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Abstract

:

Strong Electrostatic Adsorption (SEA) has been demonstrated as a simple, scientific method to prepare well dispersed Pt nanoparticles over typical forms of carbon: activated, black, and graphitic carbons. Many varieties of specialty carbons have been invented in the last few decades including multi-walled nanotubes, nanofibers, graphene nanoplatelets, etc. In this work, we explore whether SEA can be applied to these specialty carbons for the synthesis of Pt nanoparticles. Over a number of oxidized and unoxidized multiwalled nanotubes and nanofibers, the point of zero charge (PZC) was measured and the uptake of anionic Pt complexes (Pt hexachloride, [PtCl6]2−, and cationic Pt complexes (platinum tetraammine, [Pt(NH3)4]2+) as functions of final pH were surveyed. Pt nanoparticles on the various supports were synthesized at the optimal pH and were characterized by x-ray diffraction (XRD) and scanning transmission electron microscopy (STEM). The specialty carbons displayed volcano-shaped uptake curves typical of electrostatic adsorption for both Pt anions at low pH and Pt cations at high pH. However, the regimes of uptake often did not correspond to the measured PZC, probably due to surface impurities from the carbon manufacturing process. This renders the measured PZC of these specialty carbons unreliable for predicting anion and cation uptake. On the other hand, the anion and cation uptake curves provide an “effective” PZC and do indicate the optimal pH for the synthesis of ultrasmall nanoparticle synthesis. High resolution STEM imaging also showed that with SEA it is possible to disperse nanoparticles on the surface as well as the inner walls of the specialty carbons.
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1. Introduction


Carbon materials in the form of nanofibers and nanotubes have great potential as catalyst supports owing to their high specific surface area, mechanical strength, and flexibility [1,2,3] and have been increasingly used as such [4]. A survey of Pt nanoparticle synthesis on these newer forms of carbon over the last three years turns up the two dozen papers listed in Table 1. The most common method of preparation involves reductive deposition of soluble Pt precursors using ethylene glycol or sodium borohydride as the reducing agent [5,6,7,8,9,10,11,12,13,14,15,16]. These methods generally produce particles around 3–5 nm in diameter. Colloidal syntheses involving polyol stabilizing agents, with subsequent removal of the ligands and reduction of the metal, are able to synthesize somewhat smaller Pt nanoparticles (1.7–4 nm) [17,18,19,20]. A host of other methods including as simple as incipient wetness and as complicated as radio frequency magnetron sputtering, have also yielded nanoparticles in the range of 2–5 nm [21,22,23,24,25,26,27], with the smallest stemming from electrodeposition (1.5 nm) [26], and atomic layer deposition (2 nm) [22].



With the exception of incipient wetness [23] (which yields 4.9 nm particles) these methods are somewhat complex and involve an abundance of chemical ingredients. A potentially simpler method yielding even smaller nanoparticles is Strong Electrostatic Adsorption (SEA), in which metal precursors are strongly adsorbed over support surfaces by controlling the pH of the impregnation solution and exploiting the chemistry of the nascent surface hydroxyl groups [28,29,30]. Via SEA, average nanoparticle size is normally between 1 and 2 nm. Systematic studies of electrostatic adsorption have been made of more common carbons: amorphous activated carbon and carbon black [29,31], graphitic carbon [29] as well as amorphous carbon xerogels [30]. These materials have been demonstrated to adsorb anionic Pt chloride complexes such as Pt (IV) hexachloride (PHC), [PtCl6]2−, and cationic complexes such as Pt (II) tetraammine (PTA), [(NH3)4Pt]2+, predominantly via electrostatic adsorption, with commensurate small nanoparticle size.



In this paper, a systematic study of SEA is made over “uncommon” or “specialty” carbons: multiwalled nanotubes and nanofibers. An early indication from the literature demonstrates that electrostatic adsorption can be successfully used to synthesize palladium nanoparticles around 1 nm on carbon nanotubes [32]. In that work, all the nanotubes were oxidized in nitric acid or mixtures of nitric acid and sulfuric acid to introduce varying degrees of oxygen functionalities and make the surfaces more hydrophilic, and Pd was adsorbed as cationic tetraammine complexes.



