCO3 has a low solubility
of sodium bicarbonate in carbon dioxide water and increases slightly with increasing temperature: from 6.87
g per 100 g of water at 0 °C to 19.17 g per 100 g of water at 80 °C. Due to its low solubility, the density of
saturated aqueous solutions of sodium bicarbonate differs little from the density of pure water. Sodium
metabolate NaBO2 forms colorless hygroscopic crystals of trigonal syngony, dissolves well in water, easily
forms saturated solutions. Na3PO4 sodium phosphate acid is highly soluble in water — 12.1 g/ 100 ml. To-
gether with water, a crystallohydrate with the general formula Na3PO4 -12H20 is formed.

Results and Discussion

The effects of solutions of sodium hydroxide (NaOH), sodium phosphoric acid 3 substituted (Na3P04),
sodium carbonate (Na2CO3), sodium bicarbonate (NaHCO3), sodium sulfate (Na2SO4), sodium metaborate
(NaBO2), sodium phosphoric acid 2 substituted (Na2HPO4), potassium hydroxide (KOH) at various
amounts are illustrated in Figure 2.

124 BecTHuk KaparaHgmMHCKOro yHusepcureTa



The influence of the solution...

5 7
4 6
s
53
o 24
S =4 ¢
£ ’ =
5 2 5 3
: 4 :
3 2 2
’—-—-_. /
/‘ ! /’
. v \‘\"_,\’
0
- NaOH KOH Na2504 Na2C03 NaHCO3 NaBO2 Na3P04 NazHPO4 - NaOH KOH Na2S04 Na2CO3 NaHCO3 NaBO2 Na3PO4 Na2HPO4
Name solutions Name solutions
a) b)
9
10
8 *
7 8 o
c (e v mi)
g6 g
o
TS5 €6
= 3
i %
Es g4
S 3
> 2 g 3
2 @,
1
0 -p——" . ‘\. ’__,___—0—-—__.
! NaOH KOH  Na2504 Na2CO3 NaHCO3 NaBO2 Na3PO4 Na2HPO4 NaOH KOH Na2S04 Na2C0O3 NaHCO3 NaBO2 Na3PO4 Na2HPO4
Name solutions Name solutions
c) d)

a— (0,2 mol); b — (0,4 mol); ¢ — (0,6 mol); d — (0,8 mol)

Figure 2. The effect of solutions on the process of splitting water by electric riveting.

Figure 2a demonstrates that when using hydroxide groups, carbonate salts and phosphates in the amount
of 0.2 mol, the volume of hydrogen gas released is different. Moreover, when using a solution containing
potassium hydroxide (KOH), the volume of hydrogen released is higher than with the other groups. For
example, the volume of hydrogen released for him was 4.5 ml. The highest value of the released hydrogen
belongs to a solution containing sodium metaborate NaBO2 (v= 0.2 mol) and is 0.2 ml. The remaining
solutions occupy an intermediate value. Figure 2b represents that when the number of salts in the distilled
water increased to 0.4 mol, the volume of hydrogen released increased 1.5 times for potassium hydroxide
(KOH) and sodium hydroxide (NaOH), and when using Na3P0O4, Na2CO3, NaHCO3, Na2S04, NaBO?2,
Na2HPO4 remained practically unchanged and was in the range from 0 to 1 ml. A further increase in the
number of salts in water to 0.6 mol showed (Figure 2c) that when using potassium hydroxide, the volume of
hydrogen released increased by 2 times compared to 0.2 mol, while sodium hydroxide practically remained
unchanged. An increase in the number of salts in the solution to 0.8 mol led to a decrease compared to 0.4
mol, and amounted to 2.8 ml (Figure 2 d). From the data obtained, it can be concluded that the best medium
for splitting hydrogen is a solution containing 0.8 mol of potassium hydroxide, and the worst is sodium
metaborate NaBO2. An increase in the amount of the substance in the water to 1 mol did not lead to an
increase in the volume of hydrogen released.

