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Abstract

:

The stability of anode electrode has been a primary obstacle for the oxygen evolution reaction (OER) in acid media. We design Ir-oxygen of hydroxyl-rich blue TiO2 through covalent bonds (Ir–O2–2Ti) and investigate the outcome of favored exposure of different amounts of covalent Ir–oxygen linked to the conductive blue TiO2 in the acidic OER. The Ir-oxygen-blue TiO2 nanoclusters show a strong synergy in terms of improved conductivity and tiny amount usage of Ir by using blue TiO2 supporter, and enhanced stability using covalent Ir-oxygen-linking (i.e., Ir oxide) in acid media, leading to high acidic OER performance with a current density of 10 mA cm−2 at an overpotential of 342 mV, which is much higher than that of IrO2 at 438 mV in 0.1 M HClO4 electrolyte. Notably, the Ir–O2–2Ti has a great mass activity of 1.38 A/mgIr at an overpotential 350 mV, which is almost 27 times higher than the mass activity of IrO2 at the same overpotential. Therefore, our work provides some insight into non-costly, highly enhanced, and stable electrocatalysts for the OER in acid media.






Keywords:


acidic OER; blue TiO2; iridium nanoclusters; mass activity












1. Introduction


Solar and wind powers are encouraging electricity production technologies for promoting a renewable and clean energy organization. Unfortunately, the discontinuous convenience of solar and wind powers critically encumber their wide variety of applications. Therefore, efficient and accessible means for storing energy are demanded to bridge the gap between supply and requirement [1,2]. Hydrogen (H2) generated from the electrocatalytic water splitting (EWS) could feed such a long-time energy storage system due to the high density of gravimetric energy. The EWS is an important step for reaching renewable H2 energy storage. However, the oxygen evolution reaction (OER), as one of the half-reactions in EWS, is a complicated transfer reaction of multi-electron, which includes a high overpotential to the actual reactive route, leading to a significant reduction of the reaction performance [3,4].



In the context of the EWS for renewable energy storage, the proton exchange membrane (PEM) electrolysers possess more recognizable advantages than alkaline electrolysers due to their limitation of gas boundary, high flexibility and great proton conductivity [5].However, the main deficiency of the EWS system is that PEMs have driven in acidic media, which limit the series of materials available for the electrocatalytic anode parts and other auxiliaries such as current collectors and separators due to the maintaining high activity and stability required to these materials while the corrosion in acidic media was simultaneously resistance [6].



One possible approach to solving the catalyst problem is to apply nano-sized catalysts that are highly dissolved on the supporting materials with typical large sizes [7,8,9]. For the supporting materials, long-term stability of the OER under acidic environments is necessary. For example, TiO2, SnO2, SiO2, silicon carbide-silicon and titanium carbide, among others, have been tested as supporting materials for noble-metal catalysts for the OER [10,11,12]. It is generally believed that reduced TiO2 nanomaterials have properties proportional to the electrical conductivity, which is significantly improved by forming oxygen vacancies (Vo). A positive charge, then, Ti3+ from the center shifts away from the VO position, leading to greatly enhanced electrocatalytic OER activity [11,12,13]. Moreover, the OER efficiencies of IrO2 and/or RuO2 (nanoparticle or nanodendrite) catalysts promoted on antimony-doped SnO2, which have revealed the high conductivities, have been reported by several groups [14,15].Yet, in existing studies, the size microstructure of neither the supporting materials nor the noble-metal catalysts has been handled at the nano-size. The preparation method used for the nano-size affects their catalytic properties and morphology, including efficiency and durability [6,16,17].



Variations discovered in the performance of various IrO2 nanomaterials have been presented due to the favorite of active sites on the surface [18]. Currently published reports that highlight the preparation of both IrO2 and Ir thin films have been used in the layer deposition method of a single atom. However, this method required H2 and O3 gases [19,20,21,22]. Moreover, the set-up cost of the experimental system is high, and the deposition efficiency is low rate [19,20]. Additionally, the small size of metal and metal oxide nanoparticles needs to be investigated due to the chemical and electron properties of nanomaterial structures. In particular, various morphologies have been achieved by different experimental methods [16,23]. The nanoclusters of Ir metal and IrO2 materials have drawn significant interest due to their conducting properties and favorite potential as electrocatalysts [24,25,26,27]. Especially, the Ir nanomaterials are also worthwhile considering in various applications, such as hydrogen evolution reactions. Therefore, to perform from the aforementioned advantages and expand their wide application, a deep understanding of the active sites on all kind of catalysts for electrochemical OER in acidic media is required [28,29,30].



