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Abstract: Demand on high-performance ion exchangers is ever-increasing in energy and environment applications. Among many cation exchangers, layered alkali titanates generally show larger cation exchange capacity, but slower cation exchange rate due to their two-dimensional (2D) micrometer-size particle morphologies, which limits their practical applications. Here, we report a rational conversion of a layered sodium titanate, Na2Ti3O7, to the corresponding one-dimensional (1D) ultra-narrow nanowires via hydrothermal treatment under basic conditions. The formation of nanowires is thought to involve the partial exfoliation of Na2Ti3O7 to form thin plate-like particles that subsequently split into nanowires along a crystallographically defined, chemically selective weakness in the Na2Ti3O7 crystals. This process is similar to a recently burgeoning materials design using atomic-level weakness in solids, such as zeolites and metal-organic frameworks. Our proposed formation scheme is further supported by comparative experiments performed on another layered alkali titanate, K0.8Ti1.73Li0.27O4, which possesses randomly distributed defects at the Ti sites. Thanks to the shortening of diffusion path lengths of the interlayer cations, the resulting Na2Ti3O7 nanowires show an excellent cation exchange performance toward Cd2+ in aqueous solution, exceeding several existing cation exchanges such as zeolites and organic resins.
Introduction
[bookmark: _Hlk109303027]Physical and chemical weakness in materials such as defects has several negative impacts as it can hinder the practical utilization of materials due to limited stability and durability. However, such weakness has been employed positively for materials design, for example, active sites in photo- and electro-catalysts. In an extreme case, crystallographically ordered, chemically selective weakness has been explored to design and synthesis of new materials, which are difficult or even impossible to achieve using traditional approaches.[1] For example, thermodynamically unfeasible zeolites are synthesized via an assembly–disassembly–organization–reassembly (ADOR) mechanism, which involves the selective removal of germanium (Ge) from Ge-containing zeolites composed of silica layers linked via Ge–O bonds (chemically selective weakness) and the subsequent reintroduction of more Si–O bonds between the layers, resulting in zeolites with a range of precisely controlled pores architectures.[2,3] 
Ion exchange at solid–liquid interfaces is a crucial chemical phenomenon in a broad range of materials including energy storage devices,[4] adsorbents for the recovery of precious[5] and toxic elements,[6-8] respectively, from environments, and so on. Ion exchange has also been utilized for molecular doping on polymeric semiconductors.[9] Moreover, efforts have been devoted to developing facilities for the real-time observation of ion adsorption and transport phenomena at charged solids and water interfaces to elucidate geometrical and biological systems.[10,11] For many purposes, solid materials having higher ion exchange capacity and faster ion exchange rate toward target ions are necessary.


[image: ]
Figure 1. Schematic illustration of the material synthesis.



