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Abstract

:

Developing simple, affordable, and environmentally friendly water oxidation electrocatalysts with high intrinsic activity and low overpotential continues to be an area of intense research. In this article, a trichromium diselenide carbonyl cluster complex (Et4N)2[Se2Cr3(CO)10], with a unique bonding structure comprising bridging Se groups, has been identified as a promising electrocatalyst for oxygen evolution reaction (OER). This carbonyl cluster exhibits a promising overpotential of 310 mV and a low Tafel slope of 82.0 mV dec−1 at 10 mAcm−2, with superior durability in an alkaline medium, for a prolonged period of continuous oxygen evolution. The mass activity and turnover frequency of 62.2 Ag−1 and 0.0174 s−1 was achieved, respectively at 0.390 V vs. RHE. The Cr-complex reported here shows distinctly different catalytic activity based on subtle changes in the ligand chemistry around the catalytically active Cr site. Such dependence further corroborates the critical influence of ligand coordination on the electron density distribution which further affects the electrochemical activation and catalytic efficiency of the active site. Specifically, even partial substitution with more electronegative substituents leads to the weakening of the catalytic efficiency. This report further demonstrates that metal carbonyl chalcogenides cluster-type materials which exhibit partially occupied sites and high valence in their metal sites can serve as catalytically active centers to catalyze OER exhibiting high intrinsic activity. The insight generated from this report can be directly extrapolated to 3-dimensional solids containing similar structural motifs, thereby aiding in optimal catalyst design.
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1. Introduction


The search for highly active and durable materials for sustainable energy conversion and storage has been attracting significant attention owing to the rapid depletion of fossil fuels amidst the growing concern about global warming. Water oxidation has been identified as an effective approach to generate clean hydrogen, which is one of the most sustainable zero carbon emission energy sources with a high energy density of 142 kJ kg−1 [1]. However, because of the sluggish kinetics of oxygen evolution reactions (OER) during water oxidation, electrocatalysts are generally employed to reduce the activation barrier along with stabilizing the OER intermediate adsorption on the catalyst surface [2,3,4]. Although significant research has led to the identification of precious metal-based oxides as efficient OER electrocatalysts, the high cost and scarcity of precious metals such as Ir, Ru, and Pt, severely limit their widespread practical applications. Over the last several years non-precious transition metal-based compositions have gained attention as OER electrocatalysts owing to their unprecedented high activity, tunable electrochemical property, and amenable band structure [5]. Although recent research has led to the identification of several transition metal-based electrocatalysts, a rational approach is still missing for optimal catalyst surface design. An interesting approach to achieve this is by targeting transition metal-based coordination complexes (of Ni [6], Co [7], Cu [8], and Mn [9]) where the isolated metal–ligand core can provide significant insight into the intrinsic electrocatalytic activity of the transition metal site in presence of specific ligand environment, that can be then extrapolated into the extended solid.



In this regard, multimetallic molecular clusters can be highly interesting for such catalyst design. These molecular cluster comprising a large number of atoms in the building block serves as the link interconnecting solid state and molecular chemistry [10]. Among these, homometallic metal chalcogenide carbonyls [11,12], clusters containing metal rings and metal–metal bonds stabilized by either phosphines [13,14], or arenes [15], as well as the bridging chalcogenide [16] (μ3-S [12,17], μ3-Se [18], and μ3-Te [13]) ligands are especially attractive due to the packing density and availability of multiple catalytic sites. Of particular interest is the selenium-capped carbonyltrimetallic cluster of which only very few have been reported [18,19,20]. The first three members of group 6B (Cr, Mo, and W) are known [18,19], and mixed metal [19,20] and Fe-based clusters have been reported [21]. Although some structural, magnetic, and optical studies have been reported [20,21,22], however, they have not been explored for electrochemical properties.



Despite the unique properties of chromium favoring catalytic properties, very few Cr-based compositions have been studied for electrocatalysis [23,24,25,26]. Chromium is a high valance transition-metal and being slightly oxophilic can easily associate with hydroxide ions of the electrolyte. The strength of the Cr-O bond is of significance in catalysis, since higher strength favors chemisorption and O-O bond activation [27]. Recently, a trichromium diselenium carbonyl complex, [Se2Cr3(CO)10](Et4N)2, was reported [19], with a distinctive triangular metal bonding structure. This complex provides a unique opportunity for understanding the role and effect of the structure and bonding nature of the core Cr-Se bond, and the presence of Cr-Cr bonds on electrocatalytic water oxidation. The activity of the Cr-Se core in the cluster system could demonstrate the intrinsic activity of the Cr-Se linkages and by extension the activity of bulk Cr-based chalcogenides, and other coordination polymers with similar structures.



