

  catalysts-11-00338




catalysts-11-00338







Catalysts 2021, 11(3), 338; doi:10.3390/catal11030338




Article



Direct Self-Assembly of Hierarchically Grown Rhodium Thin Films for Electrocatalytic Hydrogen Evolution Reaction



Muhammad Ali Ehsan 1, Alaaldin Adam 1, Abdul Rehman 2 and Mohammad Qamar 1,*[image: Orcid]





1



Center of Research Excellence in Nanotechnology (CENT), King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia






2



Department of Chemistry, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia









*



Correspondence: qamar@kfupm.edu.sa; Tel.: +966-013-860-97775







Academic Editor: Giuseppina Iervolino



Received: 18 February 2021 / Accepted: 3 March 2021 / Published: 6 March 2021



Abstract

:

Thin films of metallic rhodium (Rh) are developed on two different supports, nickel foam (NF) and titanium foil (Ti), and evaluated for electrochemical hydrogen evolution reaction (HER). The electrodes are prepared by aerosol-assisted chemical vapor deposition technique using a Rh diethyldithiocarabamte precursor for three distinct time periods of 40, 80, and 120 min at 500 °C. The film consists of phase pure metallic Rh with hierarchical flower-like morphology. The structural features of such nanostructures can be modulated by adjusting the growth time. The HER catalytic performance data for the optimized films (i.e., with the deposition time of 80 min) suggest that the Rh deposited on Ti foil (Rh/Ti) catalyze the reaction substantially faster than Rh deposited on Ni foam (Rh/NF). To produce current density of 100 mA cm−2, the Rh/NF needed over potential of 263 mV, while the Rh/Ti electrode required only 175 mV. In spite of lower electrical conductivity, caused by the bare Ti foil, the Rh/Ti electrode exhibits superior HER performance. The Tafel slopes of Rh/NF and Rh/Ti electrodes are determined to be 52 and 42 mV dec−1, while the turnover frequencies are estimated to be 1.1 and 37.3 s−1 at over potential of 260 mV.
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1. Introduction


Hydrogen holds a prominent position in clean energy assets with a potential to meet growing energy demands of the world while assuring a healthier and safer environment for the globe [1,2]. The extraction of hydrogen through electrochemical water splitting has been of practical interest as the process qualifies this clean and renewable energy criteria at fairly economical levels [3]. To serve this purpose, a variety of nanomaterials including low cost transition metals [4,5,6], alloys [7,8], and carbonaceous species [9] have been engineered to catalyze the hydrogen evolution reaction (HER). However, most of these evaluated materials have their performance lagging far behind the noble metals-based benchmark HER catalysts. Pt-group metals (i.e., platinum, ruthenium, and iridium), for instance, intrinsically possess superior electrocatalytic properties and exhibit excellent HER performance [10,11]. However, the scarcity and the high cost of these metals represent the major limiting factors for the commercial practices of hydrogen production. Reduced mass loadings and composite compositions are the most common among the strategies proposed in order to alleviate this cost issue [12,13,14]. Such measures [15,16,17,18,19,20] encompass downsizing the metal content in the final product via single atom strategies, anchoring the atoms on porous and conductive carbon-substrates, and forming their alloys or the hybridized structures with multiple different transition metals, preferably the inexpensive ones [21,22,23]. Interface and surface engineering strategies have also been employed to enhance cost-effectiveness and stability [24,25,26].