Figure 3 shows the dependence of the volume of hydrogen released on the duration of electrolysis, with
the amount of potassium hydroxide in the solution varying from 0.2 to 0.8 mol.
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Figure 3. The effect of the amount of potassium hydroxide on the process of splitting water by electric riveting

One can see that during the electrolysis process lasting 60 minutes, the volume of hydrogen released in-
creases with the amount of potassium hydroxide in water from 0.2 mol to 0.8 mol. So, at 0.2 mol, the volume
of gas was 15 ml, and at 0.8 mol, 19.5 ml.

The solutions that we used in the experiment are called colloidal. Colloidal solutions are systems that
comprise a solid dispersed phase distributed in a liquid or solid dispersion medium. Solutions are always
single-phase, which are homogeneous gas, liquid or solid. This means that one of the substances is
distributed in the mass of the other in the form of molecules, atoms, or ions.

Electrolysis of solutions is a complex process because, besides metal ions and acid residue, water
molecules and H™ and OH ions are present in the solution, which can also participate in the redox process
during passaging electric current. To correctly determine the products formed in the electrodes during the
electrolysis of hydrophytic solutions of electrolytes, it is necessary to adhere to the following important rules,
which occur in the cathode and anode.

The passing process at the cathode depends on the position of the metal in the electrochemical series.
Our solutions are part of the active metal activity: K, Ba, Ca, Na in which water is reduced to hydroxide ion
to hydrogen, and only hydrogen is released at the cathode because of the reduction of water molecules.

2H20 +28= H2 +20H

The strongest reducing agent is oxidized at the anode. During electrolysis of solutions of acid-
containing salts oxygen is released on the anode O,

2H,0 — 48 =0, + 4H"

Electrolysis Na,So4.

(-) Cathode «—— 2Na" + SO,”— Anode (+)

Cathode: 2H,0 + 2e" = H,T + 20H"

Anode: 2H,0 — 4e = O,1 +4H"

Total: 2H,0O = 2H,1 + O,1

Conclusion: the electrolysis of this salt is reduced to the decomposition of water; salt is necessary to
increase electrical conductivity, since pure water is a weak electrolyte.

Electrolysis KOH.

Cathode (-) *— K"+ OH — Anode (+)

Potassium cations will not be restored at the cathode since potassium is in the metal voltage range to the left
of aluminum, instead, water molecules will be restored:

Cathode: (-) 2H,O + 2e = H, +20H"

Anode: (+) 4OH  — 4e = 2H,0 +0,

Total: 4H,0 + 40H = 2H, + 40H + 2H,0 + 0,2H,0 =2H, + O,

Electrolysis NaOH.
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4NaOH = 4Na + O, + 2H,0

Cathode: 2H,0O + 2e = H, +20H"

Anode: 4OH — 4e = O, + 2H,O

Water molecules are restored at the cathode. The growth of sodium hydroxide is reduced to the electrolysis
of water.

Electrolysis Na,CO;,

Water electrolysis occurs:

H, O=H" + OH"

Cathode (K™ ): 2H, O+2¢~ =H, +20H"

Anode (A" ): 4O0H —4e” =2H,0+ 0,

Total: 2H, O =2H, + O,

Sodium, as an alkaline metal, is not released at the cathode, and the CO3 2~ ion is also not discharged, as an
acidic residue of an oxygen-containing acid.

Electrolysis NaHCO;,

Cathode (-) H,O+2e=H,+20H"

Anode (+) 2H,0—4e=0, +4H"

The equation: NaHCOs+2H,0 = O,+2H,+NaHCO3

In the equations of solution electrolysis NaHCOj; there will be water electrolysis reactions, the oxidation of
the bicarbonate ion does not occur.

