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Abstract:



Zirconium phosphate (ZrP), an inorganic layered nanomaterial, is currently being investigated as a catalyst support for transition metal-based electrocatalysts for the oxygen evolution reaction (OER). Two metal-modified ZrP catalyst systems were synthesized: metal-intercalated ZrP and metal-adsorbed ZrP, each involving Fe(II), Fe(III), Co(II), and Ni(II) cations. Fourier transform infrared spectroscopy, X-ray powder diffraction, thermogravimetric analysis, and X-ray photoelectron spectroscopy were used to characterize the composite materials and confirm the incorporation of the metal cations either between the layers or on the surface of ZrP. Both types of metal-modified systems were examined for their catalytic activity for the OER in 0.1 M KOH solution. All metal-modified ZrP systems were active for the OER. Trends in activity are discussed as a function of the molar ratio in relation to the two types of catalyst systems, resulting in overpotentials for metal-adsorbed ZrP catalysts that were less than, or equal to, their metal-intercalated counterparts.
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1. Introduction


The renewable, sustainable production of hydrogen could have many benefits, displacing the conventional fossil-based processes for its production and use in the fuels and chemical industry, and potentially serving as an alternative energy vector given its high gravimetric energy density and modularity of use [1]. Conventional hydrogen is produced through steam methane reforming, but hydrogen produced by water electrolysis has the potential to be CO2-emission free if the energy required is provided by renewable energy sources. Technological improvements will be needed for the cost-effectiveness of electrolysis to compete with current methods of hydrogen production [2,3]. Water electrolysis is the decomposition of water through two half-reactions of water splitting, the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER). The OER is important for many renewable energy conversion technologies, such as photoelectrochemical cells, regenerative fuel cells, and electrolyzers [1,4,5]. In acid systems, Ir and Ru-based oxides are common catalysts for the OER, while in alkaline environments non-precious transition metal oxides based on Ni, Fe, and Co are commonly employed [6,7,8,9,10]. In all cases, OER catalysts suffer from considerable overpotential losses, limiting the efficiency of hydrogen generation by water electrolysis processes [11].



To overcome these challenges and thus to facilitate the economic viability of electrolysis, the efficiencies of electrolyzer systems must be improved by addressing the kinetic overpotential losses associated with turning over the OER and, ideally, using catalysts based on Earth-abundant elements. Recent studies have focused on reducing the amount of precious metals in OER catalysis, using more Earth-abundant transition metals in their oxide and/or hydroxide form to catalyze the reaction [12,13,14]. However, as reported by recent experimental benchmarking efforts and supported by theoretical calculations, the overpotentials of state-of-the-art catalysts have plateaued close to the theoretical minimum overpotential for the OER, predicted for conventional materials, including those based on precious metals [15,16]. Significant research has been conducted to improve electrocatalysts through a number of general strategies, including increasing the number of active sites, increasing the intrinsic activity of each active site, and/or supporting the active material onto supports that engender improved performance [17,18,19,20,21]. In particular, catalyst supports have shown to play an important role in the performance and stability of catalysts for many different reactions [22,23,24].



In this study, the use of the zirconium phosphate (ZrP) type of layered inorganic compounds, as a support for water oxidation catalysts, is examined. The most extensively studied phase of ZrP is zirconium bis(monohydrogen orthophosphate) monohydrate (Zr(HPO4)2∙H2O, α-ZrP), a layered compound with an interlayer distance of 7.6 Å and a layer thickness of 6.6 Å (Figure 1A) [25]. α-ZrP has a structure in which the Zr atoms in each layer align nearly to a plane with bridging phosphate groups 5.3 Å apart, which are located alternately above and below the metal atom plane [25]. Three oxygen atoms of the phosphate group bond to three different Zr4+ ions; six O atoms from different phosphate groups coordinate the Zr atoms forming an octahedral coordination symmetry around each Zr atom. These bridging phosphate groups provide an ion exchange site where the proton can be exchanged with cations and other species. The above-mentioned structure of α-ZrP creates a small molecule-sized cavity in the interlayer region with a diameter of 2.61 Å, which is occupied by a water molecule [25]. For α-ZrP, the direct intercalation of small cations is possible if they are smaller than 2.61 Å, but for larger cations and molecules, intercalation is not significant and/or these species are exchanged at very slow rates [26,27,28]. A direct intercalation method that can circumvent this problem involves a highly hydrated phase of zirconium phosphate, Zr(HPO4)2∙6H2O, θ-ZrP [29]. θ-ZrP maintains the α-ZrP-type layered structure (Figure 1B), but has an interlayer distance of 10.4 Å and has six water molecules per formula unit, in contrast with α-ZrP that only has one [30]. Figure 1C shows transmission electron micrographs of α-ZrP nanoparticles with the characteristic hexagonal nano-platelet structure with an average diameter and thickness of ~140 and ~15 nm, respectively.


