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Abstract 
 

Influence of nature and concentration (1–10 mM) of surface-active substances (SAS) – phenylbiguanidine and  
m-nitrophenylbiguanidine – on hydrogen evolution reaction (HER) kinetics on iron has been studied in acidic chloride 
solutions with constant ionic strength equal to 1. The rate-determining stage of HER changes dependending on SAS nature  
and concentration according to the consequence: discharge → chemical recombination → surface diffusion → discharge.  
With some SAS concentrations, two consecutive stages proceed at commensurable rates.  

The possibility of discharge or chemical recombination stage proceeding on ad-atoms or adsorbate molecules forming  
the first monolayer is considered. 
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Introduction 

 
A large number of works are devoted to the study 

of kinetics and mechanism of hydrogen evolution 
reaction (HER) on different metals, including those 
which have been published recently [1–8]. 

The results of the previous research have been 
generalized in a number of reviews [9–12]. In most 
cases the HER mechanism is only specified by kinetics 
research and estimation of kinetic parameters of phasic 
process in slightly changed conditions of the 
experiment.  

It is undoubtedly interesting to study the 
possibilities of managing kinetic parameters and rate-
determining step nature of hydrogen evolution reaction 
on iron. 

Assuming the quasi-equilibrium molecular hydrogen 
gas bubbles formation, the HER is usually considered 
as a two-stage process with the first stage of solvated 
hydrogen ions discharge in acidic media [1, 2, 7–12] 

H+
solv + e → Hads + solvent   (Volmer reaction),  (1) 

 

where solvent is a solvent molecule.  
The subsequent removal of adsorbed hydrogen 

atoms can proceed according to the Heyrovsky 
electrochemical desorption reaction  

 

Hads  +   H+
solv   +   e  →  H2   + solvent        (2) 

 

or the Tafel chemical recombination reaction 
 

Hads  +   Hads  →   H2                      (3)  
 

that replace each other in some cases at the 
corresponding change of electrode potential in the 
cathodic polarization conditions [12]. 

Each of (1), (2) and (3) reactions can be rate-
determining and their nature can be changed in the 
presence of surface active substances (SAS) or at the 
change of the mixed binary solvent composition. 
Therefore, the presence of Na2HAsO4 in acidic chloride 
medium leads to the replacement of rate-determining 
step (rds) of discharge on iron by limiting chemical 
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recombination (3) [13]. In the ethanol HCl solutions, 
addition of water leads to the reverse replacement of 
rds [14]. However, the process can be more complicated. 
Adding o-fluorophenylbiguanidine (o-FPBG) to acidic 
aqueous chloride solutions and changing their 
concentration permits not only to replace the rds (1) by 
rds (3) on iron, but induces greater subsequent changes 
according to the consequence:  discharge rds → 
recombination rds → surface diffusion rds → repeated 
discharge rds [7]. Meanwhile the preceding steps are 
quasi equilibrium ones. Thus, the change of o-FPBG 
concentration in the solution permits to change the 
HER rds nature on iron deliberately. Nevertheless, 
such an approach must be proved. 

The aim of the present paper is to study 
phenylbiguanidine and m-nitrophenylbiguanidine 
influence on the HER kinetics and rds nature on iron in 
the same conditions of the experiment and the same 
range of cSAS.  

 
Experimental 

 
The preparation of the working electrode, 

electrochemical polarization and impedance 
spectroscopy measurements (Solartron 1255 FRA and 
potentiostat 1287) were carried out according to [7]. 

Phenylbiguanidine (Scheme 1) and m-nitrophenyl-
biguanidine were obtained by target synthesis in 
specialized laboratory with purity up to 96 %. 

 The experimental data statistic processing was 
conducted according to the small sample method [15] 
with confidential probability of 0.95 and Student 
coefficient of 2.447. 

 

N
H
C
NH

N
H
C
NH2

NH
 

Scheme 1. Phenylbiguanidine formula 
 

Results and Discussion 
 

The values of fractional electric charges (δ) on 
atoms in the molecules of phenylbiguanidine (PBG) 
and m-nitrophenylbiguanidine (m-NPBG) have been 
estimated by the semi-empirical quantum-mechanical 
method. These data are important for interpretation of 
the possibility of the HER rate-determining step nature 
change in case of their adsorption on iron surface.  
The values of charges on nitrogen atoms in the 
molecules of PBG and m-NPBG are slightly higher 
than in the biguanidine molecule, but less than in 
guanidine one, data for which have been estimated 
before [7]. It is impossible to achieve the charge 
equalization at protonation due to delocalization  
of electron density in the molecules of PBG and  
m-NPBG, therefore we postulate that they do not 
substantially differ in their basicity and with respect to 
quanidine (GU) [16]. GU and its studied derivatives 
are entirely protonated in acid media because they are 
the strong bases. pKa of  their protonated form is equal 
to 11–13.6 [16].  