Instead of using discrete nanoparticles, deployment of noble metals in the form of nanostructured thin films in an economical fashion is a more feasible tool in the use of platinum group metals, especially the rhodium. This approach can avoid the use of high-surface area carbons supports which are usually required to use these discrete nanoparticles. A proper deposition protocol, however, for such a deployment is a critical component. We have recently demonstrated this notion for Pd and Pt thin films, indicating that a controlled fine-tuning of the structure driven by the film dimensionality is catalytically compelling to overcome the sluggish kinetics of the HER [27,28]. For these studies, we utilized aerosol-assisted chemical vapor deposition (AACVD) to fabricate homogeneous single-phase metallic films with very low metal loadings and sufficiently high electrocatalytic activity to suit commercial needs. Following the same route, we fabricated rhodium (Rh) thin films with low metal loadings to catalyze the HER reaction, thereby attempting to reduce the overall cost while still providing the inherent interaction mechanisms. Because of its excellent catalytic activities in many industrially relevant applications [29], such as hydrogenation [30,31], (NO)x abatement [32,33], C–C cross-coupling reaction [34], and oxidation [35,36], Rh is hypothesized to demonstrate an excellent performance in HER as well. Furthermore, due to its apex resistivity towards acids and bases, its tolerance against harsh reaction environments, and its high melting point, Rh metal is rendered broadly applicable for the phenomena that are potentially affected by aging of the materials [37]. For these reasons, Rh catalysts are applied in fuel cells for the production of CO-free hydrogen, [38,39] and automobile catalytic converters [40]. Rh electrodes and membrane filter materials have also been utilized in gas sensors [41,42]. Because of all these application attributes, we hypothesized that the pure phase of Rh films can drive the HER in a facile way.



Both chemical and physical vapor deposition approaches have been implemented for the fabrication of metallic rhodium films [43,44]. Both these routes require sophisticated equipment, expensive targets, and specially designed precursors, thereby increasing the fabrication cost substantially. On the other hand, the AACVD procedure used in this work is simple and cost effective where the metal loadings can be uniquely controlled just by the varying the deposition time. The catalytic performance is then governed by the orientation of the resulting nanostructures in space and, hence, related to the time-controlled thickness of the film material. With all this simplicity, the metal loading can be controlled from the thickness of few microns to just a monolayer without any tedious synthesis mechanisms and deposition manipulations. Our group’s expertise in AACVD-based fabrication of hierarchical nanostructures has resulted in the formation of exotic morphologies and distinguishable surface patterns [45,46,47,48]. In this work, a single-step AACVD has been applied for developing Rh thin film electrodes using a reaction-generated rhodium diethyldithiocaramate compound as a precursor. This is the first example of the fabrication of Rh films using AACVD and the novelty of the work lies in the generation of self-directed nano-forest morphologies without the use of any template. This custom-made fabrication procedure is less complicated while using minimal amount of precursor to grow thin films in a short span of time. In addition, the deposition parameters such as time and nature of substrate can be easily adjusted to generate a variety of novel Rh morphologies with controlled thicknesses. The impact of electrode morphology and thickness on the HER performance has been thoroughly studied and the most optimized structures with highest HER activity have been obtained.




2. Results and Discussion


2.1. Optimization of the Deposition Process


Fabrication of thin films via the CVD technique requires a proper precursor of adequate volatility and high thermal stability which leads to good quality thin films with well oriented nanostructures. A series of rhodium precursors were synthesized from CVD perspective. Only a few of those compounds possess enough thermal stability and volatility to yield rhodium thin films. Rhodium acetylacetonate Rh(acac)3 [43] and CpRh(CO)2 (Cp = cyclopentadienyld) [49] have been recommended for atomic layer deposition (ALD), which is a variant of CVD. However, the use of AACVD only emphasizes the solubility of the precursor, rather than its thermal stability and volatility. Therefore, we modified and used a solution-based procedure. The preparation of the precursor solution was carried out by treating RhCl3 with Na(S2CNEt2) in methanol, and the resultant precipitates were immediately dissolved in toluene without characterizing the stoichiometry of the precursor. RhCl3 can be directly used as precursor because of its high solubility in methanol. However, the metal chlorides usually need higher temperature to release chloride ions, and thus can be co-deposited as impurity in the thin film at relatively lower temperatures. The slight modification to incorporate the reaction of RhCl3 and Na(S2CNEt2) in our solution-based approach helped to avoid chloride impurities in the resulting film. By using Na(S2CNEt2), the Cl- ions of rhodium are taken up by Na+ ions whereas the dithiocarbamate group is completely burned off at a deposition temperature of 500 °C. Thus, the procedure leads to the formation of pure metallic rhodium films without any sulfur or chloride incorporation. Fabrication of the films was carried out using an in-house AACVD setup at this deposition temperature and the conditions were optimized to get three sets of films at deposition time of 40, 80, and 120 min.