Among many ion exchangers, layered alkali titanates, composed of TiO2-based layers (nanosheets) and interlayer exchangeable alkali cations, have long-been investigated for, especially, environment remediation[7,12,13] because of their extraordinary cation exchange capacity higher than that of typical cation exchangers such as zeolites, layered silicates including clay minerals, and organic resins. They have also been investigated as involvements in energy storage devices such as sodium-ion batteries, sodium-ion capacitors, and dual-ion batteries.[4,14,15] However, layered alkali titanates, generally, are composed of two-dimensional (2D) plate-like micrometer-size particles, which causes slow diffusion of cations in the entire particles and then limits materials performances.[16,17]
Herein, we extend the materials design concept based on the crystallographically ordered weakness to layered alkali titanates. Layered sodium titanate Na2Ti3O7 is selected because it possesses the de facto largest theoretical cation exchange capacity among other layered alkali titanates.[18-22] The crystalline structure of Na2Ti3O7 is built from both edge- and conner-shared TiO6 octahedra. We hypothesize the conner-shared octahedra are chemically weaker than the edge-shared ones because of a smaller number of Ti–O bonds; as a result, they can selectively be cleaved under appropriate conditions (Figure 1). Under basic hydrothermal treatments, the parent 2D layered titanate is converted into one-dimensional (1D) nanowires, which show excellent cation exchange performance toward Cd2+, a widely examined toxic cations to be removed from aqueous environments, in aqueous solution. We also discuss how the crystallographically defined, chemical weakness of Na2Ti3O7 affect the 2D-to-1D morphological change of the particles and how the material design is flexible to produce many titanate nanowires with enhanced properties.
Results and Discussion
Formation of NTO NW
Na2Ti3O7 (named NTO), prepared through a solid-state reaction,[18] was mixed with an aqueous solution of tetrapropylammonium hydroxide (TPAOH) and the mixture was heated at 150 °C for 1 week (see the Supporting Information for more details). The particle morphologies of NTO and its hydrothermally-treated product, NTO NW, were totally different. NTO was composed of plate-like particles with an average thickness and length of ~120 nm and ~800 nm, respectively, as shown in SEM image (Figure 2a). In contrast, NTO NW was mainly composed of aggregated nanowires and each nanowire had an average length of ~600 nm and diameter of down to 10 nm, as depicted in Figure 2b. AFM measurements confirmed that NTO NW contained nanowires with the thickness and diameter (width) of down to 1 nm and 10 nm, respectively (Figure 2c). In XRD patterns of NTO and NTO NW (Figure 2d), all the diffraction peaks were assigned to those of Na2Ti3O7 (JCPDS 01-070-9440).[23,24] The diffraction peaks for NTO NW were less intense than those for NTO. The diffraction peak due to the (100) crystal plane at 2θ of around 10.5o was still observed in the XRD pattern of NTO NW, indicating that the layered structure was preserved (suggesting the partial exfoliation). Raman bands observed for NTO and NTO NW were assigned to those reported for Na2Ti3O7 (Figure 2e),[25,26] confirming that not only the structure of NTO and NTO NW is identical but no significant amount of other TiO2 and titanates compounds formed after the hydrothermal treatment. Moreover, each Raman band for NTO NW was not significantly broadened and shifted compared to that for NTO, suggesting that no significant defects form in NTO NW.[26]
[bookmark: _Hlk179216901][bookmark: _Hlk179217950]We analyzed the XRD patterns carefully. As seen in Figure S1 in the Supporting Information, the peak intensity ratios of I011/I100, I003/I100 and I104/I100 for NTO NW are significantly lower than those for NTO, while that of I020/I100 for NTO NW is similar to that for NTO. These results indicate that the structure periodicity along c axis of NTO NW was lower than that of NTO, thereby suggesting the framework splitting as schematically shown in Figure 2.
We then tried to determine the crystal orientation of nanowires for NTO NW. We used a method, nano-beam diffraction in STEM, which enables us to analyze a specific nanometer-size area. Figure 3a shows the STEM image and its corresponding nano-beam diffraction pattern of the starting NTO. Using a ReciPro software,[27] we simulated the electron diffraction pattern of Na2Ti3O7 and then successfully assigned the nano-beam diffraction pattern detected. Accordingly, it was confirmed that the long axis and thickness direction of NTO plates were along b and a axes, respectively, as shown in Figure 1. Likewise, we detected spot-like nano-beam diffraction patterns from different nanometer-size areas (diameter of approximately 2.5 nm) on each nanowire in the NTO NW sample, confirming the crystalline nature of NTO NW (a typical image is shown in Figure 3b). However, each spot was relatively fluctuated probably due to less ordered structure of the nanowire, consistent with XRD results (Figure 2d and Figure S1). Thus, we were able to determine the nanowire long axis as b axis but not nanowire thickness direction. 
We further investigated the textual properties of NTO NW. Considering the fact that NTO NW had a larger volume than NTO with identical weight (Figure 4a), we expected that NTO NW would exhibit the enlarged surface area compared with NTO. Figure 4b shows the N2 adsorption-desorption isotherms of NTO and NTO NW. NTO NW showed the amount of the adsorbed N2 at partial pressure higher than ca. 0.9 significantly larger than NTO, indicating that NTO NW has larger mesopores and/or macropores created via aggregation of each nanowire.
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Figure 2. SEM images of (a) NTO and (b) NTO NW. Inset of panel (b) is a typical TEM image of NTO NW. (c) AFM image of NTO NW. (d) XRD patterns and (e) Raman spectra of NTO and NTO NW. The lines at the bottom of panel (d) show the diffraction peaks of Na2Ti3O7 (JCPDS 01-070-9440). Asterisks indicate diffraction peaks from Al2O3 used to normalize the XRD patterns. 
 [image: ]
Figure 3. Typical STEM images and nano-beam diffraction patterns of (a) NTO and (b) NTO NW. Yellow circles indicate the beam area to take nano-beam diffraction patterns (actual diameter of 2.5 nm).