According to our prior studies of SEA with carbon, surface oxidation is not needed for the adsorption of anions (and is in fact deleterious to it [29]) as pi bonds in aromatic rings can be protonated, while surface oxidation, which imparts acid surface groups and renders deprotonation and negative charge at high solution pH) is needed for the uptake of cations [29,30,31]. With a variety of specialty carbons, comprised of multi-walled carbon nanotubes and nanofibers with varying surface functional groups and orientation of graphene sheets, we demonstrate that SEA can indeed be extended for anionic and cationic metal precursor adsorption over carbons of all types. A caveat with specialty carbons, however, is that many contain surface impurities which render the measured point of zero charge (PZC) meaningless; effective PZCs must be surmised from metal anion and cation uptake and cannot be measured directly from pH shifts.




2. Results and Discussion


The types and pretreatments of the specialty carbons used in this study are listed in Table 2. One multi-walled carbon nanotube (MWCNT), obtained from Sigma-Aldrich (St. Louis, MO, USA), had an as-received surface area of 301 m2/g and a PZC of 5.4. After oxidation in concentrated nitric acid, the surface area remained essentially constant and the PZC dropped to 2.7. These two samples are referred to as MWCNT I and MWCNT I Oxd. A second set of MWCNTs were purchased from Nanostructured and Amorphous Materials, Inc. (Los Alamos, NW, USA). The first had a PZC of 9.3 and surface area of 302 m2/g (MWCNT II), the second was a version oxidized mildly with a PZC of 5.9 and surface area 558 m2/g (MWCNT II OH, to connote the manufacturer’s attempt to add only hydroxyl groups to the surface), while the third was more rigorously oxidized (and thus connoted with carboxylic acid groups as MWCNT II COOH) which had surface area of 416 m2/g and a PZC of 3.1 A final sample was a herring-bone hollow nanofibers (HB nanofibers) which had surface area of 54 m2/g and a PZC of 5.4.



X-ray photoelectron spectroscopy (XPS) analysis of these samples is given in Figure 1; in the survey scans of Figure 1a, the only spectrum which contains more than carbon and oxygen is that for the MWCNT II sample. This sample is known to contain significant amounts of metal catalyst impurity (up to 13,000 ppm from the manufacturer’s literature); this is seen in the small peaks near 780 eV which correspond to Co 2p electrons. The two oxidation treatments used by the manufacturer appear to remove the metal (Figure 1a, upper two spectra). The O 1s peaks for these samples are shown in Figure 1b. The sample containing the least amount of oxygen is MWCNT I, and the increase in the oxygen signal associated with acidic groups upon oxidation is evident. Curiously, though, the PZC of the unoxidized, as received MWCNT I sample is 5.4, much lower than the PZC of pure, unoxidized carbon, which is about 9 [29,30,31]. Low levels of anionic impurities have been shown to dramatically decrease PZC values [31]; it would appear to be the case here that some impurity from the nanotube manufacturing process, below the limit of XPS detection, is affecting the PZC. The HB nanofibers appear to possess acidic oxygen groups straight from the manufacturer, as evidenced by an acidic oxygen XPS signature (third spectrum from the bottom) as well as a low measured PZC (5.4). The oxygen signature of the unoxidized MWCNT II sample is significantly different from the others, being skewed to lower binding energy; this is likely from the oxide of the impurity cobalt (cobalt oxide). The PZC of supported cobalt oxide is around 9 and is consistent with the measured PZC of the sample. The other two MWCNT II samples, MWCNT II OH, and MWCNT II COOH, show moderate and higher degrees of the acidic oxygen as the PZC drops to 5.9 and 3.1 with no impurity Co seen by XPS.



