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Processes involved in the electrodeposition of perrhenate ions were studied from two 
different potassium nitrate and sodium sulfate background electrolytes in the presence of citric 
acid on graphite electrode by cyclic voltammetry method. Anodic and cathodic potentials of 
deposited film were determined. After electrolysis process, morphology and content of obtained 
deposited layers were investigated by SEM and X-Ray methods. The coated film from sodium 
sulfate background electrolyte was not uniform and Re content was 60.83-65.5%, in case of 
potassium nitrate electrolyte, the deposited film was more densely located, and Re content was 
80.94-82.52%. In the presence of nickel sulfate and citric acid, an alloy was formed with content 
of Re 80.94-82.52%, 14.10-11.83% of Ni, 4.96-5.66% of impurities, which were confirmed by X-Ray 
method. The current density decreased with addition of citric acid into sodium sulfate background 
electrolyte and in cathodic area, the reduction potential of perrhenate ions remained the same, 
but oxidation potentials changed from 0.25 to 0.35 V and from 0.5 to 0.6 V. The influence of 
citric acid on potentials of the processes of reduction and oxidation of perrhenate ions from 
potassium nitrate gave following results: reduction peaks shifted from -0.35 to -0.55 V, and multi 
peaks of oxidation appeared which were not noticeable without citric acid. It was shown that 
citric acid has inhibitory effect on reduction and oxidation of perrhenate ions. It is shown that 
the electrochemical reduction of perrhenate ions leads to the formation of rhenium dioxide in 
different forms.
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Циклді вольтамперометриялық әдіс арқылы графит электродындағы лимон қышқылы 
қатысында әртүрлі екі калий нитраты, натрий сульфаты фонды электролиттеріндегі 
перранат иондарының тотығу-тотықсыздану процесі зерттелінді. Тұнған қабаттың 
анодтық және катодтық потенциалдары анықталды. Электролиз процесінен кейін тұнған 
қабаттың морфологиясы мен құрамы СЭМ және РФА арқылы зерттелді. Натрий сульфаты 
электролитінен тұнған тұнба біркелкі тұнған жоқ, тұнбаның құрамында Re құрамы 
60,83-65,5% болды, калий нитраты электролитінде тұнған тұнба тығызырақ болды, және  
құрамында Re 80,94-82,52% болды, никель сульфаты мен лимон қышқылы қатысында 
құйма түзілді, құрамы 80,94-82,52% Re, 14,10-11,83% Ni, 4,96-5,66% қоспадан тұратыны 
рентген әдісімен дәлелденді. Натрий сульфаты электролитінде лимон қышқылының 
мөлшері артуымен токтың тығыздығы төмендеді, ал катод аймағында перенат ионының 
тотықсыздану потенциалы өзгеріссіз қалды, бірақ тотығу потенциалы 0,25 В-тан 0,35 В-қа 
және 0,5 В-тан 0,6 В-қа ығысты. Лимон қышқылының калий нитраты электролитінен 
перренат иондарының тотықсыздану және тотығу потенциалдарына әсері келесі 
нәтижелер берді: тотықсыздану шыңдары -0,35 В-тен -5,5 В-қа дейін ауысты және лимон 
қышқылы қатысынсыз байқалмаған бірнеше мульти тотығу шыңдары пайда болды. Лимон 
қышқылының перренат иондарының тотықсыздануы мен тотығуына ингибиторлық әсері 
бар екендігі көрсетілді. Перранат иондарының электрохимиялық тотықсыздануы ренийдің 
әртүрлі формадағы оксидтер түзілуіне алып келеді.