Figure 1. (A) The structure of α-ZrP; (B) the structure of θ-ZrP; and (C) TEM micrographs of α-ZrP nanoparticles where the top image shows the characteristic hexagonal shape and the bottom image shows the thickness of an α-ZrP nanoparticle.



[image: Catalysts 07 00132 g001]






θ-ZrP can be directly ion-exchanged with large metal complexes, producing intercalated phases useful for artificial photosynthesis schemes, amperometric biosensors, vapochromic materials, catalysis, and drug delivery applications [31,32,33,34,35]. Herein, the layered structure of ZrP is leveraged to support active catalysts for the OER through the ion exchange of transition metal cations. Intercalation of various metals of divalent and trivalent character (Fe(II), Fe(III), Co(II), Ni(II)) were performed on θ-ZrP at various metal to θ-ZrP molar ratios. For comparison, we also investigate the same transition metal systems adsorbed onto the outer surface of α-ZrP, achieved using a similar synthesis procedure, however, due to the much tighter interlayer spacing of α-ZrP compared to θ-ZrP, intercalation is not readily achieved. These two types of metal-modified ZrP, metal-intercalated ZrP and metal-adsorbed ZrP, are studied herein for their physical and chemical properties, including as OER catalysts. These oxygen evolution electrocatalyst materials were thoroughly characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray powder diffraction (XRPD), X-ray photoelectron spectroscopy (XPS), and cyclic voltammetry. For the catalyst systems studied here in alkaline electrolyte, we generally find that the metal-adsorbed ZrP catalysts are more active than their intercalated counterparts, e.g., a metal-adsorbed Fe(II)-ZrP at a 10:1 Fe(II):ZrP molar ratio that requires an overpotential of 490 mV at 10 mA/cm2, while its metal-intercalated counterpart at the same molar ratio requires an overpotential of 520 mV at 10 mA/cm2.




2. Results and Discussion


2.1. FTIR and TGA Analysis of Interlayer and Surface Modification of ZrP


Each metal-modified (metal-intercalated and metal-adsorbed) ZrP sample was created through suspensions of θ-ZrP and α-ZrP in deionized water mixed with Fe(II), Fe(III), Co(II), and Ni(II) metal salts. The loading level was controlled by varying the metal:ZrP (M:ZrP) molar ratio used in the suspension over a wide range (1:20–10:1), and the materials are referenced according to this concentration ratio throughout the article. Figure 2 shows the IR spectra of pure α-ZrP, metal-intercalated ZrP, and metal-adsorbed ZrP. The four characteristic α-ZrP bands associated with lattice water were observed in the pure material. Three of them are sharp bands at 3592 cm−1, 3510 cm−1, and 1616 cm−1, while the fourth is a broad band at ca. 3141 cm−1 [36]. For the metal-intercalated samples, the two sharp bands at 3592 cm−1 and 3510 cm−1 are not observed, while the other two bands have reduced intensity compared to pure α-ZrP. When intercalation occurs, the intercalant species will displace interlayer water molecules. For this reason, bands associated with these water vibrational modes will show reduced relative intensity in the intercalated materials; therefore, the IR data shown in Figure 2A is consistent with intercalation of the metal species into ZrP interlayers, as also indicated by the XRPD data (vide infra). In contrast, metal-adsorbed samples show very similar spectra to that of α-ZrP, with the sharp bands present at 3592 cm−1 and 3510 cm−1, indicating negligible intercalation, as expected.


