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Abstract

A stabilizer-free method based on segmented flow for the continuous synthesis of TiO2 supported noble metal nanoparticles (M/TiO2-MR, M = Pd, Pt or Au) was proposed. Due to the enhanced mixing performance arising from the internal convection in the discrete plugs, the particle size of noble metal nanoparticles could be well controlled by reducing the metal precursors with NaBH4 just in the presence of TiO2 without using any stabilizer. In comparison with the batch method, the as-prepared M/TiO2-MR had smaller noble metal particle size and better dispersity. Experimental results showed that adjusting the oil-to-water phase ratio or increasing the total volume flow rate and synthetic temperature could lead to smaller average particle size with narrower distribution. The as-prepared M/TiO2-MR possessed higher catalytic activities in the hydrolysis of ammonia borane than those prepared by the batch method, which could be ascribed to smaller noble metal nanoparticles, exposing more active sites.  
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1. Introduction

    Noble metal nanoparticles (NPs) have shown great application potential in many fields such as proton exchange membrane fuel cell, heterogeneous catalysis, ultra-sensitive detection, and medical therapy.1-4 However, the practical applications of free-standing noble metal NPs have been greatly hindered by their shortcomings of easy agglomeration and difficult recycle arising from small particle size and high surface free energy. To address the above-mentioned issues, one of the most popular strategies is anchoring noble metal NPs on solid supports, to name a few, carbon materials, metal organic frameworks, and metal oxides. For one thing, the large specific surface areas of solid supports can dramatically increase the dispersion and stability of noble metal NPs. For another, the interaction between metal species and support, such as strong metal-support interaction and electron transfer from/to metal NPs, can further improve the performances of noble metal NPs or endow them new properties. Among various solid supports, TiO2 is a promising and widely applied support because of its low cost, good thermal and mechanical stability, and high activity in some specific reaction processes such as UV-induced photocatalytic reactions.5 Over the past decades, a large number of TiO2 supported noble metal NPs (e.g. Pt/TiO2, Au/TiO2, Pd/TiO2, Ir/TiO2) have been prepared and exhibited good activities toward formaldehyde oxidation,6,7 HYPERLINK \l "_ENREF_6" \o "Zhang, 2006 #1830"  CO oxidation,8,9 ammonia borane hydrolytic dehydrogenation,10 nitrobenzene hydrogenation,11 etc. 

    Considering the scarcity and high price of noble metals, it is very crucial to improve the performance of supported noble metal NPs. Downsizing the noble metal NPs has been proven to be a highly effective strategy. Various methods such as impregnation, deposition-precipitation and colloidal synthesis have been implemented for the synthesis of TiO2 supported small noble metal NPs.12 Each of these protocols have its own advantages and disadvantages. Impregnation, one of the most frequently used methods, can be utilized to prepare almost all kinds of TiO2 supported noble metal NPs.6,13,14 Typically, impregnation is carried out via the following steps: contacting a metal precursor solution with a support, adsorbing the metal ions onto the support, drying, calcination and reduction. The major drawback of this method might be the poor control over particle size and particle size distribution (PSD) of noble metal NPs because agglomeration often occurs during drying, high-temperature calcination and reduction. As for deposition-precipitation, noble metal elements are usually deposited on TiO2 in the form of precipitates by adding precipitation agents, changing pH, temperature, or concentrations of complexation agents, followed by drying, calcination and reduction.9,15,16 Deposition-precipitation also suffers from larger particle size and uneven PSD of noble metal NPs. Another weakness of this method is lack of control over metal distribution and surface composition, which makes it difficult to deposit bi-/tri-metal NPs with controlled compositions. Colloidal synthesis is generally performed by first preparing noble metal NPs with desired sizes and morphologies, and then anchoring the as-prepared noble metal NPs on the supports.17 In comparison with the two methods mentioned above, colloidal synthesis can offer unique possibilities to control the size, morphology, and composition of noble metal NPs. However, the disadvantage of this method is that the surfactants or organic ligands which are used as stabilizing agents to alleviate the agglomeration of noble metal NPs are prone to absorb on the active sites and difficult to be removed, leading to loss of catalytic activity.

    Besides the intrinsic drawbacks of the methods mentioned above, some issues including nonuniform particle size and poor batch-to-batch reproducibility can also be caused by the poor transport performances of conventional batch reactors where the synthesis processes are usually carried out. For example, the limited mass/heat transport rates of batch reactors make it difficult to get precise control over the local reactant concentration and temperature during deposition-precipitation synthesis or in the preparation of noble metal NPs for colloidal synthesis. As a result, the rates of nucleation, growth and agglomeration inside the reactor vary with space, thus resulting in broad PSD, large agglomerates and batch-to-batch variations. Moreover, as the volume of batch reactor increase, the transport performance of batch reactor would get worse, which makes it difficult to scale up the laboratory-optimized synthetic procedures. Consequently, it is very urgent to develop an alternative technology which can address the issues existing in batch reactors. To date, it has been widely demonstrated that microfluidic processes using microreactors possesses unique advantages as compared to the processes based on batch reactors. Because of extremely high surface-to-volume ratio and short diffusion distance stemming from small channel sizes, microreactors can mix reactants rapidly, provide uniform reaction environments, control residence time precisely, etc.18-20 Additionally, the throughput of microreactor can be increased by ‘numbering-up’ strategy with limited scale-up effect, which facilitates the practical application of laboratory-optimized processes.21,22 Accordingly, microreactors have been extensively used to prepare micro/nano materials with controlled size and narrow PSD, such as metal NPs (e.g. Au, Ag, Pd and Co),23-27 metal oxides (e.g. ZnO, Fe3O4 and CeO2)28-31 and quantum dots (e.g. CdSe, CuInS2 and carbon dots)32-35. Nevertheless, there are only a few studies focusing on the continuous synthesis of supported noble metal NPs, particularly TiO2 supported noble metal NPs.