Түйін сөздер: перранат иондары; электртұндыру; рений; циклдық вольтамперометрия; 
электролиз.
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Процессы, связанные с электроосаждением перренат ионов, были изучены в двух 
разных фоновых электролитах: нитрат калия, сульфат натрия в присутствии лимонной 
кислоты на графитовом электроде методом циклической вольтамперометрии. Были 
определены анодные и катодные потенциалы осажденной пленки. После процесса 
электролиза морфология и состав полученного осажденного слоя были исследованы 
методами СЭМ и РФА. Полученная пленка из фонового электролита сульфата натрия была 
неоднородной, и содержание рения составило 60,83-65,50%, в случае электролита нитрата 
калия осажденная пленка была более плотной, и содержание Re составляло 80,94-82,52%, в 
присутствии сульфата никеля и лимонной кислоты образовавшийся сплав имел следующий 
состав: Re – 80,94-82,52%, Ni – 14,10-11,83% и 4,96-5,66% примесей, что было подтверждено 
методом РФА. С добавлением лимонной кислоты в фоновый электролит сульфата натрия 
плотность тока уменьшалась, и в катодной области потенциал восстановления ионов 
перрената оставался тем же, но потенциалы окисления были смещены с 0,25 В до 0,35  В 
и с 0,5 В до 0,6 В. Наличие лимонной кислоты в электролите (нитрат калия) повлияло 
на потенциалы процессов восстановления и окисления перренатных ионов: пики 
восстановления сместились с -0,35 В до -0,55 В, и появились мульти пики окисления, которые 
не были заметны без лимонной кислоты. Было показано, что лимонная кислота оказывает 
ингибирующее действие на восстановление и окисление перренат ионов. Показано, что 
электрохимическое восстановление перренат ионов приводит к образованию оксида 
рения в различных формах.

Ключевые слова: перренат ионы; электроосаждение; рений; циклическая 
вольтамперометрия; электролиз.
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1. Introduction

Rhenium is one of the rare metals in our Earth crust. This 
metal is in high demand because of its unique properties. World 
rhenium reserves are contained mostly in molybdenum copper 
deposits [1]. This rare metal is found as the alluvial deposits of 
copper in our country. The Zhezkazganredmet is the state 
owned producers of rhenium in our homeland [2]. Kazakhstan is 
an exporter of ammonium perrhenate to other countries. Price 
of pure rhenium is much higher in comparison with its 
compounds [3]. Hence, our country needs to develop the 
methods of producing pure metallic rhenium, which would be 
more advantageous to the economy of our country. 

Application areas of rhenium and its compounds are 
developing in recent decades. They are used in different fields 
as contact points, metallic coatings, heating elements, x-ray 
tubes, and catalysts etc., [4]. Rhenium alloys are mostly used in 
rocket industry for parts of missiles as such alloys have high 
melting point, resistant to corrosion and light [5]. Rhenium 
catalyst replaced many other previously used catalysts in 
refinery plants. In order to obtain gasoline which free from lead 
a catalyst made from rhenium compounds are used [3]. During 
last decades researchers have high interest in investigating of 
biosensors made from different electrodes. The choice of 
electrode material and its modification is becoming popular 
topic because it can be used as sensors. Modification of 
electrode surface with different polymers to get precise signal 
from analyte is under the investigation. Therefore, rhenium also 
is a good candidate to be used as transducers in making sensors 
as it has catalytic properties [6]. 

Rhenium based films can be deposited using chemical or 
physical gas phase condensation method known as CVD 
(chemical vapor deposition) and PVD (physical vapor deposition) 
or by other methods like electron beam physical vapor 

deposition (EB-PVD), powder metallurgy (PM). The drawbacks 
of using the above-mentioned methods are the difficulties of 
obtaining uniform coatings and not usual possible to deposit 
multilayer films and composites. Additionally, they are 
technically complicated and consume a lot energy to maintain 
high condensing temperature [7]. Not to mention that these 
methods need to maintain vacuum and high temperature inside 
device. Hence, it is not effective economically to use expensive 
devices to obtain metallic coatings. 

It is very important to choose the optimal condition for 
electrolysis including the electrolyte composition. Nowadays 
the different type of background electrolyte exist. One of them 
is the using of citrate electrolyte at deposition of metals and 
metal alloys. Citrate based electrolytes have been used at 
electrodeposition of copper [8], nickel [9], gold [10], zinc [11] 
and Fe-W [12], Fe-Mo [13], Ni-W [14] other alloys. The citrate 
electrolyte has properties as buffering, brightening, complexing 
agent and as facilitator of codeposition. The reduction process 
of alloy takes place at more negative potentials as a result of the 
formation of metal complexes with citrate [14]. It was revealed 
that the addition of citric acid into the bath led to the deposited 
nickel grain size decrease [15]. Codeposited Re-Ni alloy from the 
KReO4 in a citrate electrolyte bath had a monocrystalline 
structure [16]. Investigation of plating gold from citrate and 
phosphate electrolytes showed that the microhardness of gold 
film coated from citrate electrolyte was higher than from 
phosphate electrolyte [10]. Aqueous citrate based electrolyte 
as it is nontoxic, provides stable pH (4-6) and forms strong 
complexes with Zn ions which are widely used at deposition of 
this metal and its alloys [11]. Co-Mo-Re ternary alloy was 
codeposited from citrate electrolyte with good quality at 
pH=6.3 and 3.5 with current efficiency 20.3-84.5% and 47% 
with alloy content Co35.5Mo4.1 Re60.4÷Co10.8Mo36.3Re36.3 and Co41.0 