2.1. Pt Precursor Adsorption


The electrostatic adsorption behavior of these carbon materials can be compared with that of “typical” carbons [29,30,31]. In those materials, it was the PZC of the material and not the type of carbon—activated, graphitic, or black which determined uptake behavior. High PZC carbons did not adsorb cations at high pH, as they have no surface functional groups capable of deprotonating and becoming negatively charged [29,33]. The lower the PZC, corresponding to increasing density of surface acid groups which can be deprotonated at high pH, the more cationic Pt precursors were adsorbed. On the other hand, anionic complexes can adsorb over unoxidized carbon surfaces at low pH by virtue of protonated pi bonds [29], and as this pristine surface is successively oxidized, less anions adsorb but more cations adsorb [29,33,34,35].



Figure 2 presents surveys of uptake versus pH over all the specialty carbon supports for anionic Pt hexammine, [PtCl6]2−, and cationic Pt tetraammine [(NH3)4Pt]2+ complexes. The MWCNT I material in Figure 2a adsorbs anionic Pt over a wide pH range and does not significantly adsorb cationic Pt. It behaves as a high PZC carbon, despite its measured PZC of 5.4 (arrow in Figure 2a). As mentioned above, this sample contains no surface oxygen and it is likely that the low PZC of the sample results from an anionic surface impurity from the manufacturing process. (While ionic surface impurities such as Cl− and Na+ do affect the PZC, they do not affect the uptake [31]). The oxidized MWCNT I Oxd sample, with a PZC of 2.7, does behave as a low PZC carbon (Figure 2b), with high cation and low anion uptake. The maximum surface densities of about 1.6 μmol/m2 for the anions and 0.9 μmol/m2 for the cations, are as expected and correspond to a close packed layer of complexes retaining one and two hydration sheaths respectively [29,34,35].



The three MWCNT II materials are shown on the right hand side of the figure (Figure 2d–f). The unoxidized sample (MWCNT II, Figure 2d) contains the large amount of cobalt oxide impurity, the second sample is mildly oxidized (II-OH, Figure 2e), and the third is harshly oxidized (II-COOH, Figure 2f). The latter two contain no observable cobalt impurity. The harshly oxidized, low PZC (3.1) carbon in Figure 2f behaves largely as expected, with the ability to adsorb high amounts of Pt tetraammine cations, though the capacity to adsorb Pt hexachloride anions is lessened only slightly. The mildly oxidized sample in Figure 2e behaves almost as if it were not oxidized, with little ability to adsorb cations and full capacity to adsorb anions. The behavior of this sample and the HB nanofibers (Figure 2c), both of which feature intermediate degrees of surface oxidation as seen from the XPS data in Figure 1b, suggests that a critical density of surface oxygen groups may be necessary to adsorb cationic complexes. Below this limit, the oxygen groups would be insufficiently dense to effect a strong surface charge. Finally, the MWCNT II sample (Figure 2d) with the impurity exhibits high levels of uptake of anions in the central pH range. This can be attributed to a non-electrostatic mechanism associated with the cobalt oxide impurity.



In sum, the samples for which the measured PZC values accurately indicate the adsorption behavior are the two harshly oxidized samples, the MXCNT I Oxd (Figure 2b) and the MWCNT II COOH (Figure 2f). The unoxidized MWCNT I, HB nanofiber, and MWCNT II OH samples have an effective PZC of about 9 and can adsorb only anions. The untreated MWCNT II sample has impurities which induce anionic Pt deposition in the mid pH range.



The powder XRD analysis in Figure 3 utilizes procedures recently developed for an instrument with a high sensitivity detector which allows detection of metal particles smaller than 1 nm [36] and has enabled the observation of the ambient oxidation of the ultra-small Pt nanoparticles [37]. Accordingly, the metal free carbon supports are subtracted from the patterns of the metal-containing samples and the differences are fit with a combination of Pt3O4 oxide and fcc Pt metal peaks. The patterns in Figure 3 are arranged in the same order as the uptake surveys in Figure 2; the MWCNT I, MXCNT I Oxd, and HB nanofibers are on the left in Figure 3a–c, and the MWCNT II samples are on the right (Figure 3d–g). The latter two samples (Figure 3f,g) are derived from PHC and PTA adsorbed over the same MWCNT II COOH sample, as indicated with the two asterisks in Figure 2f.