    Amongst the aforementioned synthetic methods for TiO2 supported noble metal NPs, the batch-mode colloidal synthesis is most likely to be transformed to continuous operation because microreactor has been proven to possess many merits in the continuous synthesis of ultrafine noble metal NPs. To the best of our knowledge, the well-established conventional colloidal synthesis was for the first time carried out in a two-step continuous microfluidic system via single-phase flow in the study of Cattaneo et al.36 The as-synthesized TiO2-supported Au and AuPd NPs showed smaller mean size and narrower PSD than those prepared by the batch method. Nevertheless, polyvinyl alcohol (PVA) which was used as the stabilizer might absorb on the surface of nanoparticles, decreasing the catalytic activity. Additionally, the single-phase operation may bring about problems such as channel fouling and insufficient mixing. Consequently, it is still necessary to develop a simple and versatile microfluidic-based method without the use of stabilizers and the risk of channel blockage for the preparation of TiO2 supported noble metal NPs. 

    In our previous study, reduced graphene oxide supported Co NPs with small particle size were favorably prepared in liquid-liquid segmented flow through reducing Co2+ ions in the presence of graphene oxide sheets without using any surfactants.37 Notably, no blockage problem occurred during a long time operation (>2 h). Motivated by this study and the extensive applications of TiO2-supported metal NPs, a stabilizer-free synthetic method based on a liquid-liquid segmented flow was proposed for the continuous production of TiO2 supported noble metal NPs in this study. Without adding any stabilizer, several noble metal NPs (i.e. Pt, Pd and Au) with small mean size (<5 nm) and tight PSD were successfully anchored on TiO2 by reducing metal ions with NaBH4 in the presence of TiO2. The change of mean size and PSD of noble metal NPs with experimental variables such as oil-to-water phase ratio, total volume flow rate, and synthetic temperature were investigated systematically. Finally, the catalytic performances of the as-synthesized TiO2-supported noble metal NPs toward hydrolytic dehydrogenation of ammonia borane (AB for short) were evaluated. The results demonstrated that the as-synthesized TiO2-supported metal NPs exhibited better catalytic activities in comparison with the ones synthesized by the batch method. 
2. Experimental section

2.1 Reagents

Titanium dioxide (TiO2, P25) with a specific surface area of ca. 50 m2/g was purchased from Degussa. Palladium nitrate hydrate (Pd(NO3)2·2H2O, Tianjin Jinbolan fine chemical Co., Ltd), (hydro)chloroplatinic acid (H2PtCl6∙6H2O, Tianjin Jinbolan fine chemical Co., Ltd), (hydro)chloroauric acid (HAuCl4·4H2O, Tianjin Jinbolan fine chemical Co., Ltd), sodium hydroxide (NaOH, Tianjin Kemiou chemical reagent Co., Ltd), sodium borohydride (NaBH4, Fuchen chemical reagent Co., Ltd), ammonia borane (NH3BH3, 97 wt.%, Shanghai Macklin Biochemical Co., Ltd) and n-octane (C8H18, Tianjin Kemiou chemical reagent Co., Ltd) were purchased with analytical grade and used as received. Deionized water was utilized in the whole experimental section.