Mo29.5 Re29.5 [17]. 
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The electrochemical deposition of rhenium and alloys 
from an aqueous solution is convenient and promising 
alternative method. Electrochemical method of metal 
deposition has comparatively more advantages than CVD and 
PVD. Nevertheless, here in this method there are its own 
drawbacks that need to be studied in order to eliminate them. 
Hindering factor in electrodeposition process off perrhenate 
ions is hydrogen over potential in case of aqueous solvent. 
Electroreduction potential of rhenium near to the 
electroreduction potential of hydrogen atoms [18]. Reduction 
of rhenium from aqueous electrolytes has its drawbacks. It goes 
with presence of hydrogen overvoltage process [19]. 
Consequently, it decreases efficiency of deposition by 
interfering into uniformity of deposited film on electrode 
surface. Therefore, it is important to optimize the 
electrodeposition process of perrhenate ions. 

The purpose of [20] has been to study the influence of 
electrolyte pH and it has been reported that the 
electrodeposition of rhenium occurs better in an acidic 
environment than an alkali solution. Electrodeposition process 
of rhenium reduction from acidic and alkali environment has 
also been extensively investigated by Mendez.E [19]  research 
group. Rhenium oxides activates hydrogen evolution reaction. 
Alejandro Vargas Uscategui research group investigated 
reduction of rhenium oxide from alkaline aqueous electrolyte 
into indium tin doped oxide by pulsed current deposition and 
rhenium oxide catalytic effect towards hydrogen evolution 
reaction [21]. It was reported that high acidic environment and 
low concentration of perrhenate ions leads to the formation of 
metallic Re with probable reduction process: ReO4

-→ReO3 
→Re3+ →Re0. Reversely, if concentration of ReO4

- is high it is 
inclined into the formation of ReO2, with following process: 
ReO4

-→ReO3 → ReO2,ReO3 which enhance HER reaction [22]. Q. 
Huang research group tested the water in salt electrolyte at 
depositing of rhenium. Here a high concentration of lithium 
chloride was used that significantly improved the morphology 
of Re deposit and the HER was suppressed [23].

In summary the various sediment are formed at 
elctrodeposition of perrhenate ions in diverse solutions but 
optimum condition and theory of analysis of reduction and 
oxidation process have not reached an agreement yet. A survey 
of literature indicates that electrodeposition of rhenium from 
perrhenate ions in citrate bath have not been done. The 
electrodeposition of rhenium alloys from citrate bath is not 
enough studied. Thus, the aim of this research work is to 
investigate the electrodeposition process of perrhenate ions 
from the KNO3 and Na2SO4 background electrolytes in the 
presence of citric acid. 

2. Methods of investigation 

The investigation was done using cyclic voltammetry 
method, electrolysis, X-ray method, scanning electron 
microscopy method. CV measurement was done on 797 VA 
Computrace voltammetry techniques. Electrochemical cell of 

voltammetry consists of three electrodes: working electrode, 
reference electrode, and auxiliary electrode. The graphite 
electrode was used as working electrode; the saturated silver 
chloride was used as reference electrode; platinum electrode 
material was as auxiliary electrode. Before each experiment, 
glassy carbon electrode surface was polished with figure eight 
motion on a polishing pad [24]. After mechanical cleaning on 
polishing pad the surface of electrode was treated with 0.1M 
HNO3 solution, afterwards with 0.1M NaOH solution and then 
was rinsed with distilled water in order to avoid any surface 
contamination. CV measurement parameters were kept 
constant in all experiments. Conditions of cycles: start potential 
was -0.050 (V), end potential was 2.000 (V); Hydrodynamic 
(measurement): cleaning potential was 0.800 (V), cleaning time 
was 60 (s), deposition potential was -0.600 (V), deposition time 
was 60 (s), equilibration time was 5.000 (s). Sweep: start 
potential was -0.050 (V), first vertex potential was -0.900 (V), 
second vertex potential was 0.900 (V), voltage step 0.009 (V), 
sweep rate 0.1 V/s.