In the additional experiments it was shown that the 
HER rate order with respect to PBG and  
m-NPBG is near or equal to 0. Therefore, the reaction 
of the type  

 

R — NH3
+ + e → Hads + R — NH2 

 

can be neglected.  
The dependence of the HER kinetics on iron disk 

electrode rotation rate was estimated at the fixed value 
of cathodic polarization ∆Ec = Ecor

 – Ec, where Ecor is 
corrosion potential of iron, Ec  is potential under 
cathodic current. ∆Ec value was equal to 0.05 and 
0.10 V. In all the cases the HER kinetics does not 
depend on disk electrode rotation rate. Thus, it 
confirms that the experiments were made in the 
absence of diffusion limitations. 

Figure 1 illustrates the HER rate dependence on 
electrode potential and hydrogen ion concentration 

Fig. 1. E, logi dependence on iron in x M HCl + (1 – x) M LiCl solutions: 
a – background solution; presence of 0.5 mM: b – phenylbiguanidine; c – m-nitrophenylbiguanidine; 

x, mole/l: 1 – 0.05; 2 – 0.10; 3 – 0.50; 4 – 0.99
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(with constant ionic strength) in conditions of cathodic 
polarization. Measurements were made in the 
background solutions (a) and in the presence  
of 0.5 mM of PBG (b) and m-NPBG (c).  
The comparative position of polarization curves 
(Fig. 1) shows that the dlogic/dlogcH+ value changes at 
the injection of already minimum concentration 
(0.5 mM) of guanidine derivatives.  

Even stronger influence of these factors was 
observed when the dependence of the HER rate on 
hydrogen overpotential was estimated (Fig. 2).  
For example, in the presence of PBG the connection 
between ic and η was absent (Fig. 2, b). To estimate 
the HER rate-determining step the following kinetic 

parameters were used: dE/dlogic, dE/dlogcH+, 
(dlogic/dlogcH+)E, dη/dlogic, dη/dlogcH+ and 
(∂logic/∂logcH+)η. The corresponding values are given 
in Table. To analyze the data of the Table we have 
used the results of the theoretical analysis of the HER 
kinetics made in [17, 18]. 

Then in conditions of slow surface diffusion of 
Hads the following kinetic parameters were observed: 
dη/dlogic and (dlogic/dlogcH+)η were equal to 0.079V 
and 0.25 respectively. The (dlogic/dlogcH+)E value was 
equal to 0.75. The dη/dlogcH+ value was not estimated 
in [17, 18]. 

 lgi (i = A/m2) а) 
b)

с)

Fig. 2. η, logi dependence on iron in x M HCl + (1 – x) M LiCl solutions: 
a – background solution; presence of 0.5 mM: b – phenylbiguanidine; c – m-nitrophenylbiguanidine;  

x, mole/l: 1– 0.05; 2 – 0.10; 3 – 0.50; 4 – 0.99 
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Kinetic parameters of HER on iron in acidic chloride aqueous solutions  

with constant ionic strength equal to 1 in the presence of guanidine derivatives.  
Numerator – experiment, denominator – theoretical value 

 

cSAS, 
mM 

–dE/dlogic, 
V/decade 

dE/dlogcH+, 
V/decade (dlogic/dlogcH+)E 

dηH/dlogic, 
V/decade 

–dηH/dlogcH+, 
V/decade 

(dlogic/dlogcH+)η

phenylbiguanidine 
0 0.110/0.116 0.085/0.116 0.85/1.0 0.110/0.116 0.060/0.058 0.55/0.50 

0.5 0.115/0.029* 0.055/0.058 0.50/0.50 0.115/0.030* 0/0 0/0 
1.0 0.125/0.029* 0.075/0.058 0.50/0.50 0.125/0.030* 0/0 0/0 
5.0 0.125/0.140 0.090/–** 0.60/0.75 0.125/0.079 0.035/–** 0.15/0.25 

10.0 0.130/0.140 0.065/–** 0.75/0.75 0.130/0.079 0.035/–** 0.25/0.25 
m-nitrophenylbiguanidine 

0.1 0.115/0.029* 0.055/0.058 0.50/0.50 0.115/0.030a 0/0 0/0 
0.3 0.115/0.029* 0.055/0.058 0.50/0.50 0.115/0.030a 0/0 0/0 
0.5 0.100/0.140 0.070/–** 0.75/0.75 0.100/0.079 0.070/–** 0.25/0.25 
1.0 0.125/0.140 0.075/–** 0.75/0.75 0.125/0.079 0.040/–** 0.25/0.25 
5.0 0.100/0.116 0.100/0.116 0.85/1.00 0.100/0.116 0.060/0.058 0.50/0.50 

10.0 0.100/0.116 0.100/0.116 0.85/1.00 0.100/0.116 0.060/0.058 0.50/0.50 
 

* With no account taken of energy surface heterogeneity  
** Theoretical value is unknown.  
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Additionally, in the rds conditions (3), the Tafel 

slope coefficient of the cathodic polarization curves 
should be equal to 2.303RT/2F, i. e. 0.029 V at 
T = 295 K. However, this value is practically never 
received, which in accordance with [8] is explained by 
energy heterogeneity of active centers leading to the 
dependence     

η = const + (RT/2βF)logic 
 

with β < 1 (ic is the outer cathodic current density). 
According to the Table data and the experimental 

values obtained in [7], the HER proceeds on iron in the 
background solutions according to (1), (3) consequent 
steps with discharge rate-determining step. In the 
presence of PBG (0.5 mM) the Tafel reaction becomes 
rds (Table) and the Volmer reaction is quasi-
equilibrium.   