2.2 Continuous synthesis of TiO2 supported noble metal NPs

Figure 1 illustrates the schematic drawing of the experimental setup for the continuous synthesis of TiO2 supported noble metal NPs. As shown in Figure 1, TiO2 supported noble metal NPs were synthesized in a one-step microfluidic system, which was composed of a cross-shaped poly(tetrafluoroethylene) (PTFE) micromixer and a helical perfluoroalkoxy alkane (PFA) capillary. All four channels of the cross-shaped micromixer had the same dimension with 0.5 mm in inner diameter and 5 mm in length. The PFA capillary had an inner diameter of 0.8 mm and a length of 4 m. The PFA capillary was immersed in a IKA C-MAG HS7 water bath to maintain the synthetic temperature (expressed as T) in the range of 20 to 80 oC. In a typical procedure, the continuous synthesis of TiO2 supported noble metal NPs was carried out as follows: firstly, 25 mL of metal precursor (i.e. Pd(NO3)2, H2PtCl6 or HAuCl4) solution and 25 mL of 5 mg/mL TiO2 aqueous suspension were mixed in a 50 mL beaker. After an ultrasonication for 25 min, a homogeneous suspension was formed, denoted as suspension A. The molar concentration of noble metal ions in the suspension varied from 0.5 to 1 mmol/L. In order to exclude the influence of photoreduction of noble metal ions, suspension A was kept from light during the whole solution preparation and subsequent synthetic process. Next, aqueous NaBH4 solution containing 3 mmol/L NaOH (pH=11-12) was prepared, denoted as solution B. The molar concentration of NaBH4 in solution B was 3 times higher than that of noble metal ions in suspension A. Then, suspension A, solution B and n-octane were fed into the cross-shaped micromixer by syringe pumps (Lead Fluid TYD01), where the volume flow rate of stream A was always kept the same with that of stream B (Figure 1). Typically, the volume flow rate of suspension A, solution B and n-octane (expressed as QA, QB, QC, respectively) were set at 0.2, 0.2, and 0.6 mL/min, respectively, and the residence time (expressed as () was 2.0 min. A homogeneous segmented flow was generated in the outlet channel of the micromixer and subsequently travelled through the PFA capillary (Figure 1). At the outlet of the capillary, the product was collected by a beaker placed in a water-ice bath and immediately centrifuged and washed with absolute ethanol and deionized water alternatively for more than 3 times and then freeze-dried overnight. The as-obtained product was labeled as M/TiO2-MR-X, where M represented the kind of noble metal (i.e. Pd, Pt or Au), X was the theoretical molar content of noble metal in M/TiO2, and MR represented that M/TiO2 was prepared by the continuous method.

Figure 1. Schematic drawing of the experimental setup for the continuous synthesis of TiO2 supported noble metal NPs. Inset: optical images of the flow patterns near the (1) inlet and (2) outlet of the PFA capillary during a typical synthetic procedure of Pd/TiO2-MR-1.6 mol%.

2.3 Synthesis of TiO2 supported noble metal NPs in a batch reactor

Firstly, the same suspension A and solution B described in section 2.2 were prepared. Subsequently, under magnetic stirring, both suspension A and solution B were added dropwise to a 250 mL flask containing 10 mL of deionized water at the addition rates of 1 mL/min. Thereafter, the reaction suspension was kept being stirred for 10 min. The reaction temperature was maintained at 40 oC. At last, the product was centrifuged and washed with absolute ethanol and deionized water alternatively for more than 3 times and then freeze-dried overnight. The as-obtained product was labeled as M/TiO2-BR-X, where BR represented that M/TiO2 was prepared by the batch method.

2.4 Characterization

Transmission electron microscopy (TEM) images were obtained by a JEOL JEM-2100 microscope operating at 200 kV. Powder X-ray diffraction (XRD) patterns were collected using a PANAlytical X'pert Pro-1 X-ray diffractometer with a Cu Kα X-ray source. N2 physisorption isotherms were determined at 77 K using a Quadrasorb SI instrument. The specific surface areas of the samples were calculated from the adsorption branch of N2 isotherms according to multipoint BET method using P/P0 values in the range of 0.05-0.3. Inductively coupled plasma (ICP) measurements were performed on a PerkinElmer optima 7300 DV ICP-OES spectrometer. X-ray photoelectron spectroscopy (XPS) spectra were acquired on an Escalab 250Xi system using Al Kα as X-ray source. The binding energies were calibrated using adventitious carbon C 1s with binding energy of 284.8 eV. 

2.5 Hydrolytic dehydrogenation of AB

The hydrolytic dehydrogenation of AB was chosen as a model reaction to evaluate the catalytic performances of the as-prepared M/TiO2. The hydrogen evolution rate was measured through a water replacement method. In a typical experiment, 0.02 g of the as-prepared M/TiO2 was dispersed into 20 mL of deionized water by ultrasonication. Then, the M/TiO2 suspension was quickly added to a flask containing 30 mL of NH3BH3 solution (0.0335 mmol/L) at 25 oC under magnetic stirring. After the M/TiO2 suspension was added, the reaction was considered to start immediately. The reaction process was monitored periodically through a water-filled gas burette.

3. Results and discussion

As stated in the experimental section, TiO2 supported ultrafine Pt, Pd or Au NPs were continuously synthesized in a one-stage microfluidic system without using any additional stabilizing agent. For conventional colloidal synthesis, the stabilizing agents (surfactants or ligands) which are used to prevent noble metal NPs from agglomeration are crucial, but usually need to be removed by high-temperature thermal treatment, which inevitably causes an increase in particle size. In this study, TiO2 was employed to serve as not only a support but also a stabilizing agent. Once noble metal NPs were formed, they were liable to in-situ anchor on the surface of TiO2 to lower their surface energy. As the reaction rate between NaBH4 and noble metal ions were very fast, the control over the particle size and dispersity in the absence of stabilizing agent is greatly challengeable. This put forward higher requirement on the mixing efficiency of the reactor, where microreactors are highly advantageous. However, when dealing with solids in microreactors (herein the solid was mainly TiO2), the issues associated with channel fouling and clogging must be addressed.38 Consequently, n-octane with good wettability to the PFA channel wall was introduced as an inert continuous phase to segment the aqueous reactant phase (suspension A and solution B) into discrete plugs, where the formation process of TiO2 supported noble metal NPs was confined. Thin film of octane existing between the aqueous plugs and capillary wall effectively isolated TiO2 from the capillary wall, and no fouling occurred inside the submillimeter channel (i.d. 0.8 mm) during a long-time operation of 5 h. In addition, the mixing of the reactants could be further enhanced by internal convection in the aqueous plugs,25,39 in turn providing uniform nucleation and growth conditions for noble metal NPs. In the following sections, the as-obtained samples were characterized by various techniques, and the results showed the advantages of the continuous method over the batch method.

