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Abstract  

Nowadays NH3 is exclusively synthesized by the Haber process. Unfortunately, the energy 

demand and the CO2 emissions due to H2 production are high. Hydrogen production utilizes 

precious carbon sources such as coal and natural gas. In the past we proposed an 

alternative process concept using a membrane electrode assembly in an electrochemical 

membrane reactor (ecMR). At the anode H2O is oxidized at an IrMMO catalyst to form 

protons. By applying an external potential to the ecMR N2 is reduced to NH3 at the cathode. 

Just recently Rh and Ru were identified as possible cathodic electrocatalysts by DFT 

calculations. We present an easy and highly efficient method for galvanic coatings of Rh and 

Ru on randomly structured Ti felts to be used in a membrane electrode assembly. Linear 

sweep voltammetry measurements give a slightly higher activity of Ru for the liquid phase 

electrochemical NH3 synthesis. The reached NH4
+ concentration is 8 times higher for Ru than 

for Rh. From an economical point of view, Ru is also more feasible for an electrochemical 

NH3 synthesis process. Such electrodes can now be evaluated in an ecMR in comparison to 

recently demonstrated Ti-based electrodes. 
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1. Introduction 

Ammonia is one of the most important chemicals for the today`s population worldwide. 

Around 80% of the produced NH3 are used as fertilizers.1 Large-scale manufacturing of NH3 

is carried out by the Haber-Bosch process, which suffers from two disadvantages. The 

process is operated at 150 - 200 bars and 400 - 500°C and around 2 tons CO2 are emitted 

per ton produced NH3 using natural gas for the production of H2 
2. Additionally, the Haber-

Bosch process is one of the most energy intensive industrial processes contributing 1 - 3% to 

the global energy demand3. Large-scale NH3 synthesis mainly uses a promoted Fe3O4 

catalyst. A Ru based catalyst would be more favorable due to its higher catalytic activity. 

However, the raw material price is too high for a large-scale application and Ru is poisoned 

by H2.
4,5 

To overcome the disadvantages of the Haber-Bosch process a more sustainable and 

potentially cost saving alternative for NH3 synthesis is desirable. One potential alternative is 

the application of an electrochemical membrane reactor (ecMR) at ambient conditions 6. The 

core of this reactor is a membrane electrode assembly (MEA), which consists of a polymer 

proton exchange membrane (PEM) and two metal electrodes pressed into the PEM from 

both sides. Electrical energy, e.g. from renewable energy sources such as wind or solar 

power, is used as driving force for the chemical reactions taking place at the MEA. Just 

recently Skúlason et al. identified theoretically possible transition metal catalysts for the 

electrochemical NH3 synthesis. Their work gives Fe, Rh and Ru as metals with the highest 

activity.7 While Fe is easily accessible in different modifications such as solid plates, powders 

or felts, Rh and Ru are too expensive to use bulk materials for the manufacturing of 

electrodes. For an efficient synthesis of NH3 in the ecMR, a high catalytic surface area at the 

anode and the cathode is required.  

 

Randomly structured metal felts with certain porosity and high specific surface area are used 

as electrodes in the ecMR8. These metal felts are either directly prepared out of the catalytic 

material, e.g. Fe, or thin coatings in the range of 1 µm of the desired metals, e.g. Rh and Ru 
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have to be applied on a proper support material. The support material has to withstand 

severe conditions, such as corrosion based on the applied direct current or formed anodic 

O2, acidic conditions due to the applied H+ modified PEM and temperatures up to 120°C9. A 

suitable support material is Ti. In air, a thin around 10 nm thick corrosion resistant TiO2 layer 

is formed. Unfortunately TiO2 has a lower conductivity compared to pure Ti and the surface is 

quite smooth. For a successful coating the TiO2 layer has to be removed prior to the coating 

process by etching with hot concentrated HCl.10  

In a wide variety of industrial processes such as electronics or the automotive industry 

electroplating is a key method for preparing thin metal layers. Even though there are many 

alternatives such as chemical vapor deposition, electroless deposition and atomic layer 

deposition, electroplating is used nevertheless due to its easy handling and economic 

aspects. 11 Electroplating on flat Ti surfaces such as discs 12 or foils 13 is a known technique 

for preparing thin catalyst layers on a corrosion resistant support material. Allen et al. even 

deposited Pt-based electrocatalysts on regular structured Ti expanded metal meshes by 

electroplating 14. However, to the best of our knowledge no research has been reported so 

far on electroplating on randomly structured Ti felts. This paper aims to give an easy and 

highly efficient method for galvanic coatings of Rh and Ru on randomly structured Ti felts. 

Based on polarization curves, the influence of the applied charge, i.e. the applied current and 

plating time, on the deposition process is investigated. First activity measurements with the 

coated electrodes are presented and an economical estimation is given, whether Rh or Ru is 

more feasible for an electrochemical NH3 synthesis process using an ecMR.  

 

2. Electroplating and parameters 

During electroplating of metals solid deposits are formed based on chemical reactions 

occurring at the surface of conductive materials. The electron charge transfer takes place 

between the cathode and a metal ion dissolved in an electrolyte.15 Depending on the use of a 

soluble or passive anode the concentration of the dissolved metal ions stays constant or 

decreases in time. For the coating of Rh or Ru a passive anode, e.g. a platinized Ti electrode 
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is used and the electrolyte has to be replaced or refreshed from time to time for constant 

plating conditions. Since no oxidation of the anode material occurs, dissolved components of 

the electrolyte, e.g. SO4
2- ions have to be oxidized.  