Figure 2. FTIR spectra of (A) intercalated and (B) adsorbed Fe(II), Fe(III), Co(II), and Ni(II) at 10:1 M:ZrP ratio.
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The characteristic orthophosphate group vibrations of ZrP are observed in the region of ca. 1057–966 cm−1 for all samples [36]. Metal-intercalated samples show a diminished relative intensity of the shoulder at the bottom left part of the orthophosphate group vibrations at ca. 1050 cm−1, attributed to the vibration of the exchangeable proton of the phosphate group, which is lost when the proton is exchanged by intercalation via ion exchange with other species [36]. This is observed for all metal-intercalated systems, another indication of successful intercalation. For metal-adsorbed samples, this vibration is still present indicating, once again, that no intercalation is observed and, for clarity, Figure S1 shows the characteristic 3592 and 3510 cm−1 peaks for adsorbed Fe(III)-ZrP.



TGA was performed to further corroborate that intercalation had occurred for the metal-intercalated systems and that the metal-adsorbed catalyst had retained α-ZrP characteristics. In the case of pure α-ZrP (Figure 3) two weight losses are observed, dehydration of water within the interlayer below 150 °C, followed by condensation to zirconium pyrophosphate at ~500 °C, leading to a total weight loss of ~13%, in agreement to previous literature results [37]. All metal-intercalated systems (Figure 3A) showed significant deviation from pure α-ZrP, especially within the temperature range that pyrophosphate is formed. Based on thermograms for pure α-ZrP as a reference, two regions are observed for Fe(II)-intercalated systems—the dehydration of interlayer water corresponding to an 8.7% weight loss at 76 °C, followed by a gradual shoulder decrease in weight loss of 4% up to 200 °C. Fe(III)-intercalated systems show a 5% weight loss followed by a 3% weight loss for interlayer water dehydration and phosphate condensation, respectively. Similar results were found to those observed in previous studies for TGA thermograms involving intercalated Co(II) and Ni(II) ZrP systems [38]. Both Co(II) and Ni(II)-ZrP lose interlayer water below 150 °C for weight losses of ~12% and 10%, respectively. Since divalent and trivalent transition metal cations are highly hydrated in their intercalated form [39]; previously-reported reflectance and Extended X-ray Absorption Fine Structure (EXAFS) spectra show that Co(II)- and Ni(II)-exchanged ZrP at room temperature are octahedrally coordinated with water [40,41]. The 3% weight loss between 200 and 300 °C for Co(II)-ZrP corresponds to loss of metal coordinated waters, and the loss of structural water due to decomposition of the phosphate groups is evident between temperatures of 350 to 500 °C [38]. For Ni(II)-intercalated samples, the loss of coordinated waters between 250 °C and 300 °C results in a 5% weight loss, and decomposition of the phosphate groups to form pyrophosphate occurs between 350 °C and 500 °C [38,42]. Ni(II)-ZrP samples are more stable than Co(II)-ZrP, as expected due to their higher ligand field stabilization energy [43]. Conversely, for all adsorbed cases (Figure 3B), their respective thermograms were similar to α-ZrP indicating that no major modification of the interlayer had occurred except for a reduction in weight loss for pyrophosphate, showing that the surface phosphates had undergone modification by the metal cations. All FTIR spectra and TGA thermograms are within expected results for our ZrP systems and further substantiate that intercalated and adsorbed systems were created as planned.


Figure 3. TGA thermograms of (A) intercalated and (B) adsorbed Fe(II), Fe(III), Co(II), and Ni(II) at a 10:1 M:ZrP ratio. Solid lines and dashed lines correspond to normalized weight and the first derivative of weight change with respect to temperature, respectively.
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2.2. XRPD Interlayer Expansion Analysis of Metal-Modified ZrP


To assess possible interlayer expansion of ZrP sheets as a function of transition metal and cation valence, X-ray powder diffraction (XRPD) measurements were performed for dried metal-modified ZrP systems. If pure θ-ZrP is dried, dehydration converts it to α-ZrP; therefore, all samples are referenced to the α-ZrP (002) diffraction peak at 2θ = 11.5°, corresponding to an interlayer distance of 7.6 Å [44]. As described in the literature, an intercalation reaction can occur in a stepwise fashion depending on the intercalation energy threshold of the intercalants [45]. During this process, one of three possible patterns can be observed by XRPD for metal-modified ZrP; either (i) a pattern with a peak corresponding to a larger interlayer spacing at lower 2θ values than 11.5° indicating that metal cations were introduced into the interlayer; (ii) a pattern with two distinct peaks—one at approximately 2θ = 11.5° and one that appears at lower 2θ values than the reference peak indicating that a mixed phase is present; and (iii) a pattern with no change in the reference peak, indicating that the cation species is adsorbed on the outer surface of the layered structure rather than being intercalated [44]. Below, the XRPD analysis for all metal-modified ZrP systems is presented.