For the stability of anode for OER in acid media, the metal oxide is more stable than the metal itself. If we can make metal oxides with hydroxyl groups of another metal oxide that is a supporter for anode electrode, the resulting covalently bonded metal–oxygen–metal oxide nanoparticles are expected to be stable. In addition, reduced metal oxide as a supporter should be better for the electrocatalyst since the reduced metal oxide is more conductive than metal oxide and also allows to use of a tiny amount.



Hence, synergetic advantages of covalently bonded Ir with hydroxyl groups of blue TiO2 for OER in acidic conditions have been designed by using IrO2 clusters decorated on reduced TiO2 (blue TiO2). This process produces Ir clusters (size of ~1 nm) that are loaded uniformly on the surface of blue TiO2 that contribute to performance in the acidic OER. Furthermore, the covalently bonded IrO2−blue TiO2 allows for higher mass activity due to the high fraction of available surface active sites, which reduces the required iridium nanocluster loading for electrolytic acidic OER. Our results illustrate that Ir(IV) atoms on the surface of blue TiO2 (Ir–O2–2Ti) can act as active sites, extend the active surface area, and enable a current density of 10 mA cm−2 at an overpotential of 342 mV, lower than IrO2 of 438 mV in 0.1M HClO4 electrolyte. Therefore, this work offers some insight into designing non-precious electrocatalytic OER in acidic media base on active sites and providing a flexible modulation strategy for developing real active sites.




2. Materials and Methods


2.1. Material Characterization


Sodium borohydride (NaBH4) and Iridium(IV) chloride (IrCl4) were purchased from Sigma-Aldrich company, Darmstadt, Germany. Structural characterization and morphology were carried out using a transmission electron microscope (TEM, JEOL 2100F, Tokyo, Japan) operated at 200 kV that is equipped to conduct HRTEM, HAADF-STEM images, and EDS elemental mapping. The TEM samples were prepared by slow evaporation of dilute colloid in ethanol on a copper grid. The powder X-ray diffraction (XRD, Rigaku Ultima IV, USA) patterns were acquired to test the crystalline structure equipment at ambient condition with Cu kα1 radiation. The elemental chemical composition of the as-prepared catalyst was confirmed by X-ray photoelectron spectroscopy (XPS, ESCA 2000, VG Microtech, UK) with MgKα as the X-ray source.




2.2. Synthesis of the IrO2 Nanocluster-Doped Blue TiO2 Nanoparticles


The IrO2 nanocluster-doped blue TiO2 nanoparticles were prepared using different ratios of IrCl4 to blue TiO2. An aqueous solution of the required amount of 0.1 M iridium (IV) chloride and 50 mg of blue TiO2 was stirred in an ice bath, followed by the addition of a fresh, ice-cold, aqueous sodium borohydride (NaBH4) solution. The molar ratio of the IrCl4 precursor to NaBH4 was maintained at 1:4. The color of the solution changed to pale yellow rapidly after starting the slow injection of borohydride. The temperature of the solution slowly reached ambient temperature as the solution was continuously stirred at room temperature for 48 h. During this process, the solution slowly changed to dark blue, indicating the formation of a colloid. The resulting solution was rinsed with DI water, adjusted to pH ~7 with HCl, continuously washed with ethanol and acetone several times, and then dried in a 70 °C vacuum oven for 1 h to yield a dark blue powder.




2.3. Electrochemical Measurements


We used an electrochemical workstation (VMP3, Biologic Science Instrument, France) to perform the electrocatalytic efficiency of the as-prepared catalysts. To arrange the working electrode, a mixture included of 5 mg catalyst, 0.18 mL isopropyl alcohol, 5 μl of 5 wt% Nafion, and 0.33 mL of DI water, was dropped onto a glassy carbon electrode (mass loading of ~0.28 mg·cm−2, a diameter of 3 mm) and drying overnight. The OER activity was tested in O2-saturated 0.1 M HClO4 at ambient condition using an electrochemical cell under a rotating disk electrode (RDE), obtained three electrodes: an Ag/AgCl electrode, a graphite rod and a glassy carbon electrode as the reference electrode, the counter electrode and working electrode, respectively. The LSV polarization curves were recorded at a scan rate of 5 mV s−1, and all potentials were altered to refer to the reversible hydrogen electrode (RHE) by using the equation:


ERHE = EAg/AgCl + E0 + 0.059 pH (V)



(1)