The main objective of electroplating is to form regular deposits of the desired metal on the 

support material. Several parameters such as agitation of the electrolyte, temperature, 

concentration, pH and composition of the electrolyte and the applied current density 

influence the coating quality and properties.11 Agitation of the plating bath prevents 

concentration polarization and gradients in the electrolyte. Depletion of metal ions and 

formation of pin holes close to the cathode surface are avoided. The morphological structure 

of deposits is influenced as well. To some extent coarser deposits can be formed and 

impurities can get embedded.16,17 Controlling the temperature is crucial for high quality 

electroplating. In a temperature interval of 5°C around the optimum plating temperature high 

quality coatings are achieved and sufficient plating rates are accessible. In general a higher 

temperature leads to a higher plating rate.17 The composition of the electrolyte affects the 

appearance of the coating as well. For Cu coatings it is well known that the addition of Cl- 

ions leads to a smoother surface with smaller grain size18 and the coating patterns are 

spherical19. Sulfuric acid is often used as basic solvent for plating baths due to its good 

conductivity. The coating properties are more affected by the concentration of H2SO4 than by 

the metal ion concentration. Rh coatings can tend to build micro-cracks if the acid 

concentration is too high20. During electroplating sulfate ions undergo a cyclic process. In 

diluted H2SO4 the sulfate ions SO4
2- get oxidized at the anode to SO4

-. These SO4
- ions react 

with H2O to HSO4
- and O2. The HSO4

- ions dissociate again to SO4
2- and H+. Finally, these H+ 

react at the cathode to form H2. In total, one H2O molecule is oxidized, while two SO4
2- ions 

act as catalyst for the cyclic electrolysis process. Finally, the applied current density has to 

be matched to the applied temperature and to the electrolyte composition by measuring 

polarization curves. A low current density will result in a low coating rate and defects in the 

support material will eventually not be coated at all. Furthermore the deposits contain more 

impurities and residual stress and changing material properties are the consequences. At 
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high current densities rough deposits are formed. However, with increasing coating thickness 

the surface gets smoother. Additionally a high current density does not automatically 

increase the plating rate, but burned coatings can be formed. At high current densities not 

only the desired metal ions are reduced, but also H2 is formed. The formed H2 can creep 

underneath a coating layer causing delamination.11,16 Not only the magnitude of the applied 

current density is important, but also the current distribution on the electrode surface. Metal 

ions will not deposit evenly over a large surface, but rather will emerge at preferential 

domains. The surface of planar support materials develops a certain roughness. There are 

spots which are closer to the counter electrode, resulting in a localized higher current 

density. Both, the preferred spots and the localized higher current density, lead to a 

heterogeneous distribution of the coating on the plating target. A homogeneous electric field 

parallel to the plating target can support an equal current distribution.17 Controlling the 

current density and the current distribution on the electrode surface is crucial for high quality 

plating results. Considering the nature of randomly structured support materials like the 

meshes used in this study, obviously the distribution of the coating will be influenced by the 

heterogeneous distribution of the current. 

The mentioned parameters influence the shape and position of the polarization curve 

measured for a particular electrolyte. A typical polarization curve can be divided in four parts 

depending on varying rate limiting factors21,22.  

(a) The first part corresponds to the activation or transfer polarization. The applied potential 

leads to dissociation and ionization of the desired metal. With increasing potential the 

resulting current density stays close to zero and the process is determined by the kinetics of 

the electrode reactions. The rate limiting step is the transfer of metal ions through the 

electrode electrolyte interface. 

(b) The second part corresponds to the concentration polarization domain. The applied 

potential mainly leads to the deposition of metal ions. The number of discharged and 

deposited ions is rising and the current density and the diffusion rate are increasing as well. 

The rate limiting step is the depletion of metal ions close to the cathode surface. However, 
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diffusion limitation increasingly hampers the supply of ions out of the bulk of the solution 

through the Nernst layer towards the electrode surface. 

(c) The third part corresponds to the domain of the limiting current. The current density stays 

constant at the value of the limiting current density and the ion concentration at the surface 

has reached a value close to zero. The rate limiting step is the diffusion of metal ions. 

(d) The fourth part corresponds to the post limiting region. An additional reaction such as co-

deposition or H2 evolution takes place to further increase the current density. The pH 

increases at the cathode and metal hydroxides can be incorporated into the metal deposit17. 

The current efficiency decreases and the plating appearance will be rough22. 

By choosing current densities which lie within the second part of the polarization curve, the 

best plating results should be achieved. 

 

3. Electroplating of Rhodium and Ruthenium 

Electroplating of platinum group metals such as Rh and Ru is relevant for high temperature 

corrosion protection, low resistance contacts and for preparing thin catalyst layers. Rh and 

Ru catalysts are particular interesting for electrochemical processes such as the 

electrochemical NH3 synthesis or the oxidation of H2O to produce H2. However, the raw 

material prices are high and thin electrodeposited catalyst layers are desirable. 

 

3.1 Rhodium  

Rhodium is an ideal metal for electrical applications, finishes on scientific and surgical 

instruments and as contact material in radio frequency circuits since there is no oxide layer 

present on Rh at ambient conditions.23 Furthermore deposits of Rh are hard, show low 

abrasion and are corrosion resistant. According to the volcano plot presented by Skúlason et 

al.7 the catalytic activity of Rh and Ru for the electrochemical NH3 synthesis is comparable. 

However, Rh is around 17 times more expensive than Ru (see also Table 5)24.  

As early as 1842, H.B. Leeson filed a patent, which announced the possibility of 

electroplating of Rh25. Only 50 years later, July and Leidiè and parallel to them E.F. Smith 
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tried to electrodeposit Rh for the first time. July and Leidiè found that Rh can not only be 

deposited from RhCl2 but also from Rh2(SO4)3 electrolytes. In 1912 Marino filed a patent for a 

RhCl2 based electrolyte.26 However, for technical purposes Rh is usually electrodeposited 

from sulfate, phosphate or sulfate-phosphate electrolytes today27. 

For Rh coatings, the surface pretreatment is important, since the electrodeposited material 

shows poor adhesion to the substrate. Cracks in or spalling of the deposit may occur, which 

is more likely for thick coatings. With rising temperature the tendency for cracking is 

increasing as well. However, cracks in the deposit can be avoided by electroplating at room 

temperature23. Contrary, the current efficiency increases with temperature, but decreases 

with decreasing current density.23,28 Typically Rh is electrodeposited from sulfate electrolytes 

at the following conditions listed in Table 1. 