3.1 Characterization of TiO2 supported noble metal NPs synthesized by the continuous and batch methods

3.1.1 TEM

TEM was performed to characterize the morphologies and particle sizes of the M/TiO2 samples prepared both by the continuous and batch methods. As shown in Figure 2, for all M/TiO2-MR samples, spherical-like metal NPs uniformly distributed on the surfaces of TiO2 could be clearly observed no matter what the metal type and content were. The samples prepared by the batch method except Au/TiO2-BR-3.1 mol% showed analogous morphologies to M/TiO2-MR. As for Au/TiO2-BR-3.1 mol%, the particle size of Au NPs was so large that Au NPs did not uniformly deposited on the surfaces of TiO2. The histograms of particle size distribution obtained by counting more than 200 nanoparticles are displayed in Figure S1-S3. Table 1 summarizes the mean size and dispersity (dispersity was calculated by dividing the standard deviation by the mean size) of the noble metal NPs for all M/TiO2 samples. As shown in Table 1, the noble metal NPs of M/TiO2-MR displayed smaller mean size than those of M/TiO2-BR regardless of the metal type and content. For example, when the noble metal loading was as high as 3.1 mol%, the particle sizes of noble metal NPs in Pd/TiO2-MR, Pt/TiO2-MR and Au/TiO2-MR were 3.9, 3.0 and 4.2 nm, respectively, while those were 4.8, 6.0 and 23.5 nm for the batch method. At the meantime, the noble metal NPs of M/TiO2-MR except Au/TiO2-MR-3.1 mol% showed better dispersity than those of M/TiO2-BR. The positive outcomes of the continuous method based on microreactor could be attributed to the following aspects: (1) the reaction conditions, e.g. the proportion of metal salts and reducing agents, temperature and residence time inside the aqueous plugs could be precisely controlled and kept at constant; (2) the mixing efficiency inside the aqueous plugs was enhanced by the inner convection resulting from the interfacial shearing between the two phases with relative motion.40,41 Obviously, the microreactor can offer uniform microscopic reaction environments for nucleation and growth processes, producing smaller noble metal NPs with more uniform distribution in comparison with batch reactors. In addition, comparing with the study of Cattaneo et al. in which Au/TiO2 prepared at the optimized synthesis condition (PVA:Au weight ratio = 0.65:1) had the smallest Au particle size of 4.5±1.3 nm (dispersity = 28.9%) when the Au loading was 0.4 mol%,36 the as-synthesized Au/TiO2-MR in this work had smaller Au particle size and tighter particle size distribution even if the Au loadings were at higher values of 1.6 and 3.1 mol% (Table 1). This further demonstrated the superiority of the stabilizer-free continuous process developed in this work in particle size control of special-like noble metal NPs. However, the method developed by Cattaneo et al. could be used in prepared TiO2 supported core-shell NPs,32 while the continuous method in this work could not be.

Figure 2. The TEM images of (A) Pd/TiO2-MR-1.6 mol%, (B) Pd/TiO2-BR-1.6 mol%, (C) Pd/TiO2-MR-3.1 mol%, (D) Pd/TiO2-BR-3.1 mol%, (E) Pt/TiO2-MR-1.6 mol%, (F) Pt/TiO2-BR-1.6 mol%, (G) Pt/TiO2-MR-3.1 mol%, (H) Pt/TiO2-MR-3.1 mol%, (I) Au/TiO2-MR-1.6 mol%, (J) Au/TiO2-BR-1.6 mol%, (K) Au/TiO2-MR-3.1 mol%, (L)Au/TiO2-BR-3.1 mol%. Continuous method: T= 40 oC, Qtotal= 1.0 mL/min, O/W phase ratio= 1.5, τ= 2.0 min; batch method: T= 40 oC, the addition rates of A and B were both 1.0 mL/min.

Table 1. Mean size and dispersity of M/TiO2 synthesized by the continuous and batch methods.