3. Results and Discussion


3.1. Structural Characterization


A schematic of the synthesis of IrO2−blue TiO2 NPs in the presence of NaBH4 as a reducing reagent is shown in Figure 1a. The samples with different ratios of Ir4+ precursor to pure blue TiO2 (BTO) are denoted as BI−10, BI−15, and BI−20. After the addition of NaBH4, the formation of IrO2 (101) on blue TiO2 was verified by powder X-ray diffraction studies, which determines the peak position of 2θ at 34.8°, as identified by standard ICSD #84577−IrO2) [31,32], while all samples maintained the anatase peaks as in the original XRD blue TiO2 nanoparticles (Figure 1b). Transmission electron microscopy (TEM) of the BI-15 NPs showed a nanostructure consisting of blue TiO2 NPs (20–30 nm size) with uniform dots on the surface (Figure 1c). Furthermore, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was checked to clearly confirm that the distribution and interconnection of IrO2 clusters by the bright spots, with sizes between 1 and 2 nm on the blue TiO2, [33,34].and energy-dispersive X-ray spectroscopy (EDS) elemental mapping results support the distribution of Ti, Ir, and O (Figure 1d). The Ir element detected on blue TiO2 components is contacted on BI−15 NPs, and no significant impurities were detected.



To further confirm the chemical bond and oxidation states of the IrO2−BTO NPs, the X-ray photoelectron spectroscopy (XPS) were employed to interrogate the presence of Ti 2p, Ir 4f, O 1s, and B 1s signatures (Figure 2).



Two broad peaks at 464.07 eV and 458.46 eV were observed, corresponding to the characteristic Ti 2p1/2 and Ti 2p3/2 Ti4+ peaks, respectively [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. A smaller peak at 457.95 eV, characteristic of Ti3+, indicates the formation of Ti3+ on the surface of the BTO. However, the intensity of the Ti3+ peak decreased after IrO2 loading on BTO, as seen in the IrO2−BTO spectrum (Figure 2a) [2,13]. The broad binding energy band of Ir 4f was observed for both IrO2−BTO and IrO2 (Figure 2a,b) [36,37]. The band located at approximately 63.87 eV and 66.94 eV are demonstrated to the binding energy of Ir (IV) of IrO2, and the band located at 62.32 eV and 65.67 eV are ascribed to the binding energy of Ir (III), which indicates the presence of multi-chemical states of Ir, including Ir (III) and Ir (IV) species in the oxidized zone [38]. In comparison to the spectra of the BTO sample, the Ti 2p and O 1s core-level XPS spectra of the BI−15 NPs (Figure 2a,c) showed a peak shift to higher binding energy (Ti 2p of 0.8 eV and O 1s of 0.9 eV), suggesting that Ir oxide species exist in the IrO2−BTO NPs [38,39]. The presence of Ir oxide species in IrO2−BTO may affect the shift to higher binding energy and result in shifting electron density toward the Ir in the Ir–O–Ti bonds at the interface of the BTO and IrO2. Moreover, to confirm that the boron species were completely removed during the washing process, we acquired the B 1s XPS spectra of the BI-15 catalyst, which shows no peak associated with boron (Figure 2d).




3.2. Evaluation of OER Electrochemical Performance


Electrochemical characterization was performed to investigate the activities of the catalysts. We then continued to investigate the morphology-driven shifts in OER catalytic performance by evaluating the electrocatalytic activity in 0.1 M HClO4 with an O2-saturated state at ambient condition. Electrochemical impedance spectroscopy of all catalysts was recorded for iR correction before measuring. From the linear sweep voltammetry (LSV) curves (Figure 3a), the performance of the electrocatalyst for the OER was measured at a slow scan rate of 5 mV·s−1 within the high anodic potential of 1.2−1.8 V vs. RHE after iR correction. All of the as-prepared catalysts with a RuO2 as a point of reference electrocatalyst were tested. Among these samples, the BI−15 catalyst exposed the impressive OER efficiency with the lowest overpotential of 342 mV vs. RHE, which is even less than pure IrO2 catalyst (445 mV), drive at the current density of 10 mA·cm−2. Comparison of the overpotentials of various samples exhibited a relationship of BTO > BI-10 > IrO2 > BI-20 > BI−15, suggesting that the IrO2 species on BTO are active sites for electrocatalytic OER. Another possible explanation may be that due to the nucleophilicity that occurred on the Ir−O ligand, rapid O−O bond generation can explain for exceedingly enhanced OER efficiency of the IrO2−BTO catalyst with a low kinetic barrier during electrocatalysis [40,41]. Moreover, on the Ir surface have referred the rich electron density due to strong interaction with the BTO (as shown in the XPS analysis spectra) also acts an important role in the promoted electrocatalytic effect of the BI−15 catalyst [41,42,43].