Table 1: Optimal parameters for the electrochemical deposition of Rh  

Parameter value reference 

pH < 1 29 

temperature [°C] 35 -45 30 

Rh concentration [g/l] < 4 26 

current density [A/dm²] 1 - 11 30 

 

Electrodeposition of Rh is widely applied on different substrate materials for several 

applications. Brylev and his co-workers intensively worked on the electrodeposition of Rh on 

pyrolytic graphite electrodes for the reduction of nitrate and nitrite31–33. Several works have 

been published on the electrodeposition of Rh on Pt electrodes and Pt and Au single-crystals 

to investigate its electrochemical and electrocatalytic properties, e.g. the adsorption capacity 

for CO and NO34–38. Quite recently, Rh was electrodeposited from ionic liquids by Jayakumar 

et al.39,40. There are also some works on electrodeposition of Rh on Ti substrates29,41,42, but to 

the best of our knowledge there are no reports available about electrodeposition of Rh on Ti 

felts. 
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3.2 Ruthenium 

Being much cheaper than Rh, Ru is even more interesting for the electrochemical NH3 

synthesis. Electrodeposited Ru is hard, has a high wear and arc resistance and shows good 

electrical conductivity43–46. Even at ambient conditions Ru quite readily forms a protective 

RuO2 layer. However, in contrast to TiO2, this oxide layer has the same conductivity as pure 

Ru45,47. 

Electrodeposition of Ru is a well investigated cheaper method for the preparation of electrical 

contacts instead of using Au or Rh46. In 1936 a patent by Zimmermann and Zschiegner 

announced the electrochemical deposition of Ru for the first time using various nitrosyl 

ruthenium complexes48. Only 20 years later Volterra was able to electrodeposit Ru on Ag for 

electrical contacts. However, the formation of toxic RuO4 at the anode was an undesired 

parallel reaction47,49,50. A detailed investigation of Ru electrolytes was carried out by Reid and 

Blake50. They used a ruthenium nitrosyl sulphamate plating solution which was derived from 

RuCl3, HNO3 and NaHCO3 with a valency of Ru of +3. The plating solution was difficult to be 

prepared reproducible and the reached current efficiencies were less than 20%. With 

increasing Ru content the current efficiencies got even lower and large scale Ru plating was 

impossible. In 1969 Reddy and Taimsalu51 presented a new plating electrolyte based on a 

well-defined Ru complex, referred to as RuNC. The core is a Ru-N-Ru bridge and the 

valency of Ru is +4. The reached current efficiencies strongly depend on the operation 

parameters and electrolyte properties. With increasing pH and temperature the current 

efficiency increases. Contrary with increasing Ru concentration and current density the 

current efficiency decreases. The best results were achieved at the following operation 

parameters (see table 2): 

Table 2: Optimal parameters for the electrochemical deposition of Ru
51

 

Parameter value 

pH 1.2 - 2.0 

temperature [°C] 65 - 85 

Ru concentration [g/l] < 12 

current density [A/dm²] 1 
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Parallel to the work of Reddy and Taimsalu, Bradford, Cleare and Middleton52 also performed 

experiments on Ru electroplating using the same Ru complex. Both groups found that the 

addition of NH4
+ to the electrolyte or the use of NH4

+ as counter ions of the Ru complex leads 

to the suppression of RuO4 evolution at the anode. 

Many studies have been carried out about electroplating of Ru on metal substrates with 

different goals to be achieved. Electrodeposited Ru or RuO2 can be used for 

supercapacitors53,54, corrosion protection of bipolar plates for polymer electrolyte membrane 

fuel cells55 or for the production of electrical contacts 44,45. Similar to Rh, also the 

electrochemical deposition of Ru from ionic liquids attracted more attention quite recently40,56–

58. Due to its corrosion resistance Ti is particularly interesting as support material for Ru 

coatings. Several works have been published about electroplating of Ru on planar Ti 

substrates59–62, but to the best of our knowledge similar to Rh there are no reports available 

about electrodeposition of Ru on Ti felts. 

 

4. Materials & methods 

4.1 Chemicals & Materials 

Commercial available Rh and Ru electrolytes (Wieland Edelmetalle GmbH) were used as 

received for the galvanic coating experiments. The Rh electrolyte consists of Rh2(SO4)3 

dissolved in H2SO4 with a Rh concentration of 2 g/l and a pH < 1. The optimal coating 

temperature is 20 – 30°C. The Ru electrolyte consists of a Ru complex 

(NH4)3[{RuCl4(H2O)}2(µ-N)] dissolved in H2SO4 with a Ru concentration of 5 g/l and a pH of 

1.2 – 1.8. The optimal coating temperature is 60 – 70°C. Randomly structured sintered Ti 

felts (ST Titanium 15/40, Bekaert Fibre Technologies) with an average fiber diameter of 

15 µm, a thickness of 100 µm and a porosity of 40% were used as plating targets. To remove 

greasy production residues, the Ti felts were pre-cleaned in an ultrasonic bath using an 

alkaline cleaning bath (Puro S, Wieland Edelmetalle GmbH) according to the manufacturer`s 

guidelines. 
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4.2 Pretreatment 

The pre-cleaned Ti felts were etched in 20 wt% HCl (ACS reagent, Sigma Aldrich) at 90°C 

for 4 min. Afterwards the etched Ti felts were electrolytic degreased for 1 min using a 

cyanide free degreasing solution (WILAPLAT ZFM, Wieland Edelmetalle GmbH) and two 

stainless steel anodes parallel to the Ti felt. Hydrogen is formed at the surface, in defects 

and in re-entrant angels and remaining micro contaminations are blasted off. A rough, micro 

cleaned well wettable surface is achieved. Both the Rh and the Ru electrolytes are strongly 

acid and corrosion on top of the plating target will occur. Since the surface of the Ti felts was 

etched prior to each experiment anyway, no protective thin Au or Ni layer from non-corrosive 

plating baths46 was electrodeposited prior to the actual coating experiments. 

 

4.3 BET surface measurements 

The used Ti felts are randomly structured, thus the specific surface area had to be 

determined to calculate the resulting current density for the coating experiments. The surface 

area was measured with a BET device (ASAP 2020, Micromeritics) using Kr as measuring 

gas. Prior to each measurement the Ti felts were pretreated at 80°C for 60 min under 

vacuum to desorb adsorbed molecules from the surface. The surface area was calculated 

using the BET-isotherm. Three samples of each 7 x 7 cm² were measured resulting in an 

average mass related surface area of 717 cm²/g with a maximum relative deviation of 0.42%. 