The x-ray spectrum identification of elemental composition 
on surface of electrode and SEM analysis were done on The 
Energy-dispersed INCA Energy spectrometer from Oxford 
Instruments (England), located in the electro-probe micro 
analyzer with the brand “Superprobe 733”. (U=25 кV, I=25 mА). 
During the electrolysis process, the electrolyte solution was 
stirred with magnetic stirrer whose basic brand is IKA RET to 
ensure liquid samples are homogeneous in consistency and 
temperature. Electrolysis process was carried out during  
30 min. The potential of electrolysis was 30 mV. 

In electrolysis, the graphite was used as cathode material, 
while platinum was used as anode. Before every electrolysis 
process the electrode surface was degreased, cleaned, and 
rinsed with distilled water, then after dried electrodes was 
weighed on analytical balances. Electrolysis cell, voltammetry, 
ammeter, rheostats are main parts of the electrolytic device. 
The voltage maintained during electrolysis was 0.26 V. 

The reagents used at investigating: Na2SO4, KNO3 were 
used with the constant concentration of 0.1 M. The concentration 
of depolarizer NH4ReO4 under study was constant 0.001 M. The 
concentration of nickel sulfate NiSO4 was 0.001 M. The citric 
acid C6H8O7 used with concentrations between 0.1-0.001 M. All 
reagents were of analytical grade. All solutions were prepared 
in accordance to the standard and was stored according to the 
standard. 

2.1 Electrolysis of ammonium perrhenate
Electrolysis process was conducted with graphite 

electrode as cathode and platinum electrode as anode. The 
electrolysis time was 30 min. After CV results electrolysis of 
above described 3 experiments were investigated. 

Experiment 1: Background electrolyte Na2SO4 (0.1 M)  
20 ml, NH4ReO4 (0.001 M) 10 ml, citric acid (0.01 M) 10 ml.

Experiment 2: Background electrolyte KNO3 (0.1 M) 20 ml, 
NH4ReO4 (0.001 M) 10 ml, citric acid (0.01 M) 10 ml.

Experiment 3: Background electrolyte Na2SO4 (0.1 M) 20 ml, 
NH4ReO4 (0.01 M) 10 ml, nickel and citric ions (0.01 M) 10ml.
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Reduction process of perrhenate ions were conducted in 
presence of complexing agent citric acid at 3 different 
background electrolytes. The electrolysis time was about 30 
minute. After electrolysis the different types of films were 
obtained depending on background electrolyte. Before 
electrolysis each electrode mass were weighed and values were 
written. After electrolysis they were weighed again in order to 
find mass difference. 

3. Results and Discussion 

3.1 Reduction and oxidation of perrhenate ions in the 
presence of citric acid in background sodium sulfate electrolyte

Sodium sulfate electrolyte was taken as background 
electrolyte, whereas citric acid was added as complexing agent 
in the redox process of perrhenate ions from aqueous solution. 
In order to investigate the influence of citric acid at first 
experiment, the volume of citric acid was varied and 
concentration of perrhenate ions and background sulfate 
electrolyte were kept constant. 

As it can be seen from the voltammograms (Figures 1,2), 
the reduction potential of perrhenate ions corresponds to -0.5 
V, notably this peak appeared when volume of citric acid was 8 
ml and perrhenate ions volume was 10 ml. In presence of citric 
acid perrhenate ions oxidized between 0.35-0.6 V potentials. In 
oxidation curve of perrhenate ions multi peaks in potentials 
about 0.25-0.3V and 0.55-0.6V were observed. They give the 
indication according literature reviews the different oxidation 
state of rhenium, or correspond to the different oxides of 
rhenium. Relying on information from literature review the 
rhenium oxidizes in the form of different oxides in following 
potentials [20]:

             ReO4
- +2H++e-=ReO3+H2O; E=+0.77В                               (1.1)