To date, the electrochemical OER activity of Cr-based molecular clusters has not been studied in any systematic investigations. Herein, we report the use of the Se-capped trichromium carbonyl cluster [Se2Cr3(CO)10](Et4N)2 as a highly efficient electrocatalyst for water oxidation. The OER activity in an alkaline medium revealed a low onset potential of 1.47 V vs. RHE with an overpotential of 310 mV @ 10 mA cm−2. This enhancement in electrocatalytic activity can be attributed to the optimal binding strength provided by catalytically active Cr sites, which is favorable for the adsorption of oxygen-containing intermediates, assisted by local oxidation of Cr(III) to (Cr(VI) during the polarization process.




2. Results


The Se-capped carbonyltrichromium [Se2Cr3(CO)10](Et4N)2 molecular cluster was synthesized by reaction of Cr(CO)6 with SeO2 in concentrated methanolic-NaOH solution using cation metathesis with [Et4N]Br, following reported procedure [19]. This reaction led to the formation of the Cr-Se complex as represented in Figure 1a which had a distinct red coloration and has been referred to as the red Cr-Se complex henceforth. The Cr-Se cluster has an interesting structure exhibiting trigonal bipyramidal coordination with bridging μ3-Se atoms capped above and below bonded Cr3-ring. In this bonding situation, each Se atom donates 4e− to the Cr3 triangle forming 48e− species, which supports the Cr3 having (3×) Cr-Cr bonds. The washings during the metathesis with [Et4N]Br were collected, concentrated, washed, and dried, yielding another Cr-Se complex with a distinct green coloration, referred to as a green Cr-Se cluster. The detailed crystal structure analysis of the Cr-Se red cluster from single crystal X-ray diffraction has been reported previously [19]. Raman and FTIR analysis were used to further characterize these Cr-Se complexes, specifically the green cluster.



The Raman spectra showed the presence of a Raman peak at 117 cm−1 corresponding to the Cr3 motif, while peaks around 250 and 342 cm−1 were attributed to E1g and A1g modes in both clusters. The Raman peak at 847 cm−1 corresponds to the vibrational mode of Cr-C in the Cr-Se red cluster while the peak at 850 cm−1 indicated the presence of Cr-OH linkage in the Cr-Se green cluster Figure 1b. The FTIR spectra (Figure 1c) also showed broad IR peaks ~3461 cm−1 attributed to O-H stretching mode in both Cr-Se red and Cr-Se green clusters, indicating the presence of moisture. However, the peak was much broader and more intense in the Cr-Se green cluster, indicating the higher magnitude of hydrogen bonds, possibly due to the presence of coordinated H2O molecules, while the IR peak ~1623 cm−1 could be assigned to the O-H bending mode of H2O molecules. The Cr-Se green showed no peak between 1900–1550 cm−1 indicating the absence of the CO group, while Cr-Se red shows a doublet peak at around 1800 cm−1, indicating the presence of a bound CO group [28]. Furthermore, the IR absorption vibrational peaks that appeared at 1461 cm−1 were assigned to CH3 while 2963 cm−1 and 2877 cm−1 correlate with CH3 and CH2 modes, respectively, confirming the presence of Et4N counter ions in these clusters [29,30,31]. The absorption peaks below 800 cm−1, correspond to other bending and stretching vibration modes including Cr-Se at 668 cm−1, while other less obvious peaks are most likely due to O-M-O and M-O-H modes. The CHN elemental analysis of the Cr-Se red and Cr-Se green cluster samples revealed the relative atomic ratio of C, H, and N in the samples (SI Experimental Section). Such compositional analysis also corroborated the formulation of the green cluster as Cr3Se2C40H117N5O10, while the red cluster had a molecular formula of Cr3Se2C26H40N2O10 as shown in Figure 1a. Specifically, the CO ligands coordinated to Cr in the red cluster were replaced with water molecules to form the green clusters.



X-ray photoelectron spectroscopy (XPS) was employed to characterize the oxidation states, composition, and local coordination of the cluster surface (Figure 2). Deconvoluted peaks of the Cr 2p spectrum (Figure 2a) showed peaks around 576.0 eV and 585.9 eV attributed to Cr(III) of 2p3/2 and 2p1/2 states, respectively, while two other peaks around 578.4 eV and 586.7 eV were matched to Cr(VI) of 2p3/2 and 2p1/2 states, respectively [1]. This indicates that Cr(III) and Cr(VI) states co-exist in the cluster, with Cr(III) as the main species. The Se 3d spectrum (Figure 2b) shows peaks at 53.3 and 54.6 eV assigned respectively to Se 3d5/2 and Se 3d3/2, which corroborates the presence of Se2−, whereas the low-intensity peak around ~58.6 eV corresponds to SeOx species which could be from selenide surface oxidation [6,7,32]. Interestingly, XPS analysis revealed minimal Cr-oxide on the surface. The deconvoluted C 1s spectrum (Figure 2c) shows three peaks, corresponding to sp3-C at around 284.8 eV, the C-O of carboxyl, or carbonyl groups at 286.1 eV, and the C=O of carbonyl groups at 288.8 eV. These were corroborated by the O1 s spectrum (Figure 2c) showing peaks corresponding to C=O and C-OH, in addition to Cr-C-O and Cr-O peaks.