2.2. Structural Characterization


Figure 1a shows the XRD patterns of rhodium (Rh) thin film deposited on Ti foil for 40, 80, and 120 min of deposition time, and the resulting film samples are denoted as Rh-40, Rh-80, and Rh-120, respectively. A comparative overview of XRD patterns is presented in Figure 1a. All three XRD patterns are dominated by crystalline reflections originated from Ti substrates which are represented by the symbol (*). However, the XRD patterns distinctly appeared at 2θ positions of 41.0°, 48.0°, 70.0°, 84.5°, and 89.2° are due to (111), (200), (220), (311), and (222) planes of the Rh deposit, respectively. The crystallographic parameters (2θ, peak intensity (I), and d-spacing values) of the as-synthesized samples are in good agreement with those reported for cubic metallic rhodium (ICSD No. 6499). The intensity of the XRD reflections is discerned to increase with increasing deposition time, which is attributed to the increase in film thickness with the deposition time. For example, the XRD patterns centered at 41.0° and 48.0° rose continuously when the deposition time was increased from 40 to 120 min and reached to a good height in the case Rh-120 sample. Thin Rh films were also made on a non-crystalline glass substrate under similar AACVD conditions, and the XRD patterns are shown in supporting information (Figure S1). The patterns support the XRD results of Rh obtained with Ti substrate. The well-resolved diffractions in each film sample suggest the presence of highly crystalline product. Moreover, the Rh-films showed a preferred orientation along (111) with increase in the deposition time, which is also consistent for all other identified patterns of Rh [50]. Further, presence of any crystalline impurity related to rhodium oxide or any other phase of metallic rhodium was not detected by the XRD. The XRD patterns of the as-prepared rhodium resembles rhodium films prepared by reported CVD procedures using different precursor compounds [43,49].



X-ray photoelectron spectroscopy (XPS) analysis was applied to investigate the chemical oxidation state and purity of Rh-80 film. Figure 1b shows the highly resolved XPS spectrum of Rh 3d having two binding energy peaks at 306.6 eV and 310.3 eV, which are assigned to the Rh 3d5/2 and Rh 3d3/2, respectively. The binding energy difference (ΔE) between Rh 3d5/2 and Rh 3d3/2 is measured to be less than 4.0 eV, matching very well with the reported data of metallic rhodium in zero (0) oxidation state [51]. Thus, the XRD results combined with XPS data validate the formation of phase pure metallic rhodium thin films.