3.1.2 XRD

The crystallinity and phase purity of TiO2 and M/TiO2 samples synthesized both by the continuous and batch methods were analyzed by XRD. Figure 3A exhibited the characteristic diffraction peaks of anatase phase (JCPDS No. 02-0406) and rutile phase (JCPDS No. 01-1292). Figure 3B-3D present the XRD patterns of the as-synthesized Pd/TiO2, Pt/TiO2 and Au/TiO2, respectively. Evidently, all the diffraction peaks of M/TiO2 samples can be assigned either to TiO2 or to the corresponding noble metals. When the noble metal loading was equal to 1.6 mol%, no diffraction peaks arising from noble metals were observed in the XRD patterns of M/TiO2 samples synthesized by the continuous and batch methods, which could be ascribed to the low loading or small particle size of noble metal NPs.6,7,10 For Pd/TiO2, as the Pd loading increased to 3.1 mol%, the XRD patterns merely exhibited the diffraction peaks of TiO2, implying the high dispersion of Pd NPs.42 Different from Pd/TiO2, the diffraction peaks of Pt or Au appeared in the XRD patterns of Pt/TiO2 and Au/TiO2 with the metal loading of 3.1 mol% synthesized both by the continuous and batch methods. The diffraction peaks located at 40.4°, 46.5°, 67.9° and 81.5° could be indexed to cubic Pt (JCPDS No. 01-1194, Figure 3C), while those around 44.4°, 64.6° and 77.5° could be assigned to cubic Au (JCPDS No. 04-0784, Figure 3D). In comparison with Pt/TiO2-BR-3.1 mol% or Au/TiO2-BR-3.1 mol%, the diffraction peaks of Pt or Au in the corresponding samples prepared by the continuous process were much weaker and broader. This indicated that the particle size of the noble metal NPs in Pt or Au/TiO2-MR was smaller than that in Pt or Au/TiO2-BR, which was consistent with the TEM observation.

Figure 3. The XRD patterns of (A) TiO2 (B) Pd/TiO2 (C) Pt/TiO2 and (D) Au/TiO2 synthesized both by continuous and batch methods. Continuous method: T= 40 oC, Qtotal= 1.0 mL/min, O/W phase ratio= 1.5, τ= 2.0 min; batch method: T= 40 oC, the addition rates of A and B were both 1.0 mL/min.

3.1.3 N2 physisorption and ICP measurement

    The N2 physisorption was conducted to measure the specific surface areas of TiO2 and M/TiO2 synthesized by the continuous method. As shown in Table 2, the specific surface area of TiO2 was 53.6 m2/g. The specific surface areas of M/TiO2-MR samples were similar to that of TiO2, indicating that the deposition of noble metals did not cause a significant change in the specific surface area. The ICP measurement was performed to verify the actual noble metal loadings of M/TiO2-MR-1.6 mol% samples. The actual noble metal loading, expressed as the molar percentage is also summarized in Table 2. It could be observed that the actual noble metal loading was close to the theoretical value (1.6 mol%) for all M/TiO2-MR-1.6 mol% samples.

Table 2. Specific surface area and actual metal loading of TiO2 and M/TiO2-MR samples.

3.1.4 XPS

In order to identify the surface composition and chemical states of the as-synthesized M/TiO2-MR-3.1 mol% samples, XPS analysis was performed. It could be seen from the XPS survey spectra that all samples were merely composed of C, Ti, O and corresponding noble metal elements. Generally, the presence of C element (284.4 eV) can be originated from the hydrocarbon contaminants inherently existing in XPS analysis (Figure S4A). All the Ti 2p high-resolution spectra showed the same two peaks centered at 458.6 and 464.3 eV, which could be attributed to Ti(IV) (Figure S4B-S4D). Figure 4 shows the high-resolution spectra of Pd 3d, Pt 4f and Au 4f, respectively. As shown in Figure 4A, the peaks at 335.1 and 340.3 eV could be attributed to zerovalent Pd (Pd(0)), while the other two peaks at 337.0 and 342.2 eV corresponded to oxidation-state Pd (Pd(II)).43 The molar ratio of Pd(0) (86.2%) to Pd(II) (13.8%) on the surface was calculated to be 6.2. Likewise, the deconvolution of Pt 4f spectrum indicated the coexistence of Pt(0) (70.5 and 73.9 eV) and Pt(II) (71.5 and 75.6 eV) on the surface with a molar ratio of Pt(0) (67.9 %) to Pt (II) (32.1 %) of 2.1.43,44 The existence of oxidization-state Pd and Pt are commonly observed in previously reported TiO2 supported Pd and Pt NPs, which might originate from the reoxidation of Pd and Pt NPs by air during the storage.16,42,45 As for Au/TiO2-MR-3.1 mol%, the Au 4f spectrum only showed the peaks assigned to Au(0) at 83.3 and 87.0 eV.43 
Figure 4. High-resolution XPS spectra of (A) Pd 3d of Pd/TiO2-MR-3.1 mol% (B) Pt 4f of Pt/TiO2-MR-3.1 mol% (C) Au 4f of Au/TiO2-MR-3.1 mol%. T= 40 oC, Qtotal= 1.0 mL/min, O/W phase ratio= 1.5, τ= 2.0 min.




3.2 Effects of process parameters

It is widely acknowledged that the particle size and dispersity of nano and micro materials are greatly affected by the process parameters in microfluidic-based synthesis.46 As a result, studying the influences of the process parameters is much needed. Mechanically, the nucleation and growth rates on the micro scale, which are affected by the supersaturation and temperature gradients at the reactor scale, strongly influence the particle size and dispersity of nanoparticles. Generally, the supersaturation and temperature gradients are determined by the mass/heat transport rate. In the segmented flow, the mass transport rate in the aqueous plugs, i.e. the mixing performance is mainly affected by the oil-to-water phase ratio (O/W phase ratio) and total volume flow rate, while the heat transport rate is usually not taken into account, and the temperature is generally considered to be uniform due to the small channel size. In the following sections, Pd/TiO2-MR-1.6 mol% was taken as an example to study the effects of O/W phase ratio, total volume flow rate and synthetic temperature on the mean size and dispersity.
3.2.1 O/W phase ratio