The average specific surface area is 19 m²/m². The Ti felts were not etched prior to the BET 

measurements. For the calculation of current densities the surface area of the pre-cleaned Ti 

felts was used. 

 

4.4 Electroplating: Experimental setup and conducted experiments 

The coating experiments were conducted in a glass beaker filled with 100 ml electrolyte. The 

Ru electrolyte was kept at constant temperature of 65°C, while the Rh electrolyte was used 

at 25°C. Both electrolytes were magnetic stirred at 100 rpm (RCT classic IKAMAG). A 

potentiostat / galvanostat (PGSTAT302N, Metrohm Autolab) was used as direct current 
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supply. The square plating target, connected to the working electrode of the potentiostat, had 

a size of 1.5 x 1.5 cm². At the anode platinized Ti expanded metal electrodes (Wieland 

Edelmetalle GmbH) were used as insoluble counter electrodes. To achieve homogeneous 

coating results, two counter electrodes were positioned parallel to the plating target. For 

polarization measurements an Ag/AgCl reference electrode (Metrohm Autolab) was applied. 

The duration of each experiment was dependent on the applied current density and the 

desired charge. To be comparable and for stable operation conditions the plating electrolytes 

were refreshed regularly. 

First both for Rh and Ru polarization curves were measured to identify proper current density 

regions for successful coatings. For four different chosen current densities varying plating 

times were calculated based on fixed charge numbers (see Table 3 and 4). Several sets of 

experiments were conducted to investigate the influence of the applied charge and plating 

time one the resulting coatings. The plating bath temperature, composition and pH value 

were not varied. 

The mass of the coating layer is proportional to the plating time. At constant current the 

transferred charge Q increases with increasing plating time. According to Faraday`s law the 

mass m of a deposited metal can be calculated as: 

� =
� ∗ �

� ∗ �
=
� ∗ � ∗ 	

� ∗ �
(1) 

where M is the molar mass of the desired metal, F is the Faraday constant equal to 

96485 C/mol and z the charge number of the metal ion.63 

 

4.5 Analysis of coatings 

After etching, the Ti samples were dried at 90°C for 20 min. Following to the coating step the 

samples were dried again at the same conditions to determine the mass increase. The mass 

increase was determined using an analytical balance (CPA225D, Sartorius) with an accuracy 

of 0.01 mg. The morphology and homogeneity of the resulting coatings were analyzed using 

a scanning electron microscope (S-3000N, Hitachi and DSM 982 Gemini with Field Emission 
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Gun, Zeiss) with an energy-dispersive spectrometer (Oxford Link ISIS with HPGe detector). 

To visualize the distribution and to analyze the elemental composition of the coatings on the 

surface, energy-dispersive X-ray spectroscopy (EDX) measurements were conducted. 

Furthermore XRD measurements were performed to determine the phase and crystal 

structure of the deposits. The measurements were done in a PANalytical Empyrean 

diffractometer at 40 kV and 40 mA. A Cu x-ray tube with a line source of 12 × 0.04 mm2 

provided CuKα radiation with λ = 0.1542 nm. The Kβ line was removed by a Ni filter. Source 

and detector moved in the vertical direction around a fixed horizontal sample. After passing a 

divergence slit of 1/8° and an anti-scatter slit of 1/4°, the beam reached the sample at the 

center of a phi-chi-z stage. In the Bragg-Bretano geometry used, the beam was refocused at 

a secondary divergence slit of 1/4°. Finally, the signal was recorded by a pixel detector with 

256 × 256 pixels of 55 µm as a function of the scattering angle 2θ. Subsequently, the peak 

positions were calculated from 
 =
��

�
=
��

�
����, in which 
 is the scattering vector. The 

detector was used in a scanning geometry that allowed all rows to be used simultaneously. 

To reduce the background, the divergent beam perpendicular to the scattering plane was 

controlled by a mask of 4 mm restricting the width of the beam at the sample position to 

about 10 mm. In addition, the perpendicular divergence was restricted by Soller slits to 

angles ≤ 2.3°. The scanning was conducted in a range of 2� = 30 − 90° with a step size of 

0.006°. Diffraction patterns were recorded at room temperature. The analysis of the recorded 

XRD spectra was conducted with the PANalytical software HighScore Software, Version 

3.0e. 

 

4.6 Linear sweep voltammetry: Experimental setup and conducted experiments 

Linear sweep voltammograms were recorded to determine the activity of the Rh and Ru 

coatings for the electrochemical NH3 synthesis. The experiments were conducted in a three-

electrode configuration in a closed single-compartment cell at 30°C. The cell was filled with 

190 ml of 0.5 M H2SO4 (AVS Titrinorm, VWR) as electrolyte. A potentiostat / galvanostat 

(PGSTAT302N, Metrohm Autolab) was used as direct current supply. The coated felts with a 
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size of 1.5 x 1.5 cm² were connected to the working electrode. At the anode a platinized Ti 

expanded metal electrode (Wieland Edelmetalle GmbH) was used as counter electrode and 

an Ag/AgCl electrode (Metrohm Autolab) was applied as reference electrode. Prior to each 

experiment the electrolyte was purged with an Ar/H2 mixture (5 Vol% H2) to remove dissolved 

gases. During this purging the working electrode was activated with several cyclic 

voltammetry runs at a scan rate of 50 mV/s. First three cycles starting at the open circuit 

potential (OCP) to -0.56 V vs. NHE were measured. Secondly three cycles from -0.56 V vs. 

NHE to - 1.36 V vs. NHE were performed. Thirdly ten cycles from -1.36 V vs. NHE to the 

OCP were measured. Finally a chronoamperometry at -0.26 V vs. NHE for 15 min was 

conducted to polarize the electrode. For the activity measurements for NH3 synthesis, the 

electrolyte was purged with a N2/H2 mixture (5 Vol% H2) for 20 min. The linear sweep 

voltammograms were performed from the OCP to -1.81 V vs. NHE with a sweep rate of 

5 mV/s. After the measurement a sample of the electrolyte was taken and the NH4
+ 

concentration was determined based on a variation of the Berthelot reaction published by 

Willis et al.64. 