The evolution of Rh morphologies on two different surfaces of NF and Ti foil as well as with the change in deposition time is followed by FE-SEM. The low-magnification images, presented in supporting information (Figure S2), show continuous and steady growth patterns of the films on both types of substrates for all deposition times. No obvious voids and discontinuities in film structures are observed, and the morphological features tend to grow with increase in deposition time. The corresponding high magnification FE-SEM images of these films are shown in Figure 2. The morphologies observed on NF substrate are depicted in Figure 2a–c. In the first 40 min of deposition, the growth of vertically aligned objects similar to a view of plant field-like structure is observed. Moreover, branches and offshoots arising from these plants can be seen in Figure 2a. When the deposition time was increased to 80 min, the plant-like structure transformed into features resembling a bunch of threads (Figure 2b). Further, the geometry of large-sized blooming flower was produced in film made in 120 min, and a regular interconnected petal-like network is depicted in Figure 2c. When the deposition process was repeated on Ti substrate, growth of new morphology was discerned as indicated in Figure 2d–f. The Rh nuclides appear after 40 min of deposition are interconnected with each other and develop a sheet-like structure on the surface of Ti. This sheet like structure grew into small-sized flower like morphology in the film developed for 80 min (Figure 2e). Further increase in deposition time (120 min) resulted in production of large-sized flowers with the cavities and channels between the petals opening up. The Rh morphologies observed on two substrate surfaces significantly differed from each other, which is attributed to the surface topographic difference of two substrate materials. The rough and uneven surface of NF provides different kinds of nucleation sites to the decomposed precursor as compared to the smooth and even surface of Ti. The different surface attributes of the substrates, therefore, led to the growth of different morphologies. Further, such microstructures are likely to possess different catalytic active sites and, hence, can exhibit different electrocatalytic performance towards the HER.



The films were further analyzed by energy-dispersive X-ray spectroscopy (EDX) to confirm the presence of Rh element. EDX spectra, Figure S3, clearly identify the signal related to Rh metal along with peaks emerging from substrate material (Ni and Ti). Peaks related to Au came from gold coating which was applied on film samples to enhance their conductivity for recording the high-quality FE-SEM images.




2.3. Evaluation of the Hydrogen Evolution Reaction (HER)


The Rh films deposited on NF and Ti substrates were tested for the HER. The experiments were conducted under oxygen-free environment using 0.5 M H2SO4 as electrolyte. Previous studies have witnessed that deposition time has a huge impact on thin film microstructure, which ultimately influences the HER performances of the catalytic films [27,28]. At the same time, nature of the substrate plays an important role in exploring the full potential of material toward the HER. We, therefore, tested two different substrates, i.e., NF and Ti for all the films prepared. The HER performance of Rh/NF and Rh/Ti electrodes prepared after 40, 80, and 120 min of deposition time are shown in Figure 3. The electrocatalyst loading on Ti prepared in 40, 80, and 120 min were determined to be 0.06, 0.14, and 0.16 mg cm−2, while on NF are 0.35, 0.54, and 0.61 mg cm−2. Figure 3a shows the linear scan voltammetry (LSV) profiles of the Rh films deposited on the NF substrate, including the response of bare NF electrode. As evident, the bare NF electrode, despite having its own catalytic activity, shows much lower current response for the HER in the absence of Rh deposits. Such finding indicates that the Rh in its nanostructured form has high intrinsic activity towards the proton reduction and the HER. Furthermore, the Rh films show high current density with quite low overpotentials, comparable to the commercially available materials such as 20% Pt/C [52,53]. Both the current density and the overpotential values improved when the deposition time increased from 40 min to 80 min. However, these values again diminished with Rh-120 film, while still being better than the Rh-40. For a current density of 100 mA cm−2, the overpotentials for three different films, Rh/NF-80, Rh/NF-120, and Rh/NF-40, were noted to be 263, 294, and 317 mV, respectively. This can be related to the surface features of the films shown in FESEM data (Figure 2). The Rh-80 film had randomly oriented nano-threads and showed the highest HER activity. In comparison, Rh-40 was composed of loosely distributed vertically aligned nanorods while Rh-120 had the blooming flower-like texture. It appears that Rh nano-threads present more catalytic active sites than the other two Rh assemblies and thus exhibit highest HER activity. In addition to the morphological features, the mass loading of the films can affect the charge transport properties and hence the HER performance. The thin film electrodes beyond the optimum mass loading can suffer from mass transport limitation, such as H+ diffusion, diffusion of H2 gas from the active sites, etc. Moreover, the density of materials adds to the film thickness. Such an arrangement of features in Rh-80 film provide it the highest surface area and access points for the catalytic activity to proceed, thereby showing improved catalytic HER performance. The Rh/NF-80 film also showed a standard 10 mA cm−2 current density at an overpotential of 127 mV, which is better than many reported material combinations of Rh [54,55,56]. When the NF substrate was replaced by Ti, the catalytic performance was further increased to be very close to Pt/C based commercial electrodes—the Rh/Ti-80 requires 67 mV while Pt/C needs 39 mV to produce 10 mA cm−2. Between Rh/NF and Rh/Ti electrodes, i.e., the replacement of the NF substrate with Ti-foil, the latter exhibits substantially higher catalytic performance as shown in Figure 3b. The LSV curves shown here for different film depositions again indicate that the same performance pattern was followed in terms of deposition time. However, the Rh/Ti-80 electrode produces a 100 mA cm−2 current density at 175 mV (Figure 3c), which is 88 mV less than that of the Rh/NF-80. Moreover, the overpotential required to generate 10 mA cm−2 current density is only 67 mV for Rh/Ti-80 film, which is remarkable if we consider the ease of the electrode fabrication.