The changing intensity of the graphite peaks in the samples, particularly the highest intensity peak at 26.3° (graphitic carbon 26.3°, 42.6°, 44.8° and 54.2°, from PDF Card No: 00-001-0640) was particularly problematic; in fact it appears that the graphite peak grew for two of the samples, the HB nanofibers (Figure 3c) and the -derived MWCNT II COOH sample (Figure 3f). In the former pattern the graphite peak could best be fit with a bimodal size distribution. Platinum is readily apparent by broad peaks at 40° 2θ in the patterns of Figure 3a,b,g. The first two of these, 8.3% Pt/MWCNT I and 5.3% Pt/MWCNT I Oxd, have the largest particle size and are comprised of minor amounts of Pt oxide in addition to fcc Pt. The Pt phase in the other patterns is less directly discernable but can be seen in the rise in the background of the metal-containing samples relative to the support (Figure 3c–f). The background subtraction and deconvolution of these patterns reveals the smallest particles with in general, higher amounts of Pt3O4. An exception is the HB nanofiber sample, over which no Pt oxide is observed; the facetted inner and outer surfaces of the herring bone structure appear to stabilize the Pt not only at small size [38,39] but also against oxidation. The sizes of the Pt and Pt oxide phases from the XRD analysis are summarized in Table 2.



Scanning transmission electron microscopy (STEM) image analysis of each sample was performed to confirm the XRD particle sizes and size distributions. In Figure 4 all scale bars correspond to 20 nm. The larger macroscopic features of the relatively low surface area HB nanofibers, Figure 4c, stands out from the rest of the much higher surface area, much more porous MWCNT I and II samples. Trends in particle size are seen in general to mirror those from XRD; the largest particles appear over the MWCNT I sample (Figure 3a and Figure 4a), and both the STEM particle size distribution (Figure 4a inset) and the XRD pattern (Figure 3a) exhibit bimodality. In general, the sum of the sizes of the Pt oxide and Pt metal phases from XRD is somewhat larger than the (volume-averaged) STEM size summarized in Table 2. This is because the smallest nanoparticles are pure Pt oxide [37] so the XRD sizes are not additive. The STEM sizes are thus more representative of overall particle size.



A final STEM tilting experiment was performed to determine whether the nanoparticles were distributed on the inside of nanotubes as well as on the outside. Figure 5 shows four STEM images of the MWCNT II COOH sample from no tilt to +5° and +15° clockwise tilt. Figure 5b is the composite image formed by superposing the no tilt image with the +5° tilt and Figure 5c is the image formed by superposing the +5° and +15° tilt. The particles that do not move as a function of tile are on the inside of the nanotube whereas the ones that move are on the outside. Several such particles deposited on the inner wall are indicated in the figure with arrows. The inner and outer walls of nanotubes are not functionalized differently and so it makes sense that inner and outer surfaces are equivalent for SEA.




2.2. Practical Considerations


SEA consistently yielded Pt nanoparticles less than 2 nm in diameter (Table 2) for those supports which contained surface oxygen. The carbon with the least oxygen, MXCNT I, gave 4.2 nm particles. Surface oxygen has been cited to anchor Pt precursors and so enhance Pt dispersion [33,34,40]. The trend seen here supports this hypothesis. It is notable that small size can be achieved with the anionic PHC precursor adsorbed at low pH (MWCNT II OH, MWCNT II COOH, and HB Nanofibers) as well as the cationic precursor adsorbed at high pH, as long as the surface contains oxygen groups to anchor the nascent nanoparticles which form from the adsorbed precursors during reduction. Comparing the two precursors over the same MWCNT II COOH support, the anionic PHC gave 1.7 nm particles at a loading of 11.1 wt %, while the cationic PTA gave 1.5 nm particles at a loading of 6.4%. The difference in loading, once again, is due to the smaller size of the hydrated anion, which retains one hydration sheath instead of two like the cation [29,34,35].