Figure 4A shows the XRPD of pure α-ZrP and metal-intercalated ZrP for Fe(II), Fe(III), Co(II), and Ni(II), at M:ZrP molar ratios ranging from 1:20 to 10:1. A stepwise process is expected as a function of intercalant solution molarity; the intercalation reaction initiates from the edges of the particle and proceeds by diffusion of the metal cations towards the interior of the interlayer sheets [37]. The diffraction patterns for all four metal cation systems show a shift of the first diffraction peak towards lower 2θ values compared to the (002) peak of pure α-ZrP, indicating that new intercalated phases with expanded interlayer distance (>7.6 Å) were obtained, even for the lowest M:ZrP molar ratio of 1:20. Increasing the M:ZrP molar ratios to 1:10 and 1:3 results in further broadening and shifting of the peak across all samples, indicating a more mixed phase is present, and that the layered structure has not achieved its maximum cation loading within the interlayer. At the highest loadings (i.e., 1:1 to 10:1 molar ratios), the original peak at 2θ = 11.5° has disappeared, with a new peak emerging at significantly lower values of 2θ, reaching a final value indicative of the maximum interlayer distance for that particular metal cation intercalated within ZrP. Figure S2 shows additional data regarding the (020) and (31[image: there is no content] reflections of these catalyst systems, further confirming that the intercalated products for the metal-intercalated systems retained the layered structure of ZrP.


Figure 4. (A) XRPD patterns for Fe(II), Fe(III), Co(II), and Ni(II)-intercalated ZrP at (from top to bottom) 10:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20 M:ZrP molar ratios. The bottom diffraction pattern in all frames is that of pure α-ZrP. (B) Interlayer distance as a function of M:ZrP molar ratio for the various metal-intercalated ZrP materials. Metal-adsorbed systems are represented as dashed lines which have an exact interlayer spacing as pure α-ZrP indicating that metal intercalation did not occur.
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As expected for an ion-exchange reaction, Figure 4B shows that intercalated samples with divalent cations (i.e., Fe(II)) underwent a much larger interlayer spacing transformation than trivalent cations (i.e., Fe(III)), with an average increase of 2.0 and 0.6 Å, respectively. During intercalation, higher valence species induce a strong electrostatic interaction with the anionic interlayers, which mitigates interlayer expansion [46]. Figure 4B also shows that, for the case of the metal-adsorbed ZrP systems, their respective interlayer spacing were unchanged and remained equal to that of α-ZrP (7.6 Å) at 1:1–1:10 molar ratios, conclusively showing that, for these particular materials, the metal is adsorbed on the surface and not intercalated. Figure S3 shows the XRPD data for these systems, revealing that the adsorbed species have an identical XRPD pattern to pure α-ZrP confirming that the characteristic α-like layered structure is still intact for the metal-adsorbed system. As the catalysts were not processed further (e.g., with heat treatments), the form of the metal resulting on the surface of ZrP is amorphous and, as expected, no diffraction corresponding to those metals is observed by XRPD. We note that it is possible that the metal-intercalated ZrP systems might also contain adsorbed metals on their surfaces (that are also not observable by XRPD) in addition to those within the layers.




2.3. XPS Analysis of Metal Loading and Chemical Composition of Metal-Modified ZrP


To quantify the relative amounts of cations for the metal-modified ZrP systems, and to investigate the chemical nature of the metal, XPS spectra were obtained for metal-modified catalysts at 10:1 M:ZrP molar ratios for all four metals and at 1:1 to 10:1 molar ratios for the Fe(II)-ZrP system. Figure 5 shows XPS atomic concentrations of intercalated and adsorbed M(II/III):ZrP at high loadings. As expected, due to the uptake of metal cations within the much larger area of the interlayers of ZrP rather than solely on the surface in the adsorbed case, XPS high-resolution scans show that intercalated ZrP systems have higher atomic metal content when compared to adsorbed systems at similar M:ZrP ratios. As depicted in Figure 6, the characteristic peaks for Zr, P, and the respective metals were present for all samples.