Similar observations were made for the Cr-Se green complex (Figure 3), where the high-resolution XPS spectra for Cr-Se green were measured to determine the valence states of the Cr species by the deconvolution of the Cr 2p spectrum. The peaks at 576.2 eV and 586.0 eV were assigned to Cr(III) 2p3/2 and Cr(VI) 2p1/2, respectively, while deconvoluted peaks at 574.1 eV and 574.4 eV were attributed to Cr(0) and Cr(II), respectively. The other two peaks at 576.3 eV and 583.0 eV were due to the presence of Cr(OH) and CrOx, respectively. This is similar to what was observed in the previous report [33], indicating the formation of surface oxides and hydroxyl coordination in the cluster. However, Cr(III) was still observed as the dominant species. The Se 3d spectrum, showed peaks shifted to 57.6 and 58.6 eV corresponding to Se 3d5/2 and Se 3d3/2, respectively, which confirmed the presence of Se2−. The peak at ~62.0 eV indicates the existence of SeOx species which could arise from selenide surface oxidation. However, no metal oxides were detected on the catalyst surface from the XPS analysis. The C 1s spectra were deconvoluted and the peak at 284.9 eV corresponded to the sp3-C bond, and the peak at 285.4 eV C-O bond of carboxyl or carbonyl functional groups, and the peak at 288.7 eV was assigned to C=O bond of carbonyl groups [1,23,24]. Furthermore, the thermogravimetric analysis (TGA) described the stepwise decomposition of both of Cr-Se red and Cr-Se green clusters (Figure S1), and the percentage weight loss in both complexes agree with the calculated values estimated from the proposed molecular formulation.



The electrocatalytic OER performance of Cr-Se red and Cr-Se green clusters was investigated in an alkaline medium of 1 M KOH (pH 13.7) using a three-electrode system, with graphite rod and Ag|AgCl as counter and reference electrodes, respectively, while the catalysts were drop casted on a conductive carbon paper and used as working electrode. The assembly of the catalyst electrode (working electrode preparation) is described in the materials and methods section. The polarization curves obtained using linear scan voltammetry (LSV) (Figure 4a) indicate that Cr-Se red cluster achieved an overpotential of 310 mV at 10 mA cm−2 making it a better OER active electrocatalyst in comparison to the Cr-Se green cluster with 350 mV overpotential. It can be observed that the presence of Cr in variable oxidation states in both samples strongly influences the OER performance by improving current density and minimizing overpotential. The presence of Cr in two different oxidation states, not only increases electroactive sites but further enhances the electronic transition, thereby facilitating catalyst activation through hydroxide adsorption on the Cr catalytic sites. Moreover, the higher covalency of the multiple Cr-Se bonds present as well as the enhanced conductivity of Cr-Cr bonds are important factors that could affect the observed catalytic efficiency. Additionally, the lability of the coordinating ligands in the Cr-Se green clusters tends to free up the metal sites for incoming OH− under applied potential [34]. The activity of Cr-Se green was observed to be moderately good; this can be attributed to the association of Cr sites with water and OH- which has been demonstrated to show high intermediate adsorption on catalytic sites leading to performance enhancement [24]. The cyclic voltammetry (CV) shown in Figure 4b,c illustrates the reduction of the active Cr species during a reverse sweep at potentials of 1.33 and 1.35 vs. RHE for Cr-Se red and Cr-Se green clusters, respectively, which is consistent with reported literature [35]. The active species is regenerated in the forward oxidation sweep at potentials around 1.46 and 1.48 vs. RHE [36], just before the OER onset, further corroborating with the activity observed by the LSV (Figure 4a). The oxidation and reduction reaction kinetics of the Cr-Se red cluster was measured using variable scan rates between 10 and 100 mV/s in OER (Figure 4d). This shows more obvious reduction peaks shifting slightly more left, while oxidation peaks shifting slightly more right indicate quasi-reversible behavior of Cr species [37].



The Tafel slope for Cr-Se red was found to be 82 mV dec−1 as compared Cr-Se green, which was 107 mV dec−1, which indicates a much faster reaction kinetics and simple electron transfer between the Cr-Se red electrocatalyst and electrolyte (Figure 4e), in agreement with the observation of facile OER. The electrochemical impedance spectroscopy (EIS) plots (Figure 4f) showed semi-circular ellipsoids, which could be fitted to equivalent circuit models depicting the various conducting pathways on the catalyst-electrode composite [38]. Typically, two processes can occur during electrochemical OER: (i) reactive intermediate adsorption through catalyst activation; and (ii) O-O desorption process. An equivalent circuit demonstrating two charge-transfer, a process obtained from EIS plot fitting, is shown in the insert in Figure 4f. The R1 values are the electrolyte resistance. C1R2 represents the transformation of the active intermediate and W2R3 for the O-O desorption process. Table S1 shows EIS equivalent circuit parameters. The Cr-Se red revealed a smaller R1 value indicating a faster charge-transfer process. The OER activity of both Cr-Se red and Cr-Se green molecular complexes were compared with the recently published Cr-based OER electrocatalysts as shown in Table S2 in supporting information. It was found that our catalysts were comparable to or better than the recently published Cr-based electrocatalysts which further confirms the critical influence of ligand coordination on electrocatalytic activity.