[image: ]
Figure 4. (a) Photograph showing volumes of NTO and NTO NW compared with the same weight (bulk density). (b) N2 adsorption-desorption isotherms of NTO and NTO NW. (c) Photocatalytic oxidation test for formic acid in water for NTO and NTO NW.


The photocatalytic test of NTO NW also confirmed the enlarged surface area. We examined the photocatalytic activity of NTO NW with respect to the oxidative decomposition of formic acid in water, a known reaction for testing the performance of photocatalysts.[28] Generally, formic acid solutions with higher concentrations (e.g., 5 vol%) are used to avoid the effect of diffusion on the reaction. In contrast, we here used a significantly lower concentration of formic acid solution (0.08 vol%) to evaluate the effect of the surface area of NTO NW on the reaction (diffusion can be a rate-determining step). Figure 4c compares the time courses of CO2 evolution from formic acid in the diluted aqueous solution containing NTO and NTO NW under simulated solar light irradiation. NTO NW showed a CO2 evolution rate considerably faster than that did NTO. It is implied the enhanced photocatalytic activity of NTO NW would arise from its enlarged surface area and, probably, enhanced charge separation efficiency owed by its 1D morphology.[17] Note that we cannot rule out the possibility that a richly exposed reactive facet on NTO NW (ab plane, Figure 1) affects the photocatalytic activity.
Formation Mechanism of NTO NW
The conversion of TiO2 nanoparticles (0D) and layered titanates (2D) into 1D TiO2-based nanostructures, such as nanowires and nanotubes, under alkaline hydrothermal conditions is well-known. This process has been thought to involve dissolution and redeposition of the starting materials.[29] In contrast, we have proposed an alkaline hydrothermal method to convert layered titanates into new materials including 1D titanates[17,22,30-36] inspired by a zeolite synthetic method called interzeolite conversion.[37,38] In the interzeolite conversion, it is understood that a starting zeolite decomposes into small fragments with a local structure identical to that of the starting zeolite (called nanoparts) and nanoparts re-crystalize into other zeolites and silicates under alkali hydrothermal conditions with structure directing reagents like TPAOH.[37,38] In our previous reports, the similar mechanism was proposed. For example, a layered potassium titanate with a lepidocrocite structure and sub-micrometer-size 2D particle morphology, K0.8Ti1.73Li0.27O4 (KTLO), was converted into the corresponding 1D nanowire under an alkali hydrothermal condition with an appropriate concentration of TPAOH at 170 oC for 1 week.[17] With a higher TPAOH concentration (under stronger alkali conditions), TiO2 anatase formed from the same KTLO.[17] Considering that the dissolution of a metastable-phase KTLO should result in the redeposition of a stable-phase like anatase,[29] we proposed that KTLO decomposed into nanoparts and the nanoparts were recrystallized into the corresponding nanowire under the specific condition.[17]
Accordingly, in this study, in order to discuss whether NTO NW formed via decomposition-recrystallization, dissolution-redeposition, or something else, we performed the hydrothermal treatments of NTO under conditions less and more strict conditions than that used for the synthesis of NTO NW. Figure 5 shows SEM images and XRD patterns of the hydrothermally-treated products obtained at different temperatures with the identical TPAOH concentration and reaction time (1 week). At lower temperature (100 oC), the product was mainly composed of plate-like particles having uneven edges that extended to nanowires (Figure 5a). This morphology was totally different from that observed for NTO NW synthesized at 150 oC, although the two products had the same Na2Ti3O7 structure, as revealed by the XRD patterns (Figure 5d). On the other hand, the product obtained at 200 oC was composed of irregularly-shaped particles, bundles of nanowires, and smaller particles (Figure 5c), and the last was assigned to TiO2 anatase from the XRD pattern (Figure 4d). These results, considering that Na2Ti3O7 is also a meta-stable phase, indicate that NTO NW did not form via decomposition-recrystallization of NTO under a specific alkali hydrothermal condition (150 oC).
In order to get a deeper insight for the formation mechanism of NTO NW, we compared the hydrothermal reactions of NTO and KTLO under an identical condition (170 oC, 3 days), which is a less strict than that used to convert KTLO to the corresponding nanowire (170 oC, 1 week).[17] Crystal structures of NTO and KTLO are totally different. As shown in Figure 6a, the framework of KTLO is a lepidocrocite-type structure composed of TiO6 octahedra tightly connected each other via edge sharing. An approximately 13.5% of the framework Ti4+ is substituted with Li+ (indicated as blue allows in Figure 6a) in KTLO, and the distribution of Li+ is random.[39] On the other hand, the structure of NTO is built from both edge- and conner-shared TiO6 octahedra (Figure 6d).
As shown in Figure 6b, even for 3 days, a part of KTLO was converted into the corresponding nanowire with the same structure. Only plate-like particles, seen in the starting KTLO, and nanowires were observed. Interestingly, plates with uneven edges were scarcely observed. In contrast, with NTO, nanowires were hardly observed but the edge of each plate significantly became uneven and partially exfoliated plates were also observed as shown by yellow arrows in Figure 6c. These results indicate that NTO has the reactivity toward the TPAOH hydrothermal reaction lower than or different from that of KTLO, although their particle sizes are not significantly different (Figure 6a and d bottom).