               ReO3+2H++2e-=ReO2+H2O; E=+0.4В                                  (1.2)
              ReO2+4H++4e-=Re+2H2O; E=+0.26В                                 (1.3)

According to works of Noar and Eliaz it was found that 
citric acid and perrhenate form complex [ReO4H2Cit]2- [25]. 
Perrhenate ion is an anion, so it has a negative charge, and 
cathode also has a negative charge. In order to reduce 
perrhenate ions into rhenium some energy requires to 
overcome repulsion force between cathode and perrhenate 
ions. It is an additional hindering factor to reduce rhenium. It 
can be predicted that in anodic potential formed complex ions 
due to strong electrostatic forces can be adsorbed on surface of 
electrode and oxidize easily. 0.35 V potential matches with 
oxidation potential of ReO4

-/Re0. By analyzing the graphs, it can 
be observed that with increasing of citric acid concentration the 
anodic peaks decreased, accordingly the value of current is 
decreased.

In the second experiment, potassium nitrate was chosen 
as second background electrolyte. Concentration of potassium 
nitrate and perrhenate ions concentration were constant as in 
previous first experiment.  

Figure 1 – The reduction polarization curve of 0,001 М 
ammonium perrhenate (NH4ReO4 ) in the presence of 0.001 M 
citric acid on the graphite electrode in background solution of 

0.1M Na2SO4

Figure 2 – The oxidation polarization curve of 0,001М 
ammonium perrhenate (NH4ReO4 ) in the presence of 0.001 M 
citric acid on the graphite electrode in background solution of 

0.1 M Na2SO4

The reduction potential of perrhenate ions was moved 
towards cathodic area when increasing concentration of citric 
acid in electrolyte from -0,35 V to -0,55 V (Figure 3). One weak 
peak in potential around 0.35 V was observed in anodic area in 
KNO3 electrolyte without presence of citric acid. As it is seen 
from Figure 4 the multi anodic peaks at 0.35 V, 0.6 V, 0.7 V 
appeared at adding of citrate ions into electrolyte. The first 
peak might be the peak of phase sedimentation on surface of 
graphite electrode. The next peaks might be the peaks of 
adsorptions and oxidations. The initial peak of oxidation was 
shifted from 0.3 V to 0.35 V of anodic area. In the next oxidation, 
the peaks were not noticeable in oxidation potential. It was 
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Figure 3 – Polarization reduction curves of 10 ml 0.001 M of 
perrhenate ions in the presence of 0.001 М citric acid in 0.1 M 

KNO3 background solution

Figure 4 – Polarization oxidation curves of 10 ml of 0.001M 
perrhenate ions in the presence of 0.001 М citric acid in 0.1M 

KNO3 background solution

predicted that they might indicate the oxidation potentials of 
following compounds ReO4

-/Re0, +36 V, ReO4
-/ReO2+0.594 V, 

ReO4
-/ReO+0.77 V.
The following solutions were taken for further 

investigation: Na2SO4 (0.1 M) 10 ml, Н2SO4 (0.1 M) 10 ml, 
NH4ReO4 (0.001 M) 10 ml, nickel and citrate ions’ volume ratio 
at 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 1:9. As it is observed (Figure 
5), the reduction process was around at -0.45V potential.

The alloy of nickel and rhenium is reduced on the surface 
of electrode. From Figure 6 two anodic dissolution processes 
were noticed, first one corresponds to 0.45 V potential, second 
– to 0.65 V potential. They confirm that the first peak is the peak 
of nickel oxidation; the second one corresponds to the rhenium 
oxidation process.

The reaction of these processes explained in following 
way as given below. According to investigation of Noar [25] 
during adsorption process of nickel on surface of electrode 
occur intermediate space, which create proper condition to 
reduction process of perrhenate ions until metallic form.

                                [Ni(Cit)2]4- = Ni2+ + 2Cit3-                                                      (1.4)
                                       Ni2+ + 2e  = Ni0                                                                        (1.5)
                                 2Hcit2- + 2e = H2 + 2Cit3-                                (1.6)
                                  H2Cit- + 2e = H2 + Cit3-                                                            (1.7)

7Ni0 + 2(ReO4H2Cit)2- + 16H+ =7 Ni2+ + 2Re0 + 8H2O +  
                                                + 2H2Cit-                                              (1.8)

Figure 5 – Polarization reduction curves of 0.001 perrhanate 
ions in the presence of 0,001М nickel sulfate and citric acid in 

different ratio of NiSO4:C6H7O8

Figure 6 – Polarization oxidation curves of 0.001 M perrhenate 
ions in the presence of 0.001 М nickel sulfate and citric acid in 

the different ratio of NiSO4:C6H7O8
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3.2 Results obtained from X-ray analysis
X-ray analysis spectra of deposited film was carried out. 