Electrolysis Na;POy,

Cathode: 2 H" +2e=H,

Anode: 4OH — 4e=2H,0 + O,

The equation: Na;PO, +5H,0= 3NaOH +2H, + O, +H;PO,

Hydrogen is released at the cathode and oxygen is released at the anode due to the electrolysis of water.
Sodium cations are not reduced, since the electrode potential is lower than that of hydrogen. An excess of
sodium hydroxide is formed in the near-cathode space. Hydroxide anions (water) are oxidized at the anode,
oxygen is released. Phosphate anions are not oxidized, since their potential is higher. There is an excess of
weak orthophosphoric acid in the near-anodyne space. In general, sodium orthophosphate salt is not subject-
ed to electrolysis in this case.

The process at the cathode depends on the position of the metal in the electrochemical series. Our solu-
tions belong to the range of activity of active metals: K Ba Ca Na, in which water is reduced to the hydroxide
ion to hydrogen, and only hydrogen is released at the cathode due to the reduction of water molecules. It can
be said that the electrolysis of salts is reduced to the decomposition of water, and salt is necessary to increase
electrical conductivity since pure water is a weak electrolyte.

Conclusions

In the presence of substances in various amounts, such as sodium hydroxide, sodium phosphoric acid,
sodium carbonate, sodium sulfate, sodium metaborate, sodium phosphoric acid 2 — substituted and potassi-
um hydroxide, water electrolysis was carried out. At different time intervals, the volume of hydrogen re-
leased was recorded using the Hoffmann apparatus. The study designated that in the presence of potassium
hydroxide, regardless of its amount, the electrolysis process occurs faster, as evidenced by the volume of gas
released. Sodium hydroxide turned out to be less effective, as the remaining substances showed a low ability
to generate hydrogen. In addition, the effect of the amount of substance per unit volume of water on the pro-
cess of electrolysis of water was demonstrated, where the best result was recorded for a solution with an
amount of 0.8 mol. Low efficiency is demonstrated by sodium metaborate NaBO2 at an amount of 0.2 mol.
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Cyabl 3JIeKTPOJIN3 ici apKbLIbI bIABIPATY Ke3iH/e
epITIHAIHIH ’K9HEe OHBIH MOJILIEPiHiH dcepi

Maxkanazna I'opMaH KypbUIFBICHIH KOJIaHA OTBIPBIT, TYPAKTHI SJIEKTP TOTHIHBIH 9CEPiHEH 3JIEKTPOIIHN3 apKbLIbI
CyIblH OeliHy TpoIeciHe epiTIHIIHIH ocepi MEH OHBIH KOHIEHTPAIMSICHIH JKCIIEPUMEHTTIK 3epTTey
HOTWKenepi Kenripinred. Epitinai petinae HaTpuil TuApokcui, HochOpKEIIKBULAB HATPHHA, KOMiPKBIIIKBLT
HATpUWili, KOMIPKBIIIKBUIABI KBIIIKBUI ~HATPHH, KYKIPTKBIUKBUIIBI HATPHUH, HaTpUd MeTabopartsl,
(hocHOPKBIIKBUIIBI HATPUI KOHE 2— alMAacTBIPbUTFAH Kaluid THAPOKCHIl maiimamaneuiabl. Epitinmimeri
Ty3napasiy Menuepi 0,2 Mons MeH 0,8 Mok apaybIFbIHAA 00JIBL. 3epTTey KOPCETKEeH/IeH, TYPaKThl TOK ITeH
KepHey Ke3iHJie CyJIbIH aFry MpOLEeCiHe TY3Jap/AblH TaOUFaThl 1a, ONapAbIH Meepi ne acep eresi. COHbIMEH,
epiTiHaiferi 3aTTapAblH Oipleil MermepiMeH CyObIH BIIBIpAy IMpoIeci Kanuii THAPOKCHAl Oap epiTiHxize
Te3ipek KypeTiHi anbIKTangsl. 0,2 mons memmepinae KOH epitiHmiciH KongaHFaH Ke3/1ie OOMiHETiH CYTeKTiH
kermemi 15 mm, am 0,8 momp kesiHme 19,5 mun Gommel. OChIFaH yKcac KOHICHTpPAIMACHI Oap HATpHH
MeTabOpaTHIHBIH CYJIBI €PITIHAICIH MalijananFad Ke3ae, O6JIHIeH CYTEKTiH KeleMi THiciHiie 2 M xoHe 4,5
MJI KYpazmbl. AJBIHFaH MAJIMETTep CyIblH (DOTOKATAIUTHKAIBIK BIABIPAYbl KE3iHAE epiTiHII MEH OHBIH
MeJIIIepPiH TaHAayFa MyMKIHIIK Oepeni.