To evaluate the kinetic ability of the films, Tafel slopes were obtained and compared by evaluating the linear region of LSV scans (Figure 3d). The respective Tafel values of Rh/Ti-80 and Rh/NF-80 were calculated to be 42 mV dec−1 and 52 mV dec−1. These values clearly indicate that the Rh/Ti-80 electrode is capable of catalyzing the HER reaction faster than that of the Rh/NF-80, and the reaction seems to proceed through Heyrovsky mechanism:


Hads + H(aq)+ + e− → H2








Moreover, the current density can be pushed to ~250 mA cm−2 while the overpotential is still close to 300 mV, which is an industrially required factor to produce higher current density at the minimum possible electrical potential.



In addition to the morphological features of the films, the electrical conductivity and the catalytic ability can have a significant impact on the electrocatalytic performance. Electrical conductivity and turnover frequency (TOF) of Rh electrodes with the lowest overpotential (Rh/NF-80 and Rh/Ti-80) were investigated and correlated to the HER performance. The electrochemical impedance spectroscopic (EIS) technique was employed to study electrical resistance and surface charge transfer resistance. All the impedance experiments were carried out in the frequency range of 105–0.01 Hz with AC amplitude of 10 mV in 0.5 M H2SO4. The EIS data were normalized with the geometrical area of the Ti and Ni electrode. Evolution in Nyquist plots (real vs. imaginary Z) as a function of overpotential (η) was studied. The Rh/NF-80 electrode exhibited noticeably better electrical conductivity than that of Rh/Ti-80 at all the applied η. The Nyquist plots of Rh/NF-80 and Rh/Ti-80 measured by applying η = 0 mVRHE are compared in Figure 4a. As evident, the intrinsic electrical resistance of the Rh/Ti-80 electrode was substantially higher than that of the Rh/NF-80. In addition to intrinsic resistance, the surface charge transfer resistance (Rct) of Rh/Ti-80 electrode was higher than that of Rh/NF-80 at all the applied overpotentials. For instance, the Nyquist plots of Rh/NF-80 and Rh/Ti-80 obtained at η = 60 mVRHE are compared in Figure 4b. The respective Rct of Rh/NF-80 and Rh/Ti-80, determined from Figure 4b, were ~0.7 Ω and 5 Ω. Since the loading of Rh on NF substrate is higher than that of Ti, it might render better electrical conductivity. In addition, the better electrical conductivity and lower Rct of Rh/NF-80 electrode can be attributed to better electrical conductivity rendered by bare NF. The real vs. imaginary impedance of bare NF and Ti, measured at η = 60 mVRHE, is shown in Figure 4b inset. The findings clearly suggest that bare NF is much more electrically conductive than that of bare Ti foil, and can contribute in the enhancement of the electrical conductivity (and Rct) of Rh/NF-80 electrode.