To further appreciate the OER activity of the Cr-Se red and Cr-Se green cluster electrocatalysts, the mass activity and turnover frequency (TOF) were obtained as shown in Figure 5. The OER-specific mass activities were measured at 0.39 V overpotential. Cr-Se red and Cr-Se green catalysts exhibit specific mass activities of 62.4 and 37.2 Ag−1, respectively (Figure 5a). Furthermore, the TOF of 0.0174 and 0.0164 s−1 was achieved at 0.39 overpotential for Cr-Se red and Cr-Se green catalysts, respectively.



The electrochemically active surface area (ECSA) is one of the key descriptors for electrocatalysts which influences the kinetics of electrochemical conversion. The ECSAs of Cr-Se red and Cr-Se green were investigated using cyclic voltammetry (CV) plots collected in the range from 0.05 to 0.25 V vs. Ag|AgCl with scan rates between 20 and 100 mV s−1 in N2 saturated 1 M KOH solution. Figures S2 and S3 show the anodic and cathodic currents plotted as a function of scan rates. ECSA was calculated using the double-layer capacitance of the catalysts and the specific capacitance as described in the Experimental Section. Cr-Se red and Cr-Se green clusters showed ECSA of 91 cm2 and 54 cm2, respectively, corroborating the accessibility to a larger number of active sites and hence the high activity observed.



The electrochemical OER parameters of Cr-Se red and Cr-Se green are compared in Table 1. The Cr-Se red shows lower overpotential and Tafel slope, indicating better electrocatalytic activity. In addition, its TOF, mass activity, and ECSA were higher for the Cr-Se red, further corroborating its higher performance. A higher ECSA value generally indicates a larger electrochemically active surface area which improves electrolyte/active site interaction, leading to better catalytic performance for OER. A large ECSA value results in high surface roughness (RF), which is another parameter considered that affects catalytic activity. The steady-state performance and long-term durability were tested by chronopotentiometry for the most active Cr-Se complex OER electrocatalyst. The multistep chronoamperometry stability test for Cr-Se red cluster at different current densities between 5 mA cm−2 and 30 mA cm−2 showed no obvious degradation in potential under the tested current density (Figure 5c), suggesting that the Cr-Se red cluster is highly stable under a wide range of current densities, exhibiting robustness toward longevity in OER.



Furthermore, chronoamperometry sustained at 20 mA cm−2 current density for a 24 h period and shows no significant change in the activity as shown in Figure 5d. This confirms that the Cr-Se red cluster material is highly active towards OER as well as durable over a long activity period under an alkaline medium. In the Cr-Se red catalyst, a decrease in the Cr-CO (847 cm−1) peak signal and an increase in the Cr-OH (850 cm−1) peak signal was observed, and a formation of a shoulder at ~900 cm−1 corresponding to O-Cr-O after chronoamperometry (Figure 6). This could be from the adsorption of the OH ion on the surface of the catalyst. The Cr-Se green after chronoamperometry shows a more pronounced A1g (378 cm−1) due to the formation of surface chromium-hydroxide linkage, Cr-OH peak signal (850 cm−1), illustrating more OH adsorption on the catalytic site [39,40,41]. However, the catalyst characterization after chronoamperometry shows minimal surface oxidation as demonstrated by the XPS in Figures S4 and S5, further corroborating the stability of these complexes while catalytic sites underwent local activation through intermediate adsorption. Moreover, no significant surface-leaching structural changes were observed after the stability study.




3. Materials and Methods


Conductive carbon paper (CCP) suitable for battery, fuel cell, and supercapacitor research were purchased from MSE supplies, Tucson, AZ 85711 USA. Chromium hexacarbonyl, Nafion (5 wt.%), selenium (IV) oxide (SeO2), isopropanol (iPr-OH), and cyclohexane (C6H12) were purchased from Sigma–Aldrich Chemical Reagent Co., Ltd. St. Louis MO, sodium hydroxide (NaOH), methanol (MeOH), dichloromethane (CH2Cl2), and tetraethyl bromide [Et4N]Br were purchased from Fisher Scientific Pittsburgh, USA. All the reagents were used as received. The deionized (DI) water purified through a Millipore system was used in all experiments. The CCP was washed with iPr-OH and DI water several times to ensure the surface is cleaned before use.