Kinm ce3dep: cynmel biibipaty, ['oMaH ammapathl, 3JIEKTPOJIH3, CYTEri, TY3JAap, €pITiHII, peakiusiap,
INEKTPOXUMUSITBIK MPOLIECC.

A.b. Kyansimbexosa, T.M. Cepukos, I1.A. Kanbup6baena,
A.E. CagrixoBa, I'.T. beiicembaeBa, A.C. banTabekoB

Biausinue PacTBOpa U €10 KOJUIECCTBA HA IPONECC paClICIJICHUA BOAbI
METOI0M IJICKTPOJIU3Aa

B cratee mpuBemeHBI pe3ynbTaThl SKCIEPUMEHTAIFHOTO HCCIECJOBAHUS BIMSHUS PacTBOpa M M €ro
KOHIIGHTpAIlMM Ha TMpOIECC pAaCHICIVICHUS BOJBI ITyTE€M OJJIEKTPONM3a II0J| ASHCTBHEM IIOCTOSHHOTO
JNIEKTPUYECKOTO TOKAa C IpPHMEHeHHeM YycTpoictBa [odmana. B kadecTBe pacTBOpOB HamMH ObUIH
MCIIOJIb30BaHbl TUAPOKCHUA HATPUsl, HATPUH (OoCHOPHOKHUCIIBI, HATPUI YIIEKUCIBIH, HATPUH YIIIEKHCIIBINR
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KUCJIBIHA, HATPUI CEPHOKUCIBINA, MeTabopaT HaTpus, HATpU (HOCHOPHOKUCIBIN 2-3aMEICHHBIH U THAPOKCHUT
kanmus. KommgectBo comeit B pactBope BapupoBanock oT 0,2 mo 0,8 momnb. PesynpraTsl mccnemoBaHus
MOKa3aJM, YTO Ha MPOIECC PAIIEIUICHUs] BOJIBI IPH MOCTOSIHHOM TOKE M HANpPsHKEHHs BIUSET Kak MpUpOJa
CoNel, Tak M WX KOJIMYecTBO. Tak, OBUIO YCTAHOBJIEHO, YTO INPH OIWHAKOBOM KOJHMYECTBE BEIIECTB B
pacTBOpe, MpoLece PacIICIUICHNS BOIBI IIPOMCXOJUT ObICTpEe B pacTBOpE CO/EpKaHUEM I'HIPOKCHIA Kajusl.
IIpu ucnonkzoBannu BogHoro pactBopa KOH B xommdectBe 0,2 MOib, 00bEM BBIACISIEMOTO BOJIOPOJA CO-
craBma 15 mi, a pu 0,8 moins — 19,5 mun. Ilpu ucmonb30BaHUM BOAHOTO pacTBopa MeTabopara HaTpHs C
AQHAJIOTMYHOM KOHIEHTpaleld, 00beM BBIICIEHHOTO Bogopoaa coctaBui 2,0 u 4,5 M coorBeTcTBeHHO. [lo-
JIy4eHHBIE JaHHBIE TIO3BOJIAIOT CAENaTh BHIOOP pacTBOpa M €To KOJMYECTBA MPU Ipolecce GoToKaTaIuTHIE-
CKOT'O PACILETIICHUS BOJBI.

Kniouesvie cnosa: paciieruienne Boasl, annapar ['opMaHa, 3JIEKTPONIN3, BOAOPOJ, COJb, PACTBOP, PEaKLys,
IIEKTPOXUMUUECKUH IpoLecc.

Cepus «dunsukay. Ne 1(105)/2022 129