In spite of lower electrical conductivity, Rh/Ti electrodes exhibited better HER performance. It seems reasonable to infer that the superior performance of the Rh/Ti electrodes is essentially associated with the morphological properties, which governs the catalytic ability of the electrode. This was corroborated by estimating the number of catalytic sites (N) and the turnover frequency (TOF). The N was calculated from cyclic voltammograms (CVs) recorded between −0.2 V and +0.6 VRHE at pH = 7. Phosphate buffer solution was used as the electrolyte. The voltammetry scans of Rh/NF-80 and Rh/Ti-80 are shown in Figure 5a. Assuming a redox reaction with one electron transfer and by using the Equation (1), the upper limit of active sites was approximated.


N = Q/2F



(1)




where Q = voltametric charge, F = Faraday constant.



The active sites (N) of Rh/NF-80 and Rh/Ti-80 were estimated to be 3.2 × 10−7 and 6.9 × 10−9 mol. The superior N recorded in case of the Rh/NF-80 rendered more accessible catalytic sites facilitating the adsorption and consequently the reaction of electroactive species which was presumably due to the porous texture of nickel foam. The turn-over frequency (TOF) was then calculated from N using Equation (2):


TOF = JA/2FN



(2)




where J = A cm−2, A = geometric area of the Ti or Ni foam, F (Faraday’s constant) = 96485 C mol−1, N = number of active sites (mol), and the number 2 indicates the two electron involvement in the formation of one hydrogen molecule. The TOF profiles of Rh/NF-80 and Rh/Ti-80 obtained by plotting against η are compared in Figure 5b. As can be seen, the Rh/Ti-80 electrode exhibits substantially higher TOF as compared to Rh/NF-80 electrode. For instance, at η = 260 mV, the TOF of Rh/NF-80 and Rh/Ti-80 electrodes are 1.1 s−1 and 37.3 s−1. This finding clearly suggests that Rh grown on Ti foil is significantly better in the catalytic ability per active sites than Rh deposited on NF. As a result, this combination proved more useful to be implemented in commercial water electrolyzers in the future.



The electrochemical stability of best performing Rh/Ti-80 electrode was investigated at a constant overpotential of 67mV in 0.5M H2SO4 solution. The current-time profile and linear sweep voltammograms obtained before and after stability test are shown in Figure 6a,b, respectively.



The current-time profile, Figure 6a, indicates that the current gradually reached zero after ~3 h, indicating the poor stability of Rh/Ti-80 electrode under the applied electrochemical conditions. After the stability test, the overpotential requirement of Rh/Ti-80 electrode increased significantly. For instance, to produce 100 mA cm−2, fresh Rh/Ti-80 electrode requires 175 mV while the spent electrode needed 328 mV (Figure 6b). The team is planning to improve the electrochemical stability of Rh-based electrodes by compositing with other metals and nonmetals.



Finally, the HER activity of the as-prepared Rh nano-flower catalyst film was compared (Table 1) with rhodium and other noble metals developed through similar or different synthesis routes. As can be seen, the overpotential requirement of the as-fabricated films was much lower than those of Rh nanoparticles prepared by solvent reduction and etching methods. Yet, its HER performance was comparable to the rhodium sulfide, nanoporous Pd, and Pt thin films. Tafel slopes and TOF values were also shown to be in the same range. However, this is first example of pure phase metallic Rhodium films produced via AACVD, a simple, rapid, and efficient protocol for material synthesis.





3. Experimental


3.1. Chemicals for Precursor Synthesis


Rhodium (III) chloride hydrate (RhCl3.H2O) (Sigma-Aldrich, St. Louis, MO, USA) and sodium diethyldithiocarbamte trihydrate (NaS2CNEt2·3H2O) (Sigma Aldrich) were used as received for the synthesis of the deposition precursor. Methanol and toluene were purchased from Sigma Aldrich.