Kinetic parameters of the HER do not practically 
change with twofold increase in cPBG (Table 1) and the 
recombination reaction remains rds. The PBG 
concentration growth up to 5 mM leads to some 
ambiguous situation: the rates of chemical 
recombination and surface diffusion of Hads become 
commensurable at quasi equilibrium discharge reaction.  
Such a situation is proved by the following facts: 

– some increase of dE/dlogcH+ kinetic parameter 
(Table); 

– approximation of –dη/dlogcH+ value to 0.035, 
some increase of (dlogic/dlogcH+)η. 

Further twofold increase in cPBG leads to rds of 
surface diffusion (SD) (Table). The Volmer and Tafel 
reactions become quasi-equilibrium ones. 

Adding m-NPBG confirmed the observed situation. 
The study of m-NPBG concentration influence on the 
possibility of the HER rds nature change on iron is of 
special interest. If PBG has the adsorption centers 
connected with the presence of 5 nitrogen atoms with δ 
values from –0.253 to –0.316 e in the molecule 
capable of having donor-acceptor interaction with 
surface iron atoms, then there is a possibility of 
additional sorption of m-NPBG molecule due to NO2 
group. For m-NPBG two additional adsorption centers 
are based on oxygen of nitro-group with δ = – 0.330 e 
and its nitrogen atom with δ equal to + 0.478 e. This 
effect can lead to both repulsion of adsorbate particles 
and positive attractive effect or their mutual 
neutralization.  

In the presence of 0.1 and 0.3 mM of m-NPBG  
the Tafel reaction becomes rds. The further growth  
in cm-NPBG up to 0.5 and 1.0 mM leads to the SD rds, 
but at cm-NPBG = 5 mM the kinetic parameters 
correspond quite closely to the slow discharge theory 
requirements. Perhaps, it is connected with the 

adsorbate mono layer formation. This idea is proved 
by measuring the double layer capacitance that allows 
estimaing the connection between surface coverage θ 
and cm-NPBG in the solution. If cm-NPBG = 0.2 mM,  
Θ ≈ 0.98, the further minimum double layer 
capacitance can be received with the increase of SAS 
concentration. Consequently, the maximum surface 
coverage occurs. The surface coverage was calculated 
according to the formula [19]:    

         

Θ = (C0 – C)/(C0 – C∞),                    (8) 
         

where C0 is the double layer capacitance in the 
background solution, C is the same in the solution 
containing SAS, C∞ is the double layer capacitance 
corresponding to the adsorbed SAS monolayer 
formation. It is noteworthy that active centers on iron 
surface are energetically heterogeneous [20], and the 
dependence ∆Gads = f (Θ) is valid. They are able to 
adsorb hydrogen atoms and SAS molecules. On the 
whole, the expression ΘΣ = ΘH + ΘSAS is correct, 
where Θi is the active centres portion, occupied by  
i-adsorbate particles (i is H or SAS).  Then ΘSAS growth 
decreases ΘH . Correspondingly, the Tafel reaction rate 
decreases. The further ΘSAS growth retards the surface 
diffusion of Hads necessary for H2 formation according 
to (3). Therefore SD becomes rds. When the adsorbate 
monolayer is formed, the Volmer reaction takes place 
on the particles of this monolayer and becomes the rds 
once again. This possibility was considered in [10, 21]. 

 
Summary and Conclusion 

 
Thus, the successive change of the rds nature of 

the HER in the SAS presence is observed on iron quite 
often and can be used to manage this process. In the 
simplest case, it is achieved by changing the solvent 
nature when the discharge rds is replaced by the Tafel 
rds. In particular, it is observed on iron at the injection 
of 10 %wt. H2O into the ethylene glycol solution of 
HCl [13]. But much greater changes are observed at 
the injection of SAS, in particular PBG and m-NPBG, 
in the solution. In this case the successive change of 
the HER rds takes place according to the consequence: 
discharge → chemical recombination → surface 
diffusion → repeated discharge. 

The observed phenomenon permits to control the 
rds nature of HER on iron. This is important for the 
following processes: 

– creation of conditions for metal hydrogenation 
decrease; 

– stimulation of hydrogen accumulation by solid 
phase; 
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– study of HER kinetic regularities in conditions 

of rds particular nature; 
– study of the influence of the rds nature on 

kinetics and mechanism of secondary processes 
initiated by HER, for example, solid phase hydrogen 
diffusion into metal. 
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