Figure 5. (A) Atomic concentration Fe:Zr ratios for metal-modified 1:1–10:1 Fe(II):ZrP molar ratio catalysts. (B) Atomic concentration M:Zr ratios for Fe(III), Co(II), and Ni(II) metal-modified 10:1 M:ZrP molar ratio catalysts.
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Figure 6. (A) XPS spectra for Fe(II), Fe(III), Co(II), and Ni(II) ZrP systems. Blue and green curves in Fe(II) panel represent the 10:1 M:ZrP intercalated and adsorbed systems, respectively, while intercalated 10:1 M:ZrP systems are represented in the Fe(III), Co(II), and Ni(II) panels. (B) XPS spectra for Zr 3d and (C) P 2p where blue and green curves represent intercalated and adsorbed systems, respectively, from 10:1 Fe(II):ZrP.
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The XPS spectra of Fe(II) samples in Figure 5A show the Fe 2p3/2 and Fe 2p1/2 peaks for the intercalated samples at 712.4 eV and 725.8 eV, respectively, and for the adsorbed samples at 713.0 eV and 726.6 eV, respectively. The peak positions of Fe(II) 2p3/2 and 2p1/2 peaks in oxide materials are expected at approximately 709.0 eV and 723.0 eV, respectively [47]. Figure 6A shows that for both the Fe(II)-intercalated and the Fe(II)-adsorbed systems, higher binding energies are observed, which might correspond to partial oxidation of the Fe(II) species upon ZrP incorporation due to interactions with the phosphate groups; the Fe 2p3/2 peak in FePO4 is expected at 712.8 eV [48]. On the other hand, the Fe(III)-intercalated sample, Figure 5A shows the Fe 2p3/2 peak at 711.6 eV, which is more consistent with previously-reported values expected for Fe(III) oxides, which generally exhibit the Fe 2p3/2 peak between 710.6 and 711.2 eV [47].



Deconvolution of the XPS spectra for Co(II) and Ni(II) is challenging due to the small shifts in the binding energy for the (II) and (III) metal oxidation states and the broad satellite peaks [49,50]. For the Co(II) sample, Figure 6A shows a Co 2p XPS spectrum with 2p3/2 and 2p1/2 peaks with characteristic satellite peaks, similar to those seen in other cobalt-based zirconium phosphate catalysts, but at higher binding energies, suggesting a partial oxidation of the Co species, containing both Co(II) and Co(III) characteristics [51]. For the Ni(II)-ZrP, Figure 6A shows a Ni 2p XPS spectrum with 2p3/2 and 2p1/2 peaks with satellite peaks, as well. The positions of the 2p3/2 and 2p1/2 peaks lie in between that of nickel oxide and nickel phosphate potentially elucidating that Ni cations are strongly interacting with both oxygen and phosphorus atoms in the ZrP [50,52].



Figure 6B shows the Zr 3d5/2 and 3d3/2 peaks and the P 2s peak for both intercalated and adsorbed samples, for the 10:1 Fe(II)-ZrP sample. In addition, Figure 6C shows the P 2p3/2 and 2p1/2 peaks which overlap and are, therefore, observed as a single, broad peak. For intercalated samples (blue traces), the binding energies observed for Zr and P are similar to those previously reported.



Previous reports of XPS results for modified ZrP systems have shown that intercalants can modify the polarization of both Zr and P atoms and, as a result, vary their respective binding energies when compared to pristine α-ZrP [53,54]. For the adsorbed 10:1 Fe(II)-ZrP sample, two Zr species are observed, a doublet with peaks of lower intensity, but higher binding energy (red traces), and another doublet with binding energy as reported in the literature for α-ZrP (black traces). The high-resolution scans for the Zr 3d region in M:Zr samples show an increase in binding energy compared to that of α-ZrP, which indicates an increase in the polarization of the Zr atoms in the adsorbed samples due to interactions with the metal species. Similar results are seen for the P 2p3/2 and 2p1/2 binding energy region, where the polarization also produces a shift to increased binding energy compared to the values in α-ZrP. The presence of this polarization on the Zr and P atoms is more pronounced on the metal-adsorbed ZrP samples because the metal concentration on the surface of ZrP is higher than the metal-intercalated ZrP and, hence, the surface sensitivity of XPS can detect this binding energy shift.