The O/W phase ratio has been experimentally and numerically proven to be a vital parameter affecting the mixing performance in the discrete plugs,25,47 and thereby the particle size and dispersity. Herein, the O/W phase ratio is defined as the ratio of the volume flow rate of octane to the volume flow rate of aqueous phase (i.e. O/W phase ratio= QC/(QA+QB). Figure 5A-5D display the TEM images of Pd/TiO2-MR-1.6 mol% obtained at different O/W phase ratios. It could be clearly observed that the as-synthesized Pd/TiO2-MR-1.6 mol% showed the same morphologies that Pd NPs were uniformly distributed on the surfaces of TiO2. Figure 5E shows the mean size and dispersity of Pd NPs as a function of O/W phase ratio. It can be seen that the mean size and dispersity of Pd NPs did not decrease monotonically with the increase of O/W phase ratio. This phenomenon has been widely found in our earlier works.46,48 The change of mean size and dispersity with O/W phase ratio can be related to the different mixing performances at diverse O/W phase ratio. In this section, the mixing performances inside the aqueous plugs in the synthesis process of Pd/TiO2-MR-1.6 mol% were investigated by flow visualization (see details in Supporting Information). The value of σ calculated according to Equation S1 is an indicator of mixing degree of reactants inside the plugs, and a lower σ usually indicated a better mixing performance.40 Clearly, the variation of σ with O/W phase ratio was similar to that of mean size and dispersity with respect to O/W phase ratio (Figure 6E). Specifically, as the O/W phase ratio increased from 0.25 to 1.5, the mean size and dispersity decreased from 3.6 to 3.2 nm, and from 23.5% to 20.4%, respectively (Figure 5E). Likely, σ also decreased from 22.3 to 14.4 (Figure 6E). This was because that increasing O/W phase ratio could promote the mixing inside the aqueous plugs by shortening the aqueous plugs to enhance internal convection,40 thus leading to smaller mean size and narrower PSD. However, when O/W phase ratio was further increased from 1.5 to 4, the mean size and dispersity slightly increased from 3.2 to 3.3 nm, and from 20.4% to 21.3%, respectively (Figure 5). This was consistent with a small increase of σ from 14.4 to 15.4 (Figure 6E). The main reason for this result might be that, when the O/W phase ratio was too high, the aqueous plug was so short (i.e. close or below the channel diameter, Figure 6D) that the internal convection was somehow not well developed.39,41 Consequently, the mixing was less efficient, leading to bigger mean size and wider PSD of Pd NPs.

Figure 5. Effects of O/W phase ratio on mean size and dispersity of Pd NPs of Pd/TiO2-MR-1.6 mol%: TEM images of Pd/TiO2-MR-1.6 mol% synthesized at O/W phase ratio = (A) 0.25 (B) 0.67 (C) 1.5 and (D) 4; (E) change of mean size and dispersity with O/W phase ratio. T= 40 oC, Qtotal= 1.0 mL/min, τ= 2.0 min.
Figure 6. Optical images of the flow patterns at 3.5 cm away from the PFA capillary inlet at the O/W phase ratio of (A) 0.25 (B) 0.67 (C) 1.5 (D) 4 in the synthesis process of Pd/TiO2-MR-1.6 mol%. (E) Standard deviation standard deviation of the grayscale value of pixels of the aqueous plug (σ) as a function of O/W phase ratio. Flow direction: from left to right, Qtotal= 1.0 mL/min.
3.2.2 Total volume flow rate

The total volume flow rate (Qtotal) is another important parameter commonly used to adjust the mixing performance. Herein, the total volume flow rate refers to the sum of the volume flow rate of aqueous phase and the volume flow rate of octane (i.e. Qtotal= QA+ QB+ QC). As could be seen from the TEM images of Pd/TiO2-MR-1.6 mol% obtained at different Qtotal (Figure 7A-7D ), no obvious change in the morphology was observed as Qtotal varied. The influence of total volume flow rate on the mean size and dispersity of Pd NPs is presented in Figure 7E. Clearly, the mean size declined from 3.5 to 3.2 nm with the increase of Qtotal from 0.5 to 1.0 mL/min, and kept nearly unchanged with further increase of Qtotal from 1.0 to 3.0 mL/min. As for dispersity, the similar change was observed. A significant decrease of dispersity (from 23.2% to 20.4%) was found as Qtotal was raised from 0.5 to 1.0 mL/min, and only a slight decrease was observed (from 20.4% to 18.8%) in the range of 1.0 to 3.0 mL/min. This also could be explained by the variation of mixing performance with Qtotal. As could be seen from Figure 8E, σ first decreased from 15.1 to 14.4 when Qtotal was raised from 0.5 to 1.0 mL/min, and then σ did not change significantly when Qtotal was raised from 1.0 to 3.0 mL/min. This was because increasing Qtotal could effectively improve the mixing performance due to the enhanced internal convection induced by shear force between the aqueous plug axis and the thin octane film and higher kinetic energy of fluids.