         

5. Results 

5.1 Pretreatment of randomly structured Ti felts 

For successful coatings a rough surface with many re-entrant angles is necessary. Therefore 

the Ti felts were etched in 20 wt% HCl at 90°C for one to five minutes (see Figure 1) after the 

pre-cleaning step. With increasing etching time, more TiO2 gets removed and the surface 

gets more structured. The grain boundaries and the intergranular material are more affected 

by the acid than the grain`s surface itself. In the first three minutes mainly intergranular 

material is removed, whereas in the fourth and fifth minute additionally the grain surface is 

etched as well. After five minutes the single grains are visible, but the surface roughness has 

not increased significantly compared to the four minute sample. However, due to the deep 

intergranular gaps, the mechanical stability of the five minute sample is reduced noticeably. 
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The etching for four minutes is a compromise between the achieved surface roughness and 

the mechanical stability of the etched Ti felts.  

 

Figure 1: Etched Ti felts in 20 wt% HCl at 90°C for 1 to 5 min. 

 

5.2 Polarization curves for Rh and Ru 

Polarization curves for the electroplating of Rh and Ru onto the Ti felts were measured in a 

three-electrode setup. The working electrode potential was increased by 5 mV for Rh and by 
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50 mV for Ru every 45 seconds and the resulting current was measured. Figure 2 shows the 

polarization curves for Rh at 25°C and Ru at 65°C. 

 

Figure 2: Polarization curves for Rh at 25°C and Ru at 65°C 

For Rh the open circuit potential (OCP) is -39 mV and the resulting current density is -4 

mA/dm². Beginning at the offset potential of -165 mV the current density is steadily 

increasing. The resistance of the electrode electrolyte interface was overcome and Rh ions 

are deposited. At -245 mV the limiting current density of -40 mA/dm² is reached. However, 

the limiting current region for Rh is little developed only. At -250 mV and a current density of -

45 mA/dm² the post limiting region begins and H2 evolution is a possible undesired parallel 

reaction. Based on the measured polarization curve, four interesting current densities for the 

plating experiments were chosen and the corresponding plating times for charges between 3 

and 30 C were calculated (see Table 3).  

Table 3: Corresponding plating times in seconds for four chosen current densities and fixed charge numbers 
(each absolute values) for Rh 

plating time [s] current density [mA/dm²] 

charge [C] 12 24 48 96 

3 600 300 150 75 

6 1200 600 300 150 

15 3000 1500 750 375 

30 6000 3000 1500 750 
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The lower two current densities lie in the concentration polarization region of the polarization 

curve and optimal coating results should be achievable. The third current density is close to 

the starting point of the post limiting region and the fourth current density lies fully in the H2 

evolution region, meaning the coating quality should be reduced noticeable. In literature 

optimal current densities of 1 - 4 A/dm² were announced for simple geometries such as 

plates and wires23,29,41. However, the measured polarization curve clearly gives the optimal 

plating range at current densities below 0.1 A/dm². The lower current densities can be 

caused by the three dimensional structure of the Ti felts. The felts are quite dense and inner 

parts may not be coated by Rh at all, resulting in lower currents measured. 

Contrary to Rh, for Ru the OCP is +36 mV and the resulting current density is slightly positive 

being 0.03 mA/dm². At the offset potential of -314 mV the current density increases linearly. 

A limiting current density was not detectable in the investigated potential range. To make 

sure that the limiting current region was not overseen, measurements with potential changes 

of 5 mV and 0.5 mV every 45 seconds respectively were conducted as well. There were no 

differences in the polarization curves visible. Similar to Rh, also for Ru four current densities 

were chosen and the resulting plating times were calculated for charge values between 15 

and 105 C (see Table 4).  

Table 4: Corresponding plating times in seconds for four chosen current densities and fixed charge numbers 
(each absolute values) for Ru 

plating time [s] current density [mA/dm²] 

charge [C] 115 230 345 460 

15 300 150 100 75 

45 900 450 300 225 

75 1500 750 500 375 

105 2100 1050 700 525 

 

All chosen current densities lie within the upper third of the concentration polarization region 

starting close to the offset current density of around -70 mA/dm². Contrary to Rh, the 

measured current densities for Ru are in agreement with literature. Park et al. applied current 
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densities of 300 - 900 mA/dm² to deposit Ru on Ti 59. Here the felt geometry seems to have 

no or only little influence on the current densities necessary for plating of Ru. 

 

5.3 Current efficiency, deposited masses, SEM and EDX analysis of Rh 

The current necessary to deposit a particular mass m of a desired metal with a current 

efficiency of 100% can be calculated with the Faraday`s law according to Eq. (1). To 

calculate the current efficiency of a plating process, this theoretical current is divided by the 

applied current and multiplied by 100%. The etched Ti samples were dried and weight before 

and after the plating experiments. The mass difference was used to calculate the 

theoretically necessary current. 

Figure 3 shows the achieved current efficiencies for the plating of Rh as a function of the 

applied current density for four different charge values between 3 and 30 C.  

 

Figure 3: Achieved current efficiencies for the plating of Rh for applied current densities between 12 and 
96 mA/dm² and charges between 3 and 30 C (absolute values each) 

For the two lower current densities the current efficiency increases logarithmic with 

increasing charge. The larger the charge, the longer is the plating time and the more Rh 

molecules are deposited. More precipitation spots are available for following ions to be 

deposited and the current efficiency is increasing logarithmic. The large difference in current 

efficiencies for 3 and 6 C shows clearly, that a certain amount of charge is necessary to 
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achieve a high plating efficiency. At smaller current densities the strength of the electric field 

between anode and cathode is lower and the diffusion of ions from the bulk to the electrode 

surface gets limited. Higher charges result in higher current efficiencies. Furthermore for a 

current density of 24 mA/dm² the current efficiency is also higher than for 12 mA/dm², which 

is in agreement with literature23. At 12 mA/dm² the resistance of the electrode electrolyte 

interface was not completely overcome, resulting in lower current efficiencies. At 24 mA/dm² 

the diffusion of the ions is the only limiting factor and with increasing plating time the current 

efficiency is rising.  