While the XPS measurements help to inform the chemical state of the metal-modified ZrP systems, we note that changes are expected from their dry powder form to that in an electrochemical environment, held at the oxidative potentials needed for water oxidation in an alkaline solution.




2.4. Electrochemical Studies of Metal-ModifiedZrP


To study the electrocatalytic activity of metal-modified ZrP systems for the OER, cyclic voltammetry (CV) measurements were performed in a three-electrode rotating disk electrode (RDE) configuration with a 0.1 M KOH electrolyte. To make the working electrode, the metal-modified ZrP catalysts were mixed with carbon black in a water-based solution and deposited onto a glassy carbon disk. One figure of merit conventionally used to describe OER catalyst performance is the overpotential necessary to reach a current density of 10 mA/cm2 [15]. Figure 7A,B show cyclic voltammograms for the highest performance metal-modified ZrP system with either Fe(II) adsorbed or intercalated, while the other systems can be found in Figure S4. For reference, pure α-ZrP loaded onto carbon black shows only moderate activity for the OER, unable to achieve 10 mA/cm2 even at high oxidative potentials, which is comparable to other Zr-based systems [55]. Once metal cations are ion exchanged into and/or supported onto ZrP, an active OER catalyst is produced for both metal-modified ZrP systems at various M:ZrP ratios. Adsorbed Fe(II)-ZrP shows a gradual increase in performance as the M:ZrP concentration increases and similar results are observed for the intercalated case. As shown in Figure 5, higher metal content is achieved at higher M:ZrP molar ratios for both systems; therefore, it is likely that this gradual increase in activity can be attributed to higher atomic concentrations. The adsorbed 10:1 Fe(II):ZrP molar ratio exhibits the highest OER performance of all the systems investigated herein, requiring an overpotential of 490 mV at 10 mA/cm2 with a 0.55:1 Fe:Zr atomic ratio, as determined by XPS. For comparison, the metal-intercalated equivalent system of 10:1 Fe(II): ZrP (with a higher Fe:Zr atomic ratio of 0.63:1) requires a higher overpotential of 524 mV, suggesting that the metal intercalated within ZrP may not be electrochemically accessible for water oxidation.


Figure 7. (A) Cyclic voltammograms of adsorbed Fe-ZrP. The best CV for intercalated Fe(II)-ZrP is shown in pink. (B) Cyclic voltammograms of intercalated Fe-ZrP. (C) Electrochemical performance comparison of all four metal systems for adsorbed and intercalated species at 10 mA/cm2, except for Ni(II), which was compared at 3 mA/cm2. Solid and dashed lines represent intercalated and adsorbed metal ZrP systems, respectively
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Figure 7C shows electrochemical data comparing the other metal-modified ZrP systems. All metal-modified systems are catalytically active, requiring between 0.5 and 0.7 V of overpotential to reach 10 mA/cm2, depending on the choice of the metal cation, the M:ZrP molar ratio used during synthesis, and whether the metal was intercalated into, or adsorbed onto, ZrP. In general, lower overpotentials are observed for the higher M:ZrP molar ratios, ascribed to higher metal loadings. For the Fe(II):ZrP and Ni(II):ZrP catalysts, the intercalated systems consistently require higher overpotentials versus their adsorbed counterparts, e.g., by 34 mV and 88 mV, respectively, at a M:ZrP ratio of 10:1. A less pronounced difference in activity for the two types of metal-modification was observed for the cases of Fe(III):ZrP and Co(II):ZrP. Given that, in general, OER activities for the metal-adsorbed ZrP catalysts are greater than or equal to those of their metal-intercalated counterparts at the same loading, it is likely that the OER is dominated by catalysis on the outer surface of the ZrP supported metal-based systems rather than within the layers, which may be limited by mass transport.