3.2. Aerosol-Assisted Chemical Vapor Deposition (AACVD) Experiments


Thin films of metallic rhodium were prepared using two different metallic substrates, i.e., titanium foil (Ti) and nickel foam (NF). The details of the AACVD setup have been described in our earlier studies [27,28]. A schematic of custom-made AACVD is shown in Scheme 1. Briefly, the setup consists of a round bottom flask being immersed in a temperature-controlled water bath mounted above a piezoelectric modulator of an ultrasonic humidifier. The aerosol mist generated is transported into the reaction chamber, passing over a pre-heated substrate, thereby forming the required deposits. In a typical procedure, RhCl3·H2O (80 mg, 0.38 mmol) was reacted with (NaS2CNEt2· 3H2O) (172 mg, 0.76 mmol) in 10 mL of methanol to form red precipitates. The obtained precipitate was subsequently dissolved in 10 mL toluene and a clear red solution was obtained. The solution was kept under stirring for 20 min and was used as Rh precursor in AACVD.



Before conducting the deposition, Ti and Ni substrates of sizes (1.0 cm × 2.0 cm) were ultrasonically degreased and cleaned by treating with acetone and methanol solvents. The dried substrates were installed in the reactor tube and the temperature of tube furnace was raised to 500 °C. After ten minutes, the humidifier was turned on to generate the aerosol mist from the Rh-precursor solution. The flow of mist towards tube furnace was facilitated with the aid of N2 gas (99.99% purity) at the controlled rate of 100 cm3/min. The deposition was performed for different time periods, 40, 80, and 120 min, to yield the films of modified morphological patterns and different thicknesses. The resulting films were found shiny black in color, homogenously lying down on the substrate surface.




3.3. Instrumentation


Powder XRD patterns of rhodium thin films were recorded on Rigaku MiniFlex X-ray diffractometer (Tokyo, Japan) with Cu Kα1 radiation (γ = 0.15416 nm) operating at a current of 10 mA and an accelerating voltage of 30 kV. The chemical, elemental, and compositional analyses of the films were carried out by energy-dispersive X-ray spectroscopy (EDX, INCA Energy 200, Oxford Instruments, Abingdon, UK) and X-ray photoelectron spectroscopy (XPS, Thermos Scientific Escalab 250Xi spectrometer (Waltham, MA, USA) equipped with a monochromatic Al Kα (1486.6 eV) X-ray source, having a resolution of 0.5 eV). The ambient conditions of temperature were maintained during the XPS characterization, while the pressure was controlled at 5 × 10−10 mbar. The spectra were referenced with adventitious C 1s peak at 284.5 eV. The surface and cross-sectional images were obtained using field emission scanning electron microscope (FE-SEM, Lyra3, Tescan, Kohoutovice, Czech Republic) at an accelerating voltage of 20 kV.




3.4. Electrocatalytic HER Studies


The electrochemical HER studies were carried out using conventional three electrode configuration. The as-synthesized Rh thin films acted as working electrodes, while graphite rod and saturated calomel electrode (Hg/Hg2Cl2, SCE) served as the counter and reference electrodes, respectively. The potential of the saturated calomel electrode was converted into the reversible hydrogen electrode (RHE) in all the data to have a meaningful comparison. The HER performance was evaluated by recording linear sweep voltammetry (LSV) scans (current density vs. potential). The LSV was performed in 0.5 M sulfuric acid (H2SO4) with a scan rate of 5 mV s−1. The current density was calculated by normalizing the current to the geometric surface area of the NF or Ti. Electrochemical impedance spectroscopy (EIS) was carried out under identical conditions; electrolyte = 0.5 M H2SO4, frequency range = 105–0.1 Hz with AC amplitude of 10 mV. All EIS plots were normalized to the geometric surface area of the working electrode.