Contrary, for the two higher current densities the current efficiency decreases exponentially 

with increasing charge. Additionally to the deposition of Rh, H2 evolution is a competing 

reaction and is lowering the current efficiency and disturbing the deposition process 

significantly. The longer the plating time, the more predominant the H2 evolution becomes at 

the cathode. The more H2 bubbles are formed, the more cathode surface is blocked and the 

less Rh can get deposited on the electrode surface. Also at low charge values the negative 

influence of the H2 evolution is obvious. The decrease in current efficiency is more regularly 

than the increase for lower current densities. 

The two highest current densities achieved are 94.5% at 24 mA/dm², 30 C and 93.8% at 

48 mA/dm², 3C. In literature current efficiencies of around 75% are reported46. However, 

Pletcher et al. also achieved current efficiencies of around 90%65. The huge variances in the 

obtained current efficiencies can be related to the structural features as observed by SEM 

images (see Figure 4). In the top line of Figure 4 the SEM images for the two highest current 

efficiencies are shown. Although the two efficiencies are almost equal, the grain structures 

are completely different. The 48 mA/dm² sample shows a fine micro granular pattern with 

smaller cracks. However, these cracks reflect only the cracked sub-structure of the Ti 

substrate after four minutes etching (compare Figure 1). Contrary, the 24 mA/dm² sample 

shows a highly cracked surface. The single islands of the coating are quite smooth and do 

not show a granular structure at all. The cracks are deep and go from the surface of the 

coating down to the Ti substrate. Similar to the 48 mA/dm² sample the 12 and 96 mA/dm² 
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samples also show a granular structure. Furthermore, the structure of the 96 mA/dm² sample 

shows a lot of defects and columnar structures. With increasing current density the average 

grain diameter is increasing as well and the surface gets rougher. According to literature, the 

surface gets smoother with increasing coating thickness, while at higher current densities a 

rough surface is formed16.  

 

Figure 4: SEM images for Rh coatings at different current densities and charge values. The top line represents 
the two samples with the highest current efficiencies (c.e.) and the bottom line the two samples with the lowest 

current efficiencies. 

Pushpavanam reports that cracking mainly occurs for thick Rh coatings23. When looking at 

the deposited masses for the different current densities, this suggestion is confirmed (see 

Figure 5). At 48 mA/dm², 3C 1.0 mg Rh was deposited. Contrary at 24 mA/dm², 30C 10.1 mg 

Rh were deposited. When assuming that all samples have the same average surface area, 

the thickness of the coating is increasing with increasing deposited mass. The 24 mA/dm² 

sample shows the highest mass increase and is also the crack-richest one. As described 

before, material deposited at lower current densities can obtain impurities which increase 
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residual stress. Cracks in the coating can be the consequence. Here, the sample coated at 

the lowest current density shows only minor cracks. However, only 0.4 mg Rh was 

deposited, resulting in a quite thin coating layer. Thus the structure of the support material is 

still present. 

 

Figure 5: Deposited masses of Rh for different current densities and charge values. 

Figure 6 shows the results for EDX measurements for the 48mA/dm², 3C sample with a 

current efficiency of 93.8%. At the top right of Figure 6 the resulting EDX spectrum is shown. 

Peaks for C, O, Rh and Ti are visible. The C peak occurs due to the carbon adhesive tape 

used to fix the samples on the sample holders. Only a small peak for O appears, thus no Rh-

O compounds were formed. Since the thickness of the Rh coating is low compared to the 

diameter of the Ti fibers, a relatively large Ti peak is visible as well. However, the Rh peak is 

the largest one, which is also confirmed by the EDX mappings shown in the bottom line of 

Figure 6. On the left the mapping for Rh and on the right the mapping for Ti is shown. Yellow 

and blue represent the element of interest in each case. The left mapping shows an almost 

completely closed layer of Rh on top of the support fiber, only minor cracks are visible. On 

the right the mapping for Ti only shows the corresponding cracks in blue color. 
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Figure 6: EDX results for a Rh coating at 48 mA/dm² and 3C. Top left shows the SEM image, top right the 
corresponding EDX spectrum, bottom left EDX mapping for Rh and bottom right EDX mapping for Ti. Yellow and 

blue represent the element of interest in each case. 

 

5.4 Current efficiency, deposited masses, SEM and EDX analysis of Ru 

Figure 7 shows the achieved current efficiencies for the plating of Ru at four different current 

densities and resulting charge values between 15 and 105 C. For all current densities the 

current efficiency is rising with rising charge until 75 C. 

The longer the plating time, the more Ru molecules can get deposited. However, a further 

increase in charge beyond 75 C leads to a decrease in current efficiency. At 75 C the current 

efficiency also decreases with increasing current density. This result is in agreement with the 

polarization curve for Ru (compare Figure 2). The four chosen current densities all lie within 

the optimal plating range close to the offset current density. For all current densities the 

electrical field is strong enough for the deposition of Ru and the resistance of the electrode 

electrolyte interface was completely overcome. In agreement with literature51 an increase in 
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current density only leads to undesired side reactions, which decreases the current 

efficiency. 

 

Figure 7: Achieved current efficiencies for the plating of Ru for applied current densities between 115 and 
460 mA/dm² and charges between 15 and 120 C (absolute values each) 

Contrary to Rh the highest achieved current efficiency for the plating of Ru is only 26.7%. 