While at this stage the mechanism of OER catalysis remains unclear for either the metal-intercalated ZrP or the metal-adsorbed ZrP, a further question involves conductivity, as the intercalation of metals within the interlayers could affect the conductivity of the ZrP nanoparticle [56]. Furthermore, all systems, apart from Ni(II), exhibited diminishing stability with continued cycling (Figure S4). Further work is aimed at enhancing the conductivity of the ZrP supports and tailoring the surface and interlayer properties to improve stability.





3. Conclusion


Our findings indicate that ZrP can serve as a support for transition metal-based OER catalysts. Increasing the M:ZrP molar ratio had a direct increase in metal content observed by XPS which correlated to an increase in activity for all metal systems. Consequently, as observed by electrochemical cyclic voltammetry, the metal species that were supported within ZrP required similar, or higher, overpotentials to drive the OER when compared to their metal-adsorbed counterparts. This may result from differences in mass transport and/or electronic conductivity in the two systems. This report on metal-modified ZrP catalysts serves as a basis for developing improved OER catalyst systems, paving the way for future work investigating various metal combinations or molecular species supported onto, or into, ZrP for enhanced catalytic activity and stability.




4. Materials and Methods


4.1. Materials


All chemicals were obtained from commercial sources as analytical or reagent grade and used as received. Zirconium oxychloride octahydrate (ZrOCl2·8H2O, 98%), iron chloride tetrahydrate (FeCl2·4H2O, 98%), iron nitrate nonahydrate (Fe(NO3)3·9H2O, 98%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98.5%), and Nafion® 117 (5%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphoric acid (H3PO4, 85% v/v) was obtained from Fisher Scientific (Hampton, NH, USA), glassy carbon rods (SigradurG, HTW Hochtemperatur-Werkstoffe GmbH, 5 mm diameter) were processed by the Stanford University crystal shop to prepare 4 mm long pieces with the top side polished to a surface root-mean-square (RMS) roughness of less than 50 nm, and carbon black was purchased from Fuel Cell Store (College Station, TX, USA, Vulcan XC-72).




4.2. θ-, α-, and Metal-Modified ZrP Synthesis


The synthesis for θ-ZrP was the same as reported by Kijima [57]. First, 100 mL of 6 M H3PO4 was heated to 94 °C under constant stirring, followed by the drop-wise addition of 100 mL of 0.05 M ZrOCl2·8H2O aqueous solution. The resulting mixture was refluxed with constant stirring at 94 °C for two days forming solid θ-ZrP particles suspended in aqueous solution. The solution was centrifuged at 10,000 RPM for 20 min, followed by removing the supernatant and then washing the remaining solid with water (18.2 MΩ∙cm, Merck Millipore, Billerica, MA, USA). This process was repeated three times, resulting in a gelatinous paste material. θ-ZrP was converted into α-ZrP by allowing θ-ZrP to dry overnight under vacuum at room temperature. θ-ZrP was suspended in deionized water at various M:ZrP molar ratios (10:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20) with constant stirring at room temperature for five days, producing a metal-intercalated ZrP catalyst at different loading levels, where “M” refers to different metal cations studied: Fe(II), Fe(III), Co(II), and Ni(II). Each respective sample was filtered and washed with water three times and set to dry in vacuum overnight. A similar procedure was followed to produce the high molarity (1:1, 3:1, 5:1, and 10:1) ratios for the metal-modified α-ZrP with a residence time of one day. The samples were centrifuged and washed, as mentioned above, and all resulting powders were pulverized and sonicated to ease their dispersion in ink solutions.