3.1. Preparation of Cr-Se Red Complex


The synthesis of Cr-Se red (decacarbonyltrichromium diselenide ditetraethylamine) compound has been reported in a previous report [19]. All reactions were carried out under the N2 atmosphere. A mixed solution of MeOH (30 mL) and cyclohexane (7.5 mL) was added to a mixture containing [Cr(CO)6] (0.8 g, 3.64 mmol), SeO2 (0.21 g, 1.89 mmol), and NaOH (3.0 g, 82.5 mmol) taken in 100 mL three neck round flask. This mixture was heated to reflux at 70 °C for 12 h, yielding a dark-red solution that was filtered, and the filtrate was concentrated. A MeOH solution of [Et4N]Br (3.0 g, 14.3 mmol) was added to the concentrated filtrate dropwise, whereby the red Cr3Se2(CO)10](Et4N)2 was precipitated as a solid product in a metathesis reaction. The solid product was washed several times with MeOH and CH2Cl2 and dried as Cr-Se red complex. Elemental analysis found the following composition for Cr-Se red: C, 36.20; H, 5.61; N, 3.28%. Calculated: C, 36.55; H, 4.72; N, 3.28%. Compound Cr-Se red is soluble in MeCN and acetone, but insoluble in other organic solvents.




3.2. Preparation of Cr-Se Green Complex


The Cr-Se green (decahydrate trichromium diselenide ditetraethylamine) was accidentally formed from Cr-Se red, by leaving the Cr-Se red solid product to remain standing in MeOH and CH2Cl2 during washing for 2–3 weeks in the presence of moisture and air, and was dried as Cr-Se green complex. Elemental analysis found for Cr-Se green: C, 28.28; H, 7.91; N, 1.83%. Calculated: C, 25.47; H, 8.01; N, 3.71%. Compound Cr-Se green is soluble in MeCN and acetone, but insoluble in other organic solvents.




3.3. Electrode Preparation


All CCP substrates were cleaned with iPr-OH, dried, and covered with Teflon tape, leaving an exposed geometric area of 0.283 cm2. Catalyst ink was prepared by dispersing 10.0 mg of the catalyst in 1.0 mL 0.8% Nafion in iPr-OH and ultrasonicated for 30 min. A 20 µL volume of the ink was pipetted out and drop casted on the CCP substrate on the exposed geometric area, dried at room temperature, and finally heated at 130 °C in an oven for 30 min in air. This was used as working electrodes.




3.4. Characterization Methods


XPS measurements were performed using a KRATOS AXIS 165 X-ray photoelectron spectrometer (Kratos Analytical Limited, Manchester, UK) using a monochromatic Al X-ray source. The C 1s signal at 284.5 eV was used as a reference to correct all the XPS binding energies [7]. All XPS spectra were collected from the pristine catalyst surface without sputtering. The Raman spectra of the catalyst were recorded with LabRam ARAMIS (HORIBA Jobin-Yvon Raman spectrometer equipped with a CCD detector) in the Raman shift range between 50 cm−1 and 1800 cm−1, 1200 lines mm−1 grating, HeNe laser 632.8 nm excitation with a nominal output power of 100 mW, 0.95 cm−1/pixel spectral dispersion, 10% of laser power, 10× objective, 0.25 numerical aperture, 100 μm slit, 200 μm hole, 30 s exposure time, and 10× accumulations for each sample acquisition [42]. Fourier Transform Infrared (FTIR) spectra were recorded using a Thermo Nicolet NEXUS 470 FT-IR Spectrometer, in a range of 400–4000 cm−1 with 1 cm−1 resolution. Pellets were prepared by pressing a mixture of 2 mg catalyst and 200 mg KBr under a load of 10–15 tons [43,44]. Thermal gravimetric analysis (TGA) was performed with a heating rate of 10 °C min−1 on a Netzsch STA 449C instrument [33].



Electrochemical measurements were performed using a conventional three-electrode system connected to an IviumStat potentiostat, with catalyst-coated CCP as the working electrode, while graphite rod and Ag/AgCl electrode were used as counter electrode and reference electrodes, respectively, to measure the electrocatalytic performances. Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were carried out to study the OER catalytic performance and cycling stability. To reduce uncompensated solution resistance, all activity data were iR-corrected, which was measured through electrochemical impedance studies.



All potentials measured were calibrated to RHE using the following Equation (1):


E(RHE) = E(Ag/AgCl) + 0.197V + 0.059*pH



(1)







All electrolytes were saturated by oxygen (for OER) bubbles before and during the experiments.




3.5. Chronoamperometry Stability Study


The steady-state performance and durability of Cr-Se red electrocatalysts in OER for long-term chronoamperometric stability in the alkaline electrolyte of 1 M KOH solution were carried out in two forms: (a) At a constant current density of 20 mA·cm−2 for 24 h. (b) At various current densities between 5 and 30 mA·cm−2 as multistep study, both in N2-saturated 1.0 M KOH at room temperature.




3.6. Tafel Slope


The Tafel slope, an important parameter to explain the electrokinetic activity of these thin film catalysts for OER and HER processes, was estimated from the Tafel plot. The Tafel equation is given as the dependence of overpotential η on the current density j as shown in Equation (2)


η = α + (2.3RT/αnF) * log (j)



(2)




where α is the transfer coefficient, n is the number of electrons involved in the reaction, and F is the Faraday constant. The Tafel slope is given by (2.3RT/αnF). The Tafel plots in this work were calculated from the reverse scan of CV collected at a scan rate of 2 mV s−1 in a non-stirred N2-saturated 1.0 M KOH solution.