However, Reddy and Taimsalu51 report current efficiencies of around 90% at a pH of ~ 2. To 

explain the reduced current efficiency, one has to consider the structure of the Ru complex 

RuNC being present in the electrolyte. The Ru complex consists of two RuCl4 units bridged 

by one N atom. For charge neutrality 3 NH4
+ ions are necessary. Contrary to the Rh 

electrolyte, which only consists of Rh2(SO4)3 dissolved in H2SO4, in the Ru electrolyte NH4
+ 

ions can react at the cathode as well. Lan and Tao66 just recently suggested a possible 

reaction of NH4
+ at the cathode: 

2 NH4
+ + 2 O2 + 2 e- → N2 + 4 H2O (2) 

Here O2 is reduced to H2O in the presence of NH4
+, which is oxidized to N2. This reaction can 

take place during the electroplating of Ru as well. In each RuNC 2 Ru4+ and 3 NH4
+ ions are 

present, resulting in a factor of 2/3 for the probability for the reduction of a Ru4+ ion. The 

deviation of four electrons needed for the reduction of Ru4+ and only one electron needed for 

the reaction of one NH4
+ ion at the cathode is considered when calculating the theoretical 

deposited mass of Ru with the Faraday law (see Equation 1). The electronegativity (Allred-
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Rochow) of O is 3.50, while it is only 1.42 for Ru. This leads to a factor of 142/350 for the 

affinity of electrons to react with a Ru4+ ion. When now multiplying a theoretical efficiency of 

100% with these two factors, one get a maximum efficiency of: 

100% * 2/3 * 142/350 = 27.05% (3) 

Considering this value, the reached efficiency of 26.7% corresponds to a relative efficiency of 

98.7%, which is even higher than the current efficiencies reported in literature51. To proof the 

reaction of NH4
+ at the cathode, the concentration of NH4

+ ions in the electrolyte before and 

after a coating step was analyzed using the Berthelot reaction. A strong decrease in NH4
+ 

concentration was observed. This observation is in agreement with the notice made by 

Reddy and Taimsalu51. They report that the used Ru electrolyte becomes more acidic during 

the plating process and that the addition of dilute NH4OH solution is necessary to keep the 

pH constant. 

Figure 8 shows SEM images for Ru coatings at 75 C for the four chosen current densities 

between 115 and 460 mA/dm². As expected from the current efficiency curves (see figure 7), 

the structure of the deposited material gets rougher with increasing current density. The 

coating gets more irregular and defects get more prevalent. The 115 mA/dm² sample 

reached the highest current efficiency and also shows the best coating result. The surface is 

quite smooth and the coating is regular. Compared to the Rh coatings, the structures are 

finer and the average grain diameter is smaller. According to literature low temperature 

electrodeposition leads to fine grain structures46. Although the Ru electrolyte was operated at 

65°C compared to 25°C for the Rh electrolyte, the Ru coating structure is finer than the Rh 

one. The Rh electrolyte only consists of Rh3+ and SO4
2- ions, while the Ru electrolyte also 

contains Cl- ions. The phenomenon of smaller coating grains for Ru is similar to the coating 

of Cu. According to Yao et al.18 the addition of Cl- ions leads to a smoother surface with 

smaller grain size. In agreement with literature the coatings are crack free51. The visible gaps 

in the coating represent the original structure of the Ti substrate after the pretreatment. When 

looking at the deposited masses for the Ru coating (see Figure 9) this suggestion is 

confirmed.  
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Figure 8: SEM images for Ru coatings at different current densities and a charge of 75 C. For all current densities 
the highest current efficiency was reached at 75 C. 

 

Figure 9: Deposited masses of Ru for different current densities and charge values. 

At 115 mA/dm² and 75 C a mass increase of 5.25 mg was observed. Even when assuming 

that only 10% of the total available area of the Ti substrate was coated, an average coating 

Page 25 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



26 
 

thickness of ~1 µm is achieved. With increasing current density the deposited masses get 

less, thus the average coating thickness is decreasing as well and defects in the coating can 

be formed. Reddy and Taimsalu give a critical coating thickness of 1.5 µm to obtain crack 

free coatings51. 

Figure 10 shows the results for EDX measurements for the 115mA/dm², 75 C sample with 

the highest current efficiency of 26.7%.  

 

Figure 10: EDX results for a Ru coating at 115 mA/dm² and 75C. Top left shows the SEM image, top right the 
corresponding EDX spectrum, bottom left EDX mapping for Ru and bottom right EDX mapping for Ti. Yellow and 

blue represent the element of interest in each case. 

At the top right of Figure 10 the resulting EDX spectrum is shown. Similar to the EDX 

spectrum for Rh peaks for C, O, Ru and Ti are visible. The C peak occurs due to the carbon 

adhesive tape used to fix the samples on the sample holders. Although Ru quite readily 

forms RuO2 at ambient conditions45,47 only a small peak for O appears, i.e. no Ru-O 

compounds were formed. Since the thickness of the Ru coating is lower than for the Rh one, 

the Ti peak is more dominant. This observation is also confirmed by the EDX mappings 
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shown in the bottom line of Figure 10. On the left the mapping for Ru and on the right the 

mapping for Ti is shown. Yellow and blue represent the element of interest in each case. The 

left mapping shows a regular coating of Ru. However, contrary to Rh the coating is quite thin 

and the background signal of Ti is also visible. The mapping for Ti proofs this statement. 

 

5.5 XRD measurements of coated felts 

Figure 11a) and b) show the XRD patterns for an uncoated Ti felt and for felts coated with Rh 

(a) and Ru (b). The peak identification was carried out by calculating the peak positions with 

d-spacings for the corresponding primitive cell of the element of interest. The Ti felt was 

etched for 4 min directly prior to the XRD measurement. The Ti pattern shows primarily 

peaks for Ti and only few peaks for TiO2. The patterns for Rh and Ru are quite similar to the 

Ti pattern.  

 

Figure 11a): XRD pattern for a Rh coating on Ti at 48 mA/dm² and 3C. The pattern for Rh is shifted up for visual 
reason. 
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The XRD pattern for Rh does not show a specific peak for Rh. However, there are also no 

peaks apparent for RhO2, as expected from the EDX results (compare Figure 6). In the Ru 

pattern there is a single peak for Ru visible at 2Θ = 43.56°. As expected from literature, there 

are also a few peaks for RuO2
47. However the corresponding EDX spectrum (see Figure 10) 

does not show a dominant O - peak. Most of the Ru, RuO2 and Rh peaks are overlapping 

with more dominant Ti peaks. Since the Ru and Rh coatings only have a thickness of around 

1 µm, the intensity of the Ti peaks is much stronger. Both the EDX and XRD results prove 

that Ru and Rh were successfully deposited on the Ti felt. 

  

Figure 11b): XRD pattern for a Ru coating on Ti at 115 mA/dm² and 75C. The pattern for Ru is shifted up for 
visual reason. 