[image: ]
Figure 5. (a-c) SEM images and (d) XRD patterns of hydrothermal products of NTO obtained at 100, 150 (NTO NW), and 200 oC for 1 week (▼ in the XRD pattern is the peak due to sodium fluoride).
[image: ]
Figure 6. Structures and characteristics of (a) KTLO and (d) NTO and SEM images and XRD patterns of (b) KTLO and (c) NTO before and after the hydrothermal treatment (▼ in the XRD pattern is the peak due to sodium fluoride). Blue arrows in panel (a) and blue circles in panel (d) indicate randomly distributed Li+ sites and crystallography defined corner-sharing Ti−O−Ti bonds, respectively. Histograms at the bottom of panels (a) and (d) are particle sizes, estimated from the SEM images, of the parent KTLO and NTO, respectively.



We then monitored the hydrothermal reaction at 150 oC of NTO to form NTO NW with the SEM (partly AFM) and XRD (Figure 7). The 1 day and 3 day-products were still composed of plate-like particles, although each particle was partly fragmented and became thinner compared to that of the parent NTO (Figure 7a). Cracked plates were observed for 1 day-product while plates having uneven edges extended to nanowires were observed for 3 day-product (as indicated by yellow circles). The particle length of these two products was not shortened significantly, while the particle thickness decreased to less than halve (Figure 7b). XRD patterns of these two products showed an amorphous-like halo in a 2θ range of around 20o (Figure 7c), which is a characteristic of swollen or exfoliated layered titanates.[40] Notably, 7 day-product (NTO NW) had a particle (nanowire) length similar to that of the parent NTO and the hydrothermally-treated products for 1 and 3 days (Figure 7b and Figure 2c).
Based on the comprehensive hydrothermal experiment results, we propose the following different scenarios for the formation of KTLO NW and NTO NW. In KTLO, the substituting Li+ can migrate within the titanate frameworks like silicate ones at higher temperatures.[41] In addition, the Li+ can be removed from the KTLO framework, forming vacancies, due to the low stability of Li+ under octahedral coordination. As a result, the Li+ sites would be starting points for the decomposition of the KTLO into nanoparts during the hydrothermal reaction. Note that not all the once-removed Li+ was recovered in the formed KTLO NW, which was suggested by the formation of a smaller amount of TiO2 anatase as a by-product.[17,42] The co-existence of plate-like particles and nanowires in the hydrothermally-treated KTLO product (Figure 6b) can be explained by the random distribution of the framework Li+ on the parent KTLO.[39] The decomposition of oxygen-deficient layered potassium titanate into smaller fragments was also reported for a potassium-ion battery system.[43]  
[bookmark: _Hlk179235488][bookmark: _Hlk179235514]On the contrary, NTO is composed of less tightly connected frameworks than is KTLO because TiO6 octahedra are connected each other via edge and corner sharing. The density of NTO (3.40 g cm−3) is lower than that of KTLO (3.80 g cm−3). We expected that the corner-sharing Ti−O−Ti along a crystallographic direction of h00 (Figures 1 and 6d) would be chemically selective weakness of NTO to form NTO NW. STEM analyses revealed that the long-axis of NTO NW was along b axis like that of the starting NTO (Figure 3). The particle thickness of NTO NW was 1-to-2 nm, which corresponds to 1-to-2 structure unit of three TiO6 octahedra arranged in the 00l direction, and the length was similar to that of the parent NTO (Figures 2c and 7b). Such nanowire, considering the above XRD results (Figures 2d and S1), can form only when NTO is partially exfoliated to thin plates that subsequently split along the ab crystal planes, as schematically shown in Figure 1.  