3.7. Electrochemical Impedance Spectroscopy (EIS)


The EIS experiments were performed within 105–10−2 Hz frequency range, at an AC signal amplitude of 10 mV, to study the electrode kinetics and estimate the electrolyte resistance (R1), charge transfer resistance at the electrode (catalyst)-electrolyte interface (R2), as well as the film resistance (R3). The Nyquist plots were collected in N2-saturated 1.0 M KOH at an applied potential of 0.55 V vs. Ag|AgCl (KCl saturated).




3.8. Turnover Frequency (TOF)


Turnover frequency (TOF) for the electrocatalysts was calculated from Equation (3):


TOF = j*A/4*m*F



(3)




where j is the current density in mA cm−2 at a given overpotential (e.g.,  η  = 0.39 V), A is the surface area of the electrode (0.283 cm2), F is the Faraday constant (a value of 96,485 C mol−1), and m is moles of catalyst on the electrode.




3.9. Mass Activity


Mass activity (A g−1) is the current density per unit mass of the active catalyst at a given overpotential. This is calculated from catalyst loading m and the measured current density j (mA cm−2) of the catalyst, at η = 0.39 V, calculated from Equation (4).


Mass activity = j/m



(4)








3.10. Electrochemically Active Surface Area (ECSA) and Roughness Factor (RF)


The electrochemically active surface area (ECSA) of the catalyst was estimated by measuring the electrochemical double-layer capacitance (CDL) at different scan rates in the non-Faradaic region. It was assumed that the current obtained in the non-Faradaic region is caused by double-layer charging instead of electrochemical reactions or charge transfer. The double-layer current (iDL) was obtained by performing cyclic voltammograms (CVs) with various scan rates in a non-stirred N2 saturated 1.0 M KOH solution. The ratio of double-layer current (iDL) and the scan rate (ν) of CV yielded the specific electrochemical double-layer capacitance (CDL). Averaging of cathodic and anodic slopes gave absolute values obtained from the CV plot in the non-faradaic region as described in Equation (5).


iDL = CDL * V



(5)







The ECSA of the catalyst was calculated using Equation (6) where CS is the specific capacitance as reported in alkaline solution to be between 0.022 and 0.130 mF cm−2 in alkaline solution. In this study, we assumed the value of CS to be = 30 μFcm−2 based on previously reported OER catalysts in an alkaline medium.


ECSA = CDL/CS



(6)







The roughness factor (RF) is another important parameter that defines catalyst surface roughness and can influence observed catalytic properties. It is estimated as the ratio of ECSA and the geometric electrode area (0.283 cm2) as shown in Equation (7).


RF = ECSA/SA



(7)









4. Conclusions


In essence, we have successfully demonstrated the use of a selenium-capped trichromium carbonyl [Se2Cr3(CO)10](Et4N)2 cluster for the first time as an efficient, high performance, and stable electrocatalyst for OER. This Cr-Se red cluster consists of a catalytically active Se-Cr-Se coordinated sphere which shows high intrinsic catalytic activity supported by its low overpotential and Tafel slope of 310 mV at 10 mA cm−2 and 82 mV dec−1, respectively, as well as high TOF (0.0174 s−1) and mass activity (62.4 Ag−1). It also showed excellent stability over 24 h in alkaline (1 M KOH) electrolytes. This indicates the promising potential of high-valence metal complexes and by extension their bulk solids with similar structural composition as highly active electrocatalysts in OER. The covalency of the multiple Cr-Se bonds in the cluster as well as the enhanced conductivity of Cr-Cr bonds are associated with the observed high catalytic efficiency. We believe that the presence of Cr in two different oxidation states, not only increases electroactive sites but further enhances the electronic transition. This facilitates the intermediate hydroxide adsorption on the Cr atoms, thus improving the electrocatalytic activity. These current findings provide a new avenue to explore the electrocatalytic applications of clustered high-valence metal complexes, as there is no systematic study reported for these cluster types in OER and other electrochemical energy conversions.
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Figure 1. Synthesis and spectroscopic characterizations of Cr–Se red and Cr–Se green catalysts. (a) Reaction scheme describing synthesis method along with compositional details. (b) Raman spectra, excited with 632.8 nm HeNe laser radiation; (c) FTIR spectra. 
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Figure 2. The high-resolution XPS spectra of Cr-Se red complex showing (a) Cr 2p peak; (b) Se 3d peak; (c) C s1 peak; (d) surface O 1s peak. 
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Figure 3. The high-resolution XPS spectra of Cr-Se green complex showing (a) Cr 2p peak; (b) Se 3d peak; (c) C s1 peak; (d) surface O 1s peak. 
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Figure 4. Electrocatalytic performance of Cr–Se red and Cr–Se green complexes. (a) Linear scan voltammetry showing overpotential at 10 mA/cm2. (b) Cyclic voltammetry. (c) The Cr(III) and Cr(VI) redox potentials for Cr–Se red and green complexes. (d) Cyclic voltammograms of Cr–Se red complex measured at scan rates from 10 to 100 mV/s. (e) Tafel plots. (f) Electrochemical impedance spectroscopy (EIS) showing Nyquist plots in the AC frequency range between 100 kHz and 0.1 Hz, at 1.55 V vs. RHE. Inset shows the fitted equivalent circuit. 
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Figure 5. Electrocatalytic performance of Cr–Se red and Cr–Se green complexes. (a) Mass activity; (b) Turnover frequency (TOF); (c) Multistep chronoamperometry study of Cr–Se red at various current densities.; (d) Chronoamperometry at constant current density. Inset shows the comparison of OER activity before and after long-term chronoamperometry. 
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Figure 6. Raman spectra, excited with 632.8 nm HeNe laser radiation of (a) Cr–Se red complex before and after chronoamperometry study; (b) Cr–Se green complex before and after chronoamperometry study. 
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Table 1. Electrocatalytic parameters compared in Cr-Se catalytic systems.
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	Material
	Cr-Se Red
	Cr-Se Green