While the size of the SEA-derived nanoparticles is in general smaller than the solution or reduction-derived particles in Table 1, metal loading can be a major consideration and the loading achievable in a single SEA application can be a limitation for low surface area supports. The maximum surface density of 1.6 μmol/m2 of PHC corresponds to 6 wt % for a 200 m2/g support, and to 30 wt % for a 1500 m2/g support [29]. The latter loading has been achieved over a high surface area carbon black [29], while over a lower surface area Vulcan XC-72 support, a loading of 22 wt % was achieved with three SEA-reduction cycles. In lieu of repeated SEA applications, however, a single colloidal or reduction preparation may be advantageous in terms of time and effort for catalysts requiring high Pt loading with low surface area supports.





3. Materials and Methods


3.1. Specialty Carbons


The specialty carbons used in the study comprise a set of multi-walled carbon nanotubes with varying aspect ratio, surface functional groups and orientation of graphene sheets. Some of the carbons were un-oxidized whereas some were obtained in the oxidized form from the manufacturer. The carbons used in the study as listed in Table 1: for MWCNT I (OD × ID × L: 10 nm × 4.5 nm × (3–4) micrometer) and HB nanofibers were obtained from Sigma-Aldrich, Saint Louis, MO, USA and the other carbons: MWCNT II (OD × ID × L: <8 nm × (2–5) nm × (10–30) micrometer), MWCNT II OH, and MWCNT II COOH were obtained from Nanostructured and Amorphous Materials, Inc, (Los Alamos, NW, USA). The method for determining the PZC and choosing the right precursor for SEA can be found in the literature [14,15,16]. After determining the point of zero charge, the appropriate precursor, (platinum tetraammine, PTA from platinum tetraammine chloride or platinum hexachloride, PHC, from chloroplatinic acid, both from Sigma-Aldrich, Saint Louis, MO, USA) was chosen to perform the uptake experiment in order to determine the optimal pH of adsorption. As shown in the table, both the precursors were evaluated for all the carbon supports. As the standard for SEA, 1000 m2/L surface loading was used for cations and 500 m2/L was used for the anions. One of the carbon nanotubes, MWCNT I, was oxidized in boiling nitric acid for 3 h to oxidize the surface and lower the PZC.




3.2. Adsorption Surveys


Adsorption surveys were performed over the entire range of pH using both PTA and PHC on the as-received specialty carbons using established protocols [33,34]. The cationic precursor platinum tetraammine (PTA) from tetraammineplatinum(II) hydroxide (Pt(NH3)4(OH)2, 99.999%) was used and the anionic precursor, platinum hexachloride, PHC, from chloroplatinic acid (H2(PtCl6), 99.9%) was used. Aqueous solutions of 200 ppm Pt were prepared and dosed into 50 mL flasks. The pH values of these solutions were adjusted with HCl or NaOH between 1 and 13. Following this, supports were weighed out in amounts corresponding to 500 m2/L for the PHC solutions and 1000 m2/L for the PTA solutions. PTA and PHC solutions were then contacted with the respective carbon supports for one hour with mild shaking after which the final pH values were recorded. ICP was used to measure the initial and final metal concentrations. Once the pH of optimum adsorption is established from the uptake plots, the catalyst preparation is simply scaled up at the desired pH value to obtain sufficient sample for characterization (typically 1.0 g). The catalyst was filtered from this larger solution after the one hour contact time, dried in ambient air overnight, and then oven dried in static air at 120 °C for 16 h. The dried supports were reduced in a flowing 10% H2/balance He at 200 °C for 1 h at temperatures determined from temperature programmed reduction (listed in Table 2), with a ramp rate of 2.5 °C/min.