TPAOH is thought to work mainly as a partial exfoliation agent because a similar bulky organic ammonium, tetrabutylammonium hydroxide, is a well-known exfoliating agent for layered titanates.[40] From a TG-DTA result of NTO NW, the amount of organic compounds in the sample was estimated to 5 wt% (data not shown), which was assigned to the remained TPAOH on the particle outer surface rather than within the interlayer space because the intercalation of TPAOH (tetrapropylammonium cation) was not detected in the XRD pattern (Figure 2d and Figure 7c). On the other hand, NH4F is thought to work mainly as a decomposing agent judging from the following results. As shown in Figure S2, the hydrothermally treated NTO product without NH4F at 150 oC for 7 days was composed of partially exfoliated plates and a smaller amount of nanowires.
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Figure 7. (a) SEM images of hydrothermally treated NTO at 150 oC for different times. (b) Variation in particle length and thickness of hydrothermally treated NTO for different times. The thickness and length of the particles for the 7 day-product (NTO NW) was determined and estimated from the AFM and SEM images, respectively, while the particle length and thickness for others were estimated from the SEM images. (c) XRD patterns of hydrothermally treated NTO for different times.


Cation Exchange Properties of NTO NW
Cation exchange properties of NTO NW toward Cd2+ in water were investigated. Cd2+ was selected as a model cation because several industries, including metal plating, mining, and alloy synthesis,[44] contribute to Cd2+ releases, which pose significant health risks to humans and wildlife. Cd2+ exposure can cause lung insufficiency, bone lesions, and cancer,[45,46] and the Environment Protection Agency has established a permit limit of 5 ppb for cadmium in drinking water.[47] To address this issue, many efforts have developed various methods for removing Cd2+ from water, such as chemical precipitation,[48] membrane filtration,[49] and cation exchange.[17,50] If compared with other methods, cation exchange offers several advantages including cost-effectiveness. But, few materials showing both high and fast cation exchange capacity and rate, respectively, for Cd2+, were reported as discussed later.  
Figure 8a shows the time courses adsorption of Cd2+ from the aqueous solution (50 ppm) on NTO and NTO NW. NTO NW removed all Cd2+ from solution within 2 min, while NTO needed 60 min. According to the detection limit of our ICP-OES, we can mention that Cd2+ concentration in water treated with NTO NW for 2 min is less than 30 ppb. With an approximately 4-times higher initial Cd2+ concentration (190 ppm, Figure 8b), NTO NW showed such rapid removal and, moreover, showed a larger amount of Cd2+ uptake up to 1.5 mmol g-1, which is equivalent to 3.0 meq g-1.