4.3. Physical and Chemical Characterization (TEM, FTIR, TGA, XRPD, XPS)


Transmission electron microscopy (TEM) was performed by a FEI Tecnai (Thermo Fisher Scientific, Inc. (Waltham, MA, USA)) operated at 200 kV. Vibrational spectroscopy data was collected from 4000 to 650 cm−1 using a Thermo Fisher Scientific, Inc. (Waltham, MA, USA) Nicolet iS50 FT-IR continuum microscope. Before analysis, the samples were prepared in the following manner: for each sample, a 2 µL aqueous suspension was drop-casted onto an International Crystal Laboratories (Garfield, NJ, USA) Real Crystal® KBr IR card. Samples were dried on the IR card with argon gas for ca. 2 min. Thermogravimetric experiments (TGA Q500 TA Instruments, New Castle, DE, USA) were performed at a ramp rate of 5 °C min−1 under a flow of 90 mL/min air and 10 mL/min nitrogen up to 1000 °C. The lattice spacing and crystallinity of the catalysts were investigated using X-ray powder diffraction (Philips PANanalytical, Almelo, The Netherlands, X’Pert Pro) with Cu Kα radiation (λ = 1.54184 Å). The interlayer distance of the intercalated products was obtained from Bragg’s Law ([image: there is no content]) using the angle at which the first-order diffraction peak appears in the diffractograms, where λ is the wavelength of the X-ray source, dhkl is the interlayer distance between planes in the unit cell and θ is the diffraction angle. The chemical state and atomic concentration of M and Zr were examined using high-resolution XPS (PHI 5000 VersaProbe, Physical Electronics, Enzo, Chigasaki, Japan) with an Al Kα source. All spectra were calibrated to the adventitious carbon 1s peak at 284.8 eV and fitted using a Shirley background and constraints for doublets, such as full width at half maximum, peak areas, and peak splitting, were taken into consideration for each respective transition metal and nonmetal. Atomic concentrations were calculated using the relative peak area ratio of the Zr 3d peak and the metal 2p peak. Assuming a Poisson distribution for the noise in the data, the pooled standard deviation for each peak area which were converted to atomic concentrations were calculated by implementing a Monte Carlo simulation through CasaXPS (Casa Software Ltd., Teignmouth, Devon, UK).




4.4. Ink Preparation and Electrochemical Measurements


Each catalyst ink was prepared by dispersing 2.5 mg of carbon black (Vulcan XC-72, Fuel Cell Store, College Station, TX, USA) and 5 mg of metal-modified ZrP catalyst into 1.53 mL of water, 1.02 mL of isopropanol, and 10.02 μL of Nafion 117. Carbon black was added to create a conductive surface since ZrP is not very conductive by itself. The resulting ink was sonicated for 60 min, or longer, until it was well dispersed. Each catalyst sample was produced by placing a clean, mirror finish-polished, 5 mm diameter glassy carbon disk into a Teflon holder and mounted into an RDE apparatus (Pine Research Instrumentation, Durham, NC, USA). The RDE was inverted and 10 μL of catalyst ink was drop-cast onto the disk which was then rotated at 600 RPM for 20–30 min until the catalyst ink dried. The metal-ZrP loading on the 0.196 cm2 disk was 0.1 mg/cm2.



The OER activity of the metal-modified ZrP-based catalyst was examined using a three-electrode RDE setup. The working electrode was composed of a thin coating of catalyst on a glassy carbon disk, prepared as described above, a Pt wire counter electrode, and an Ag/AgCl reference electrode. The OER activity was determined by cycling the potential between 1.1 and 1.8 V versus the reversible hydrogen electrode (RHE) at 20 mVs−1 in O2-saturated 0.1 M KOH electrolyte and an electrode rotation speed of 1600 RPM. The scan rate was slow enough to ensure steady-state behavior at the electrode surface and the rotation speed was fast enough to help in product removal from the surface and limit the bubble formation from oxygen evolution. The solution resistance of the cell was measured at 100 kHz and ohmic correction occurred after testing. The typical measured solution resistance was ~45 Ω.









Supplementary Materials


The following are available online at www.mdpi.com/2073-4344/7/5/132/s1, Figure S1: FTIR spectra for adsorbed Fe(III) at a 10:1 M:ZrP ratio; Figure S2: XRPD patterns for Fe(II), Fe(III), Co(II), and Ni(II)-intercalated ZrP at (from top to bottom) 10:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:10, and 1:20 M:ZrP molar ratios. The bottom diffraction pattern in all frames is that of pure α-ZrP; Figure S3: XRPD patterns for Fe(II), Fe(III), Co(II), and Ni(II)-adsorbed ZrP systems at (from top to bottom) 10:1, 5:1, 3:1, and 1:1 M:ZrP molar ratios. The bottom diffraction pattern in all frames is that of pure α-ZrP; Figure S4: Cyclic voltammograms of adsorbed Fe(II), Fe(III), Co(II), and Ni(II)-ZrP systems. The best intercalated 10:1 M:ZrP CV is shown in pink. Dashed lines represent cyclic voltammograms after 20 cycles.
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