Figure 7. Effects of total volume flow rate on mean size and dispersity of Pd NPs of Pd/TiO2-MR-1.6 mol%: TEM images of Pd/TiO2-MR-1.6 mol% synthesized at Qtotal = (A) 0.5 (b) 1.0 (C) 2.0 and (D) 3.0 mL/min; (E) change of mean size and dispersity with Qtotal. T= 40 oC, O/W phase ratio= 1.5.
Figure 8. Optical images of the flow patterns at 3.5 cm away from the PFA capillary inlet at the Qtotal of (A) 0.5 (B) 1.0 (C) 2.0 (D) 3.0 mL/min in the synthesis process of Pd/TiO2-MR-1.6 mol%.  (E) Standard deviation standard deviation of the grayscale value of pixels of the aqueous plug (σ) as a function of total volume flow rate. Flow direction: from left to right, O/W phase ratio= 1.5.

3.2.3 Synthetic temperature

The synthetic temperature plays a remarkable role in the formation process and the particle size control of the nanoparticles because it can affect reaction rate, supersaturation degree, diffusion rate, and so on.23,49 HYPERLINK \l "_ENREF_34" \o "Yao, 2017 #1870"  Generally, the synthetic temperature has opposite effects on the particle size of nanoparticles. On the one hand, increasing synthetic temperature could be conducive to the production of smaller nanoparticles through the following two effects: 1) increasing synthetic temperature accelerates the reaction rate, thus speeding up the nucleation rate and generating more nuclei; 2) a higher synthetic temperature can promote the diffusion rate by improving the diffusion coefficient, therefore providing better mass transfer performance.49 On the other hand, increasing temperature might also be detrimental to the formation of smaller nanoparticles. This is because as the temperature goes up, most precipitate usually becomes more soluble, leading to lower supersaturation, which, in turn, results in the formation of less nuclei. According to previously reported works, the particle size and PSD of nanoparticles may increase, decrease,23,49 or remain constant50 with the increase of synthetic temperature, depending on the competition of the above-mentioned effects under specific synthesis conditions. In our experiments, the synthetic temperature of Pd/TiO2-MR-1.6 mol% was varied from 25 to 80 oC. Figure 9 presents the TEM images of Pd/TiO2-MR-1.6 mol% synthesized at different synthetic temperatures, as well as the change of particle size and dispersity with the synthetic temperature. Firstly, it can be observed that Pd NPs with spherical-like shape evenly decorated on the TiO2 surfaces for all samples, suggesting that changing the synthetic temperature did not affect the morphology of Pd NPs. Secondly, when the synthetic temperature was raised from 25 to 80 oC, a decline in mean size of Pd NPs from 3.8 to 2.9 nm together with a decrease in dispersity from 23.8% to 19.0% were observed (Figure 9E). This might be because that with the increase of synthetic temperature, the increasing reduction rate of Pd precursors together with enhanced diffusion rates of reactants had a dominant effect on the size of Pd NPs, while the influence of increased solubility could be neglected. Therefore, at higher synthetic temperature, more Pd nuclei generated, leading to a smaller mean size.

Figure 9. Effects of synthetic temperature on mean size and dispersity of Pd NPs of Pd/TiO2-MR-1.6: TEM images of Pd/TiO2-MR-1.6 synthesized at T = (A) 25 (B) 40 (C) 60 and (D) 80 oC; (E) change of mean size and dispersity with synthetic temperature. Qtotal= 1.0 mL/min, O/W phase ratio= 1.5, τ= 2.0 min.

3.3 Catalytic performance evaluation

Ammonia borane (AB) has drawn much attention as a potential candidate material for hydrogen storage because of its high hydrogen content (19.6 wt.%), good stability in solid state and ambient conditions, excellent solubility in water, nontoxicity, etc.51 Hydrolysis of AB is one of the most promising ways to release hydrogen due to mild reaction condition and controllable hydrogen generation rate (Equation 1).13 However, without catalyst, the hydrogen generation rate from AB solution at room temperature is negligibly slow.52 Therefore, efficient catalysts such as noble metal catalysts10,13,53 (e.g. Pt, Pd, and Ru) and non-noble metal catalysts54,55 (e.g. Co, Ni and Cu) are required to accelerate the reaction rate of AB hydrolysis.
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In this work, the hydrolysis of AB at 25 oC was employed as a model reaction to evaluate the catalytic activity of M/TiO2 samples synthesized both by the continuous and batch methods. Figure 10 shows the plots of the molar ratio of generated H2 to initial AB (n(H2)/n0(AB)) as a function of reaction time over M/TiO2-3.1 mol%, where n(H2) is the molar quantities of generated H2, and n0(AB) refers to the initial molar quantities of AB. The hydrogen generation rates (r) of different M/TiO2-3.1 mol% catalysts were calculated according to the linear part of n(H2)/n0(AB) versus reaction time plot and were summarized in Table S1.56,57 As reported in literature, the turnover frequency (TOF) of the catalyst could be defined by Equation 2:10,57
 
[image: image2.wmf]2

2

-1

H

-1-1

Hnoble metal

NMnoble metal

(molmin)

TOF(molmolmin)

(mol)