 

5.6 Linear Sweep Voltammetry measurements for Rh and Ru 

Linear sweep voltammetry was conducted with Rh and Ru samples coated at the optimal 

plating conditions (Rh 48 mA/dm² and 3 C, Ru 115 mA/dm² and 75 C). Figure 12a) shows 
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the linear sweep voltammogram for Rh and Ru electroplated on Ti felts for the 

electrochemical NH3 synthesis in liquid phase. For all potentials recorded, the resulting 

current density is higher for Ru than for Rh. The exact surface area of the coated Rh and Ru 

felt could not be measured due to lack of material. Therefore the specific surface area of the 

bare Ti support felt was used to calculate the corresponding current densities for Rh and Ru. 

The surface area of the Ti felt is assumed to represent the geometric area for the Rh and Ru 

coatings. In the analyzed potential range no limiting current density was observed. 

 

Figure 12: a) Linear sweep voltammogram for Rh and Ru coated Ti felts b) Zoom in to determine the 
overpotentials of Rh and Ru at a current density of 2 mA/cm² for the electrochemical NH3 synthesis 

A parameter for the activity of a catalyst for a desired reaction is the overpotential η at a 

particular current density. Miles et al. defined a current density of 2 mA/cm² as reasonable67. 

The lower the overpotential is, the higher is the activity of the catalyst for the investigated 

reaction. Figure 12b) shows a zoom in for the potential range of 0.0 to -0.3 V vs. NHE to 

determine the overpotentials for Rh and Ru for the electrochemical NH3 synthesis. The 

overpotential is defined as the difference between the measured potential and the standard 

potential of the desired reaction. The standard potential of the electrochemical NH3 synthesis 

is �� !
" = −0.057&	(�.		)*�68. For the applied reaction conditions Rh has a slightly higher 

overpotential than Ru. The values are ηRh = 171 mV and ηRu = 150 mV. The activity of the Ru 

coating should be higher than the one of the Rh coating. This assumption is confirmed by 

analysis of the samples taken after the measurement. The NH4
+ concentration in the 
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electrolyte was 0.07 mg/l for Rh and 0.58 mg/l for Ru corresponding to production rates of 

1.5*10-11 mol s-1 cm-2 for Rh and 1.2*10-10 mol s-1 cm-2 for Ru. The values for the standard 

deviation for the NH4
+ concentration are 3.9% for Rh and 0.3% for Ru. Contrary to the 

predictions of Skúlason et al.7, the activity of Rh should be slightly higher than the one of Ru. 

There are a few works reported in literature on the electrochemical synthesis of NH3 in liquid 

phase by Furuya and Hoshiba69–71, Tsuneto et al.72,73 and Köleli and Röpke74,75. Production 

rates between 6.3*10-12 75 and 6.4*10-9 mol s-1 cm-2 71 were achieved. However, complex 

metal phthalocyanine cathodes69–71, organic solvents mediated by LiClO4
72,73 or Pt electrodes 

coated with polyaniline or polypyrrole at high N2 pressures of up to 50 bars74,75 were used. 

Apparently, we find comparable production rates but our electrochemical cell used here 

comprises an ordinary three electrode configuration and an aqueous electrolyte.   

 

5.7 Economical estimation 

To answer the question whether Rh or Ru as potential cathodic catalyst in an ecMR is more 

feasible, several aspects have to be considered. The first aspect relates to the costs for an 

efficient plating of Rh and Ru. Table 5 gives an overview about cost relevant numbers. 

Table 5: Price comparison of Ru and Rh coatings 

Parameter Ru Rh 

mass [mg] 5.25 1.0 

price [€/g] 24 2.15 35.5 

plating time [s] 1500 150 

consumed power [10-6 kWh] 6.9 0.2 

factor materials costs Ru/Rh 31.8 

 

At the two highest current efficiencies of 93.8% for Rh and 26.7% for Ru, 5.25 mg of Ru and 

1.0 mg of Rh were deposited. However, as mentioned before, Rh is much more expensive 

than Ru. The plating time for Ru is ten times longer than for Rh. When considering the 

necessary current and the resulting potential values, plating of Ru consumes ~35 times more 

power than plating of Rh. However, the costs for electricity are significantly lower than the 

raw material costs for Rh and Ru. The material costs for a Ru coating at the given 
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parameters are only around one third of the costs for a Rh coating. Since the material 

densities for Rh and Ru are almost equal being 12.38 and 12.37 g/cm³ 46, the costs for a 

deposited layer with a particular thickness are much cheaper for Ru. Considering the higher 

activity of Ru and the higher concentration of NH4
+ reached during the linear sweep 

voltammetry measurements, Ru is superior to Rh for the electrochemical NH3 synthesis. This 

analysis is based on the assumption that liquid phase catalysis proceeds following the same 

principles as a gas phase catalysis using our proposed membrane electrode assembly in an 

electrochemical membrane reactor. This needs to be analyzed and verified through 

systematic electrochemical characterization. 

 

6. Conclusion 

In this work we presented an easy and highly efficient method for galvanic coatings of Rh 

and Ru on randomly structured Ti felts. Due to the random structure of the Ti felts, the 

pretreatment with 20 wt% HCl was optimized. Based on polarization curves, proper plating 

were identified. The current necessary for a successful and high quality coating of Ru is 

much higher than for Rh. The optimal current density for Ru was 115 mA/dm², while for Rh 

48 mA/dm² was applied. The investigated current density values are in agreement with 

literature for Ru. However, for Rh much higher values of 1 - 4 A/dm² are reported. The 

successful coatings were proved both for Rh and Ru by SEM/EDX and XRD measurements. 

Both for Rh and for Ru high current efficiencies of 93.8% and 98.7% respectively were 

achieved. The activity of the Rh and Ru coatings for the electrochemical NH3 synthesis was 

confirmed by linear sweep voltammetry measurements. The voltammograms give a slightly 

higher activity for Ru, which was confirmed by a higher NH4
+ concentration in the electrolyte 

after the measurement. From an economic point of view Ru is also more interesting for an 

electrochemical NH3 synthesis process, since the total costs for a Ru coating are only around 

1/3 of the costs related to Rh. For a future electrochemical NH3 synthesis processes Ru can 

play an important role as catalyst material, since the presented plating method is highly 

efficient and cost-saving. 
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