3.3. Characterization


A Rigaku Miniflex-II (The Woodlands, TX, USA) equipped with a D/teX Ultra silicon strip detector was used to perform powder XRD on the supported Pt particles. Diffraction patterns were recorded over a range of 10–80° 2θ using Cu-Kα radiation (k = 1.5406 Å) that was operated at 30 mA and 15 kV using Bragg-Brentano geometry. A slit width of 0.2 and scan rate of 1 °/min was used for all scans for both detectors. About 0.1 gms of the sample was placed in Rigaku XRD holders of diameter 20 mm and depth of 0.2 mm. XRD patterns were obtained for all metal free supports in addition to the supported metals. XRD patterns were obtained for all metal free supports in addition to the supported metals. Fityk 0.9.8 version software (open source software) [41] was used for background subtraction and deconvolutions using psuedo-Voigt shapes to take the peak asymmetry into account. The full width at half maximum (FWHM) values were input together with a shape factor of 0.94 in the Scherrer equation to estimate particle size.



STEM images were obtained using an aberration-corrected JEOL 2100F STEM equipped with a 200 kV field emission gun and a double tilt holder for tilting the sample across a range of angles (±20°). Sample preparation involved suspending the catalyst in isopropanol and depositing a drop of the suspension onto a holey carbon film attached to a Cu TEM grid. The images were recorded using Digital Micrograph software and particle size distributions were obtained by counting about 1000 particles on each sample. Volume average sizes (DV) were determined to compare with the sizes obtained from XRD. The volume average diameter is DV= ∑nidi4/∑nidi3 where ni is the number of particles with diameter di [42].





4. Conclusions


Strong Electrostatic Adsorption has been demonstrated as a simple, scientific method to prepare well dispersed Pt nanoparticles over several types of specialty carbons; multi-walled nanotubes and herring bone nanofibers. The specialty carbons generally displayed volcano-shaped uptake curves typical of electrostatic adsorption for both Pt anions at low pH and Pt cations at high pH. However, the regimes of uptake often did not correspond to the measured PZC. It is suggested that the PZC of many of the carbons are altered by the presence of residual impurities from the manufacturing process. This renders the measured PZC of these specialty carbons unreliable for predicting anion and cation uptake. On the other hand, the anion and cation uptake curves provide an “effective” PZC and do indicate the optimal pH for the synthesis of ultra-small nanoparticle synthesis. With SEA it is possible to disperse nanoparticles on the surface as well as the inner walls of the specialty carbons. For moderate Pt loadings, SEA gives a simple, scalable method to prepare ultrasmall (<2 nm) nanoparticles.
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Figure 1. (a) XPS survey scans and (b) O 1s peaks for specialty carbons. 
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Figure 2. Uptake plots using Pt (II) tetraammine (PTA) and Pt (IV) hexachloride (PHC) for: (a) MWCNT I; (b) MWCNT I Oxd; (c) HB Nanofibers; (d) MWCNT II; (e) MWCNT II OH; and (f) MWCNT II COOH. Asterisks indicate pH of large batch preparation. 
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Figure 3. XRD plots with deconvolutions inset for: (a) MWCNT I; (b) MWCNT I Oxd; (c) HB Nanofibers; (d) MWCNT II; (e) MWCNT-II OH; and (f) MWCNT-II COOH using CPA and (g) MWCNT-II COOH using PTA. 
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Figure 4. STEM images and particle size histograms for: (a) MWCNT I; (b) MWCNT I Oxd; (c) HB Nanofibers; (d) MWCNT II; (e) MWCNT II OH; (f) MWCNT II COOH using PHC; and (g) MWCNT II COOH using PTA. 