Rhenium deposition from Na2SO4 and KNO3 in the presence of 
citric acid were about 60.83-65.5 and 92.92-93.65 % respectively 
(Table 1). According to X-ray analysis, codeposited nickel and 
rhenium alloy content found to be about 80.94-82.52 % rhenium 
and about 14.10-11.83 % of nickel with impurities of 4.96-5.66 %. 

Appearance of obtained films after electrolysis was 
different. In the first experiment, the color of coated film was 
between grey and black. In the second experiment, the film 
color was black, in the third – it was shiny yellow. The film 
obtained in the third experiment proved the reduction of the 

alloy, as the color of the film became shiny. The further 
investigation of the obtained film by SEM and EDS methods has 
been shown in Table 2. It should be noticed, in the first 
experiment in sodium sulfate background electrolyte deposited 
film was not uniform. In case of the second experiment, the 
deposited film in potassium electrolyte was more densely 
located comparing with the first experiment. Nevertheless, 
there are still empty places between deposited particles. 
According to the third experiment, it can be concluded that the 
alloy has very high density, therefore, in Table 3 it cannot be 
seen as porous film.

Table 1  –  X-ray data and deposited film mass after electrolysis

                                Content
Experiment

Re, % Ni, % Other impurities, % Deposited RexOy and ReNi 
after electrolysis, (∆m), g

Na2SO4, C6H7O8

KNO3, C6H7O8 

Na2SO4, NiSO4, C6H7O8

60.83-65.5
92.92-93.65
80.94-82.52 14.10-11.83

37.51-25.54
7.08-6.35
4.96-5.66

0.0008
0.0009
0.0018

Table 2 – The appearance of graphite electrodes after electrolysis in the presence of depolarizer NH4ReO4 in following supporting 
electrolytes

Na2SO4 and citrate bath KNO3 and citrate bath Na2SO4, citrate and NiSO4
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Table 3 – SEM and EDS pictures of obtained films after electrolysis in the presence of depolarizer NH4ReO4 in following supporting 
electrolytes:

20um, EDS
Na2SO4 and citrate bath

30000x, SEM
KNO3 and citrate bath

5000x, SEM
Na2SO4, citrate and NiSO4

4. Conclusion

The deposition of rhenium in the presence of citric acid 
using KNO3, Na2SO4 background electrolytes on graphite 
electrode was studied. The recovery and oxidation potentials of 
rhenium in these electrolytes were determined using cyclic 
voltammetry. The content and morphology of deposited film on 
electrode was identified by using X-ray method and SEM 
method. Deposited film in the background electrolyte of sodium 
sulfate was non-uniform. It was observed that the reduction 
potential of perrhenate ions from Na2SO4 in the presence of 
citric acid was not experienced potential shift, but current 
density decrease was observed. In oxidation area with addition 
of citric acid into the cell shift of the initial fist peak from 0.25V 
to 0.35V potential and from 0.5V to 0.6V potential was detected 
by indicating inhibitor effect of citric acid. In case of KNO3 

background electrolyte the addition of citric acid into the 
system shifted reduction potential of perrhenate ions from 

-0.35V to -0.55V showing also inhibitory effect of citric acid into 
reduction potential. In the oxidation potentials multi peaks 
appeared by addition of citric acid which was not detected from 
KNO3 without citric acid. The film was deposited more dense 
with more rhenium content from the potassium nitrate than 
from sodium sulfate electrolyte in the range 92.92-93.65 and 
60.83-65.5 respectively.  In presence of nickel sulfate and citric 
acid the yield of deposited alloy contained 80.94-82.52 % 
rhenium and about 14.10-11.83 % of nickel with impurities 
4.96-5.66% which was confirmed by X-Ray analysis. Reduction 
potential corresponded to -0.5V. Two oxidation peaks was 
detected at 0.45V and 0.65V.
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