	Onset potential (V) vs. RHE
	1.47
	1.58



	Overpotential @ 10 mA cm−2 (mV)
	310
	350



	TOF (s−1) @ 0.39 V
	0.0174
	0.0164



	Mass activity (Ag−1) @ 0.39 V
	62.4
	37.2



	Tafel slope (mV dec−1)
	82
	107



	ECSA (cm−2)
	289
	139



	RF
	1023
	492
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(a) [cr-se Complex-red Cr2p (b) [Cr-se Complex-red Se 3d
> Cr 2p3/2 - == Fitted - Se 3d512 = = Fitted ]
@ [Cr(lll) = E xperimental © - EXperimental
> - Se 3d,,
2 Cr2p,, "5 SeO,
o 3
= IS
570 575 580 585 590 50 52 54 56 60
(c) Binding Energy / eV (d) Binding Energy / eV
Cr-Se Complex-red O1s Cr-Se Complex-red C1s
S - = Fitted - 3 - FlttEd
© Cr-O | \Experimental cd == EXxperimental
=~ ~
= =
= =
- C
L 9
L R =

526 528 530 532 534 536 538 540

Binding Energy / eV

280 282 284 286 288 290 292

Binding Energy / eV





nav.xhtml


  catalysts-13-00721


  
    		
      catalysts-13-00721
    


  




  





media/file2.png
(a) NaOH, 70°C Cr(CO),

MeOH H.O
Cr(CO underN air, H 0 R(H20)
(CO)—— | SN [Et4le—> I [EtN],
Se0,, Cy-H:MeOH(1: 5)( }sCr r(CO)s Aged 20):Cr] r(H,0)s

a. ppt with [Et,N]Br/MeOH 2-3 weeks
b. Washed (3%) MeOH/HZO
)|

(b) —C;-Se red - (
i19

0O

Intensity / a.u
Transmittance

260- 460 660 860 1000 4000 3500 3000 2500 2000 1500 1000 500
Raman shift / cm™’ Wavelength (cm™ )






media/file5.jpg
2

Intensity / a.u

@ T (b) [CrSeComplex-green e 3d|
=) et o El Fitted
& cr“")Expenmenial 2 w1 S
3| e ~| se3ds,
k4 Cr2p, 2
S|ermy 2

575 580 685 590

Binding Energy / eV

570

% e e
Blndlng Energy / eV

526 528 530 532 534 536 538 540
Binding Energy / eV

(d)
CrSe Complex-green G s
5 Fitted
i —Experimental
&2 s
2+ 0
k3
2
KT
=

280 262 204 286 268 280 252
Binding Energy / eV





media/file3.jpg
(a) [Crss Complexred cr2p| (b)
5 Cr2p,, == Fitted 5
@ [Cr(n), ——Experimental ©
2 2|
e 2
$ g
= £
570 575 580 585 590 50 54 56 58 60
(© Binding Energy / eV ) Blndmg Energy / eV
Cr-Se Complex-red — 015 Cr-Se Complex-red C1s,
5 Fitted 5| 6. Fitted_
< Cr-0 [ \=—Experimental al*® ——Experimental
2 2|
2 2 c0 C=0
2 2
= £

526 536 530 532 534 536 538 540
Binding Energy / eV

280 282 284 286 288 290 292
Binding Energy / eV





media/file1.jpg
(a) NaOH, 70°C 1(CO)y (H20)
Cr(CO),_mer N, [otikicd e
sgozéy-H.MOOH(‘l:Si (CONC rCo| " pged |(H:0 O

a. ppt with [E,N]Br/NieOH
b. Washed (3x) MeOHIH,0

23 weeks

S50 % 590 300 Top0 4000 3500 3000 2500 2000 1500_1000 500
Raman shift / cm™" Wavelength (cm™)





media/file7.jpg
(a) (), (c)