Figure 4. STEM images and particle size histograms for: (a) MWCNT I; (b) MWCNT I Oxd; (c) HB Nanofibers; (d) MWCNT II; (e) MWCNT II OH; (f) MWCNT II COOH using PHC; and (g) MWCNT II COOH using PTA.
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Figure 5. STEM images for 11.1Pt/ MWCNT II COOH showing (a) Initial- no tilt; (b) +5° tilt; (c) +15 tilt; and (d) Final-no tilt. 
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Table 1. Summary of supports, precursors, synthesis pH, and particle sizes.
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	Preparation Method
	Metal Loading %
	Carbon Type
	Particle Size (nm)
	Method for Size
	Ref.





	Reduction (ethylene glycol)
	10
	CNT
	2.7
	XRD
	[5]



	Reduction (ethylene glycol)
	20
	CNT
	2.67
	XRD
	[6]



	Reduction (ethylene glycol)
	20
	CNT
	3
	TEM
	[7]



	Reduction
	10
	CNT
	2.95 ± 0.33
	TEM
	[8]



	Reduction (ethylene glycol)
	4.87
	CNT
	3.42 ± 0.58
	TEM
	[9]



	Reduction (ethylene glycol)
	19.6
	CNT
	4.7
	TEM
	[10]



	Reduction (ethylene glycol)
	5
	MWCNT
	2.2
	XRD
	[11]



	Reduction NaBH4
	24.8
	MWCNT
	6.5
	TEM
	[12]



	Reduction
	19–23
	CNW
	3.4–5.3
	XRD
	[13]



	Reduction (Borohydride)
	3.5
	CNS
	5.2
	XRD
	[14]



	Reduction (ethylene glycol)
	40
	CNF
	4.0
	XRD
	[15]



	Reduction (ethylene glycol)
	20
	CNF
	3.1
	XRD
	[16]



	Polyol
	20
	CNT
	2-3
	TEM
	[17]



	Polyol
	20
	MWCNT
	1.7
	TEM
	[18]



	Polyol
	12.4
	MWCNT
	3.9
	TEM
	[19]



	Colloidal method
	20
	CNF
	2.9–4.4
	TEM
	[20]



	Impregnation-reduction-deposition
	2
	CNT
	4.0–4.5
	TEM
	[21]



	Atomic layer deposition
	16.2
	CNT
	2
	TEM
	[22]



	Incipient-wetness impregnation
	1
	CNT
	4.6
	TEM
	[23]



	Wet impregnation
	1
	CNT
	2.7
	TEM
	[24]



	Microwave heating method
	19.5
	CNT
	2.5
	TEM
	[25]



	Electrodeposition
	-
	CNT
	1.5
	XRD
	[26]



	Radio frequency magnetron sputtering
	29.2
	CNF
	3.6
	TEM
	[27]
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Table 2. Summary of supports, precursors, synthesis pH and particle, sizes.
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Support

	
Precursor

	
BET Area (m2/g)

	
PZC

	
Adsorption pH

	
Metal Loading (wt %)

	
XRD Size (nm)

	
STEM Size (nm)




	
Pt

	
Pt3O4






	
MWCNT I

	
PHC

	
301

	
5.4

	
4.3

	
8.3

	
2.7

	
1.3

	
4.2




	
MWCNT I Oxd

	
PTA

	
308

	
2.7

	
12.1

	
5.3

	
2.0

	
1.1

	
1.7




	
MWCNT II

	
PHC

	
302

	
9.3

	
5.7

	
7.6

	
1.6

	
1.6

	
2.9




	
MWCNT II OH

	
PHC

	
558

	
5.9

	
5.5

	
14

	
1.0

	
1.4

	
1.8




	
MWCNT II COOH

	
PTA

	
416

	
3.1

	
11.9

	
6.4

	
1.2

	
1.1

	
1.5




	
PHC

	
3

	
11.1

	
1.1

	
1.3

	
1.7




	
HB Nanofibers

	
PHC

	
54

	
5.4

	
3

	
1.7

	
1.1

	
0.9

	
1.5
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