4. Conclusions


Facile fabrication of metallic rhodium (Rh) film catalysts in the form of high surface area nano forests was accomplished on two substrates, namely nickel foam and titanium foil, via aerosol-assisted chemical vapor deposition within much shorter timespans (i.e., 40–120 min) as compared to tedious wet chemical procedures taking up to days of synthetic reactions. The surface structures, the film thicknesses, and the purity of the films were characterized while relating those to the catalytic performance of the electrodes. Varying the deposition time facilitated surface morphology control of the Rh film catalysts where the sufficiently exposed high surface area film resulted in exhibiting the highest HER intrinsic activity. It is shown that the denser films of nano-flowers and nano-forests in combination with Ti substrate provide a much better performance towards the HER. These Rh films required only 67 mV of overpotential to achieve 10 mA cm−2 of current density with low Tafel slope (42 mV dec−1) and high TOF (37.3 s−1). The current density can be further pushed beyond the values of 200 mA cm−2 while the overvoltage is still inside the industrial requirements. The electrochemical stability of Rh/NF electrodes are found to better than that Rh/Ti electrodes. The stability findings indicate that more efforts should be exerted to improve the stability of Rh metal-based electrodes for the HER reaction.
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Figure 1. (a) XRD patterns of the rhodium (Rh) thin films prepared on Ti foil substrates for 40, 80, and 120 min (Rh-40, Rh-80, and Rh-120) at 500 °C, (b) high-resolution X-ray photoelectron spectroscopy (XPS) spectrum of Rh-80 indicating the elemental oxidation state of Rh. 
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Figure 2. FE-SEM images of metallic Rh films, acquired from two different substrates (a–c) Ni foam and (d–f) Ti foil for deposition times of 40 min (a,d), 80 min (b,e), and 120 min (c,f). 
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Figure 3. Linear sweep voltammetry (LSV) curves of Rh/nickel foam (NF) (a) and Rh/Ti (b) electrodes showing the effect of film deposition time (40, 80, and 120 min) on the hydrogen evolution reaction (HER) performance, comparative LSVs of Rh/NF and Rh/Ti prepared after 80 min deposition (c), and Tafel slopes (d). 
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Figure 4. Nyquist plots of Rh/NF and Rh/Ti electrodes recorded at η = 0 mV (a) and η = 60 mV. Nyquist plots of pristine (without electrocatalysts) NF and Ti (inset Figure (b)). Cp = capacitive or electrical double layer element, Rs and Rp are resistive elements, Cdl = electrical double layer capacitance, Rct = charge transfer resistance. 
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Figure 5. Comparative cyclic voltammetry (a) and corresponding turnover frequency (TOF) vs. η (b) of Rh/NF-80 and Rh/Ti-80 electrodes. The CVs were measured between −0.2 and 0.6 VRHE at pH = 7 in a phosphate buffer solution with scan rate of 20 mV s−1. 
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Figure 6. Current-time stability profile (a) and LSVs recorded before and after the stability test of Rh/Ti-80 (b). 
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Scheme 1. A schematic of custom-made aerosol-assisted chemical vapor deposition (AACVD) setup used for the deposition of Rh thin films. 
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Table 1. Comparison of the HER performance of the as-prepared rhodium film with the other electrode consisting of noble metal group.
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	Catalyst
	Synthesis Approach
	Electrode
	Overpotential η50 (mV)

@50 mA cm−2
	Tafel Slope

(mV dec−1)
	Reference





	Nanoporous Pd
	AACVD
	Nickel Foam
	~65
	~29
	[28]



	Pt thin films
	AACVD
	Nickel foam
	~100
	~31
	[27]



	Rh2S3
	AACVD
	Nickel foam
	~72
	36
	[57]



	Rh nanoparticles
	Solvent reduction method
	Glassy carbon
	˂250
	120
	[58]



	Rh nanoparticles
	Etching
	Glassy carbon
	˂250
	40
	[59]



	Rh thin films
	AACVD
	Ti-foil
	67
	42
	This work



	Rh thin films
	AACVD
	Nickel foam
	127
	52
	This work
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