×

××=

r

n

                 (2)

where nNM refers to the molar quantities of noble metal. Furthermore, the activation energies (Ea) of Pd/TiO2-3.1 mol% and Pt/TiO2-3.1 mol% were obtained by conducting controlled experiments at 25-60 oC and calculated by Arrhenius equation (Equation 3). Figure 11 shows that -lnr followed a good linear relationship with 1/T for all the tested catalysts with R2> 0.97.
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The calculated TOF, Ea, as well as structural information of M/TiO2-3.1 mol% are listed in Table 3. It was clear that M/TiO2-MR-3.1 mol% possessed higher TOF values than M/TiO2-BR-3.1 mol% for all metal types. This result demonstrated the superior catalytic activity of M/TiO2 synthesized by the continuous method. Correspondingly, the numerical values of Ea of Pd/TiO2-MR-3.1 mol% and Pt/TiO2-MR-3.1 mol% were lower than those of Pd/TiO2-BR-3.1 mol% and Pt/TiO2-BR-3.1 mol%, respectively. In addition, the numerical values of Ea of the catalysts in this work were in the range of 26-40 kJ/mol, which were lower than or close to those of many reported Pd and Pt catalysts (Table S2).53,58-63 Based on the characterization results, the superior catalytic activities of the M/TiO2 samples synthesized by the continuous method could be attributed to the smaller particle size and better dispersity of noble metal NPs as compared to those synthesized by the batch method. This result demonstrated that particle size effect existed during the hydrolysis of AB.64,65 With the decreasing of particle size, the surface-to-volume atoms ratio of noble metal NPs increased and more abundant active sites were exposed, thus improving catalytic activity. Many previous works also showed similar observations that the metal catalysts prepared in the microreactor exhibited better activity than those prepared in the batch reactor because of their smaller and more monodispersed particle size.36
As widely observed by previous studies, Pt-based catalysts usually exhibit better catalytic activity than Pd-based catalysts, and Au-based catalysts always show a very poor catalytic activity for hydrolytic dehydrogenation of AB,52,66,67 Similar results were also obtained in this work. It can be clearly seen from the TOF values listed in Table 3 that the catalytic performances of M/TiO2-MR-3.1 mol% or M/TiO2-BR-3.1 mol% with close particle size decreased in the order of Pt > Pd>> Au. 

Table 3 shows the comparation of the as-prepared M/TiO2-3.1 mol% catalysts with various supported noble metal catalysts reported in previous studies. The as-synthesized Pd/TiO2-MR-3.1 mol% and Pt/TiO2-MR-3.1 mol% showed higher TOF values of 32.2 molH2∙mol-1Pd∙min-1 and 112.4 molH2∙mol-1Pt∙min-1 than the reported TOF values of most Pd-based53,58-60,68 and Pt-based10,61-63 heterogeneous catalysts, respectively (Table S2). However, few works discussed the catalytic performance of Au based catalysts (Table S2),66 which probably due to the inherently poor catalytic activity of monometallic Au towards this reaction.

Figure 10. The plots of n(H2)/n0(AB) as a function of reaction time for AB hydrolysis catalyzed by different M/TiO2-3.1 mol% samples at 25 oC: (A) Pd/TiO2-MR-3.1 mol% and Pd/TiO2-BR-3.1 mol% (B) Pt/TiO2-MR-3.1 mol% and Pt/TiO2-BR-3.1 mol% (C) Au/TiO2-MR-3.1 mol% and Au/TiO2-BR-3.1 mol%. Molar ratio of noble metal to initial AB = 0.0075.

Figure 11. -lnr as a function of 1/T over (A) Pd/TiO2-MR-3.1 mol% (B) Pd/TiO2-BR-3.1 mol% (C) Pt/TiO2-MR-3.1 mol% and (D) Pt/TiO2-BR-3.1 mol%.
Table 3. Structure information and catalytic performance of M/TiO2-3.1 mol% synthesized by continuous and batch methods for the hydrolysis of AB at 25 oC and a molar ratio of noble metal to initial AB of 0.0075.

4. Conclusion

To sum up, this work provided a facile and stabilizer-free method for the continuous synthesis of TiO2 supported noble metal NPs based on liquid-liquid segmented flow. Spherical-like Pd, Pt or Au NPs were evenly decorated on TiO2 surface by reducing the metal precursors with NaBH4 in the presence of TiO2. The formation process was confined in the uniform aqueous plugs, which was generated by adopting octane as the continuous phase. The introduction of octane effectively prevented channel fouling by separating the reactants from the channel wall. Owing to the outstanding mixing performance in the aqueous plugs, the mean size of noble metal NPs was below 5 nm without using any surfactants or ligands for all metals even at a high metal loading of 3.1 mol%. This continuous method had an advantage over the batch method in preparing noble metal NPs with smaller mean size and better dispersity. The effects of the process parameters on the particle size and dispersity of noble metal NPs were investigated. Furthermore, the catalytic activities of TiO2 supported noble metal NPs prepared by the continuous (M/TiO2-MR) and batch (M/TiO2-BR) methods toward the hydrolysis of ammonia borane were compared. M/TiO2-MR showed better catalytic activity than M/TiO2-BR regardless of metal type, which could be attributed to the smaller size of noble metal NPs.
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