[image: ]
Figure 8. Time course adsorption of Cd2+ from water on NTO and NTO NW at initial Cd2+ concentrations of (a) 50 ppm and (b) 190 ppm. The right-hand y axes for each panel indicate the molar ratio of the adsorbed Cd2+ to the desorbed Na+ during the treatment of different materials with aqueous solutions. 

[bookmark: _Hlk179278641][bookmark: _Hlk179220110]In order to confirm the removal of Cd2+ on NTO NW via cation exchange, we measured the amount of Na+ released to the solution. As shown in Figure 8a (right-hand y axis), NTO removed almost twice amount of divalent Cd2+ to monovalent Na+ released. This confirms the almost quantitative cation exchange between the interlayer Na+ and Cd2+ in water. In contrast, NTO NW released a larger amount of Na+ compared to the removed Cd2+ at lower initial Cd2+ concentrations (Figure 8a). This implies the cation exchange of the interlayer Na+ with not only Cd2+ but H+ (or H3O+) in water.[24] It is noteworthy that aqueous solution of CdCl2 is slightly acidic, pH of 6.3 (this value increased to 10.6 and 10.3 after the treatment of NTO and NTO NW, respectively, with the CdCl2 solution for 80 min). It was reported in the literature that smaller 2D Na2Ti3O7 microparticles (150 nm × 1.2 µm) show faster cation exchange rate toward H+ than larger ones (250 nm × 1.1 µm and larger one).[51] NTO NW might show a higher H+ exchange selectivity over Cd2+ than did NTO. At the higher initial Cd2+ concentration (Figure 8b), NTO NW exchanged Cd2+ more quantitatively (i.e., 2[Cd2+]/[Na+] ratios are closed to 1). Overall, these results suggest that NTO NW shows a faster Cd2+ exchange rate than NTO, which can attribute to the shortening of diffusion length within each interlayer space from (sub-)micrometers to down to 1 nm (Figure 1).

[image: ]
Figure 9.  Kinetic curves of Cd2+ exchange on different ion exchangers measured under similar conditions


We also compared the Cd2+ exchange performance of NTO NW with existing cation exchangers[17,52-57] examined under similar conditions, such as initial Cd2+ concentrations and Cd sources (related to the solution pH). As shown in Figure 9, NTO NW reaches Cd2+ uptake up to 2 and 3 meq g-1 within 2 and 100 min, respectively whereas other materials, such as a microporous titanate nanofiber and K2Ti4O9 whisker, need a longer time (>100 min) to exchange such large amount of Cd2+. An organic ion exchange resin, zeolite, and layered clay mineral need more than 16 h even for a considerably lower amount Cd2+ uptake. Therefore, we can mention that the cation exchange performance (rate and amount) toward Cd2+ in water of NTO NW is by far the highest ever reported.
Conclusion
[bookmark: _Hlk179237390]We have reported the conversion of a 2D micrometer-size layered sodium titanate, Na2Ti3O7, into the corresponding 1D ultra-narrow nanowires with a diameter/thickness of down to 1 nm under an alkali hydrothermal condition. Thanks to the shortening of the diffusion path length of the interlayer cations, the obtained nanowires exhibited an excellent cation exchange amount and rate toward Cd2+ in water considerably larger and faster, respectively, than existing cation exchangers including zeolites and organic resins. From comparative analyses and hydrothermal treatments of Na2Ti3O7 with crystallographically defined weak Ti−O−Ti bonds and K0.8Ti1.73Li0.27O4 with randomly distributed Ti defects, we proposed the possible formation scheme of the Na2Ti3O7 nanowire; the partial exfoliation of plate-like Na2Ti3O7 particles into thinner plates that further split along the crystallographically aligned, chemically selective weakness to form nanowires. Many (layered) titanates and niobates with chemically selective weakness similar to NTO are available; for example, those contain both edge- and conner-shared TiO6 octahedra. The present materials design concept would be applicable to create new titanate/niobates materials with enhanced properties and performances, making their practical uses more feasible, which is currently underway in our groups.
Supporting Information
Experimental details and Figures S1 and S2.
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