JFcrse green i P — [=CrSered
o l=Cr-se red .« %]|=CrSegreen | |« |~Cr-Segreen
o £ 3
Ll S 2
Eaxl Eis E| 13
=2 o 3|
B -] 48
o B Reduction /4%
T TS e TT oS 1o Tiia s e e v T T 1o i
E/Vvs. RHE E/Vvs. RHE E/Vvs. RHE
(d) (9)“ (f)“
o
=T BT Crsored [RulCrsered — gt
Ll Sesf=crsesroen o |gul-Crseareep
§1s]-a0mvis Goas) A0S S R,
Zof-somvis oo —oes [
E'{-75mvis S42s) L N
s ) > 0204 L
s austion_|© %%

o
11TAZ 13 16 15 16 "'60070406vs oz AT 0" § 70 15 20 75 %0 3
E/Vvs.RHE Log (j/ mAcm™?) Z'/ ohm





media/file10.png
(@)100

Ag

Mass activity /

HE ©

E/Vvs. R
a

-
N

-
o

N
o

N
($))

@0.39 V overpotential

62.4

37.2

0-
Cr-Sered Cr-Se green

-
»

9.0 mA 20'3 MA 125 mA

{ 7 l

28.5mA
b 16.0mA Sih oA

15.5 mA

1= Multistep Chrono

Cr-Se red

o

3 6 9 12 15 18 21
Time/h

1.0

o Cr-Se red Cr-Se green

@0.39 V overpotential

0.01744 0.01642

|=Cr-Se red Chrono
@ 20 mAcm™

Cr-Se red
= hefore
= after

0 3 6 9 12 15 18 21 24
Time /h





media/file12.png
—
Q
'

Intensity / a.u

e Cr-Se red before chrono
Cr-C

200
Raman shift/ cm™

(b)l—Cr-Se green before
Cr-OOH

Intensity / a.u

chrono

= Cr-Se green after

chrono Cr-OH

200 400 600 800_1000
Raman shift / cm





media/file9.jpg
Mass activity / Ag™2
S ]

E/Vvs.RHE ©
B 3 @

o

b)o.os
@0.39 V overpotential @0.39 V overpotential
524 0.01744 001642
Cr-Sered Cr-Se green Cr-Se red Cr-Se green
20.0 mA =Cr-Se red Chrono
A"y Selma @ 20 mAcm 2
4 : F_%[Cr-Se red
T 1e0ma28SmA 4 | ol pefore
5.5 mA & Lol
Eal
—Multistep Chrono .
Cr-Se red
0 3 6 9 12 15 18 21

Time / h






media/file0.png





media/file8.png
(a) (b) (c)

80 40
-0]™Cr-Se green 35] = Cr-Se red = Cr-Se red
~ goJ™Cr-Se red ~ 30]==Cr-Se green ~ |=Cr-Se green
gso &€ 25, =
) O
<C 40 <20 < ,
Eso E15 £ 1.3
~20; -<10- =
104 = o = - 51 . 48
o 04 Reduction1:46
111213141516 171819 1.0 11 1.2 1.3 1.4 1.5 1.6 1.7 1.2 1.3 1.4 1.5 1.6
E/V vs. RHE E/V vs. RHE E/Vvs. RHE
(dgo (e) (f)
0.55 20
251 = Loms Cr-Se red 20_50.-Cr-5e red = Cr-S red
& 5o ]2 mVIs m045{=Cr-Se green, " |c4s}=Cr-Se green
g 730 mVis +=0.40 “\\ld = R
O 15'. =40 mV/s @ 0.35 \01 A o
<é:m. =50 mV/s 0 0.30 2 “.Nde :10-
£ 1-75mvis Slsse] 8 N
™ ] 100m D 0.20. 5
e O 0.15;

e G et 0.10 . = 7 v v T v v 0+ 7 ™ x v > - 7
1. 1.2 1.3 1.4 15 1.6 0.00.2040608101.214 1.6 0 5 10 15 20 25 30 35
E/V vs. RHE Log (j/ mAcm"z) z' / ohm





media/file11.jpg
(A)—=trssreanetorechrons] (P)—crssgreenterore
crc

chrono

cr,
EigAg
!

Cr-Se green after
chrono

Intensity / a.u
Intensity / a.u

200 400 600 800_1000 200 400 600 800_
Raman shift / cm Raman shift / cm





media/file6.png
(a) Cr-Se Complex-green Cr2p (b) Cr-Se Complex-green Se 3d
- Cr2p;, ==-Fitte = -===Fitted
= EXxperimental : :
© © - EXxperimental
~ Sl —~| se3d
>| Cr(0) 5/2
— Cr2p,, Py SeO, SeO,
B Cr(OH) Cr(VI) ‘»
S lerm Cro, C
= 2 Se 3d,,
570 575 580 585 590 56 58 60 62
(c) __Binding Energy / eV (q) __Binding Energy / eV
Cr-Se Complex-green QO 1s Cr-Se Complex-green C 1s
= A """"Fitted - ====Fitted
© Crd —Experimental (6 —Experimental
~~ ~~
= =
= =
= C
2 L
= =

526 528 530 532 534 536 538 540 280 282 284 286 288 290 292
Binding Energy / eV Binding Energy / eV