By using a small amount of Ir, achieving greatly efficient catalysis is a hardship for PEM electrolyzers. Therefore, we also evaluated the Ir mass activity (MAIr) of as-prepared catalysts based on the loading amounts of Ir, as shown in Figure 3b. The MAIr of the samples showed the relationship between IrO2 < BI-10 < BI-20 < BI-15. The BI−15 has the greatest mass activity of 1.38 A/mgIr, which is almost 27 times higher than that of IrO2, at an overpotential 350 mV. Notably, the BI-15 catalyst was similar to the BI−10 and BI−20 but 2.8 and 1.5 times the MAIr, respectively.



This difference arises mainly from the amount of Ir precursor during the synthesis process. The agglomeration of rich Ir precursors in BI−20 to form IrO2 NPs with large size of 3−5 nm results in the loss of active sites during electrocatalytic OER (Figure S2) [41,42,43,44]. We further measured the efficiency of various catalysts by using Tafel plots (Figure 4a), which are evaluated by fitting the Tafel equation to the linear region of the plot of potential vs. log j. In descending order, the Tafel slopes of pristine BTO, IrO2, BI−10, BI−20, and BI−15, were 632.2, 114.3, 105.1, 81.7, and 68.2 mV.dec−1, respectively, indicating that the BI-15 sample has the lowest Tafel slope, and therefore much higher OER kinetics for water oxidation [45,46].



In more detail, as indicated by XPS spectral (Figure 2), we proposed the pathway of the interconnection between the IrO2 nanocluster and blue TiO2 nanoparticles to form the covalently Ir(IV) bond on conducted blue TiO2 (Figure 5). NaBH4 played an important role in the synthesis of IrO2/BTO NPs, which de-protonated hydrogen to give an oxygen anion, leading to IrCl4 to form Ir–O2–2Ti [16].



Finally, the stability of the BI–15 catalyst was tested utilizing chronoamperometry at a potential of 1.54 V and a current density of 10 mA·cm−2 in acidic conditions for 120 min (Figure S5). A slight enhancement in potential over this time gap was observed, which shows poor durability with sharp degradation during measuring catalysis (Figure S4).





4. Conclusions


Overall, this study demonstrated a feasible method to modify the surface of blue TiO2 nanoparticles with IrO2 nanoclusters (size of ~1 nm) (Ir–O2–2Ti NPs) in the presence of borohydride as a reducing agent at room temperature. We evaluated the morphology-driven shift in OER catalytic efficiency of the IrO2–BTO NPs, which BTO using as a supported catalyst, to understand how to tune catalytic performance. The IrO2–BTO NP catalyst exhibited superior catalytic activity (overpotential of 342 mV at 10 mA cm−2) and the greatest mass activity at 1.38 A/mgIr, which is almost 27 times higher than that of IrO2 alone, at the 350 mV in 0.1 M HClO4. Moreover, the mass activity of this catalyst substantially exceeds those of state-of-the-art IrO2 support catalysts. Our work opens new avenues to constructing advanced electrocatalysts based on novel catalysts structures that can help develop more active OER catalysts for acidic conditions.
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Figure 1. Synthesis and characterization of the IrO2−blue TiO2 NPs. (a) Schematic of the synthesis of IrO2−Blue TiO2NPs in the presence of NaBH4 solution. (b) X-ray diffraction patterns of blue TiO2 doped with different Ir wt%. (c) TEM images and (d) HRTEM image of the BI−15 catalyst. (e) EDS elemental maps of the BI−15 catalyst, showing the distribution of Ti, Ir and O. 
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Figure 2. XPS analysis of BTO, IrO2, and IrO2-BTO samples: (a) Ti 2p spectra; (b) Ir 4f spectra, (c) O 1s spectra, and (d) B1s spectra. 
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Figure 3. (a) LSV curves to evaluate OER activity, collected at the scan of 5 mV.s−1 for BTO, IrO2, BI−10, BI−15, and BI−20. (b) Bar graph showing required overpotentials to reach 10 mA cm−2 and Ir mass activity at the overpotential of 350 mV (vs RHE) of various catalysts. 
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Figure 4. (a) Tafel slopes of BTO, IrO2, BI−10, BI−15, and BI−20 electrodes. (b) Electrochemical impedance spectrogram of BTO, IrO2, BI−10, BI−15, and BI−20 electrodes at the potential of 1.27 V, conducted before OER testing. 
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Figure 5. Growth schematic illustrate a covalently bonding of Ir on blue TiO2 nanostructure. 
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