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Abstract

:

This study explores the application of Atomic Layer Deposition (ALD) to functionalize high-surface-area carbon supports with metal and metal oxide films and particles for applications in catalysis and electrocatalysis. The work reported here demonstrates that, through careful choice of precursors and absorption and reaction conditions, self-limited ALD growth on a high-surface-area carbon support can be achieved. Specific examples presented include the growth of conformal films of ZrO2 and SnO2 and the deposition of Ga2O3 and Pt particles on a carbon black support with a surface area of 250 m2·g−1. A novel strategy for controlling the Pt weight loading and producing sub-nanometer Pt particles on a carbon support using a single ALD cycle is also presented.
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1. Introduction


Carbon in its various forms, such as carbon black, graphite, carbon nanotubes, and activated carbon, has a range of properties that make it a useful support material for heterogeneous catalysts [1]. These include a high surface area, good thermal properties, and chemical stability. Additionally, its high electrical conductivity and stability in both basic and acidic environments have led to its wide use as an electrode and catalyst support material in electrochemical devices, including batteries [2], supercapacitors [3], fuel cells [4], and sensors [5]. Specific examples of this include the use of Pt supported on carbon as the anode in low-temperature polymer-exchange membrane fuel cells (PEMFC) [6,7], and IrO2 supported on carbon nanotubes as the catalyst for the oxygen evolution reaction in water electrolysis cells [8].



All these applications of carbon as a support material require either surface functionalization or the dispersion of required catalytic components on its surface. These are hindered by the inert nature of carbon, which interacts only weakly with supported metals and metal oxides. As a result, the catalytic species deposited by traditional methods, such as impregnation, ion exchange, and precipitation, tend to be in the form of particles with relatively low dispersion. This is particularly problematic for many highly catalytic materials, such as Pt, Pd, and IrO2, where high dispersion is required in order for the electrodes to be cost-effective [9,10,11,12,13]. Introducing oxygen-containing functional groups on the carbon surface via pretreatment with a strong acid, such as HNO3 and H2SO4, which provide nucleation sites for deposited catalytic species is one approach that has been used to enhance catalyst dispersion when using these traditional synthesis methods [14,15], but this tends to still produce surfaces with a low density of catalytic sites.



Recently, ALD has also received much attention as a method for depositing catalytic species on carbon surfaces. In a conventional ALD process, a carrier gas is used to expose the growth substrate to a gaseous precursor for the material to be deposited (typically an organometallic compound) under conditions where only a single monolayer of the precursor adsorbs. Following adsorption of the precursor, the sample is exposed to an oxidizing or reducing environment to remove the ligands on the adsorbed metal center. This cycle is then repeated as many times as necessary to achieve the desired surface coverage or film thickness. For example, Pt can be deposited using cycles consisting of exposure to Pt(acac)2 (acac = acetylacetonate), followed by an oxidation or reduction treatment to remove the acac ligands [16,17]. The adsorption of a single monolayer of the precursor per cycle makes ALD growth self-limiting, and the amount of metal or metal oxide deposited is determined by the size and number of ligands on the metal center. ALD has the advantage of providing precise control over the structure of the deposited material and, in many cases, can produce conformal films of both metals and metal oxides on a range of substrates [18,19,20,21].



The formation of conformal films on carbon supports using ALD, however, presents several challenges. First, for high-surface-area carbons, such as those used in catalytic applications, diffusion of the precursor into the nanopores of the carbon can be limiting and, if not accounted for, can result in less than saturated coverage of the adsorbed precursor, causing inhomogeneous growth and low per-cycle growth rates. This is especially problematic when the carbon support is exposed to the precursor using a carrier gas at atmospheric pressure [22]. For example, Fiorentino et al. used ALD to deposit Al2O3 and TiN on carbon nanotube bundles and found that only 25% of the surface of the nanotubes was coated, which they attributed to diffusion-limited penetration of the ALD precursors deep into the nanotube bundle [23]. Second, the adsorbed precursor molecules typically interact weakly with carbon surfaces. This requires the temperature used during precursor exposure to be chosen carefully to ensure that a saturated monolayer of the adsorbed precursor is formed.



While numerous papers can be found in the literature in which ALD has been used to deposit catalytic materials on carbon supports [24,25], many of these studies show unusually low per-cycle deposition rates, indicating that conventional self-limited ALD growth was not achieved. While the materials produced in these studies may still have quite interesting structures and useful catalytic properties, it may be advantageous to obtain true self-limited ALD growth on high-surface-area carbon support materials for certain catalytic applications. True, self-limited growth would provide a more efficient means to functionalize the entire carbon surface, control the size of deposited metal particles, and produce ultrathin conformal films whose catalytic properties could be more easily optimized than those of the bare carbon surface.



The goal of this study was to explore the use of ALD to modify carbon surfaces under conditions where self-limited growth was obtained via reaction of an adsorbed monolayer of the gaseous precursor, as demonstrated via quantitative analysis of the ALD deposition rates. Examples that will be presented include ALD growth of films of SnO2 and ZrO2, and the ALD deposition of Ga2O3 and Pt particles. A strategy for controlling the Pt particle size using ALD is also presented.




2. Results and Discussion


2.1. ALD of Metal Oxide Films on Carbon


Our initial studies focused on the growth of conformal oxide films on a high-surface-area carbon black support. The specific oxide films grown were ZrO2, SnO2, and Ga2O3. Tin oxide and zirconium oxide were chosen because their organometallic precursors, SnCl4 and tetrakis(dimethylamido)zirconium (TDMAZ), can be oxidized at the ALD growth temperature via exposure to H2O. For Ga2O3, Ga(TMHD)3 (TMHD = 2,2,6,6-tetramethyl-3,5-heptanedionate) was used as the precursor, and a high-temperature (673 K) air oxidation step was used to remove the ligands and form the oxide. This precursor was chosen because TMHD is a common ligand used in many organometallic ALD precursors.



To demonstrate that self-limited growth was obtained, the sample mass as a function of the number of ALD cycles was measured for the growth of the ZrO2, SnO2, and Ga2O3 films, as displayed in Figure 1. Gravimetrically measured deposition rates, in units of the number of metal atoms deposited per m2 per ALD cycle for the three oxides, are also listed in Table 1. Figure 1 shows that, in all three cases, the growth curves were nearly linear, which is consistent with self-limited growth; however, as shown in Table 1, the amount deposited per cycle varied somewhat between the oxides.



For the ZrO2 film, which was grown using TDMAZ as the precursor with adsorption and oxidation steps at 453 K, a ZrO2 weight loading of 34% was achieved after only five ALD cycles, which corresponds to a deposition rate of 1.3 × 1018 Zr atoms·m−2·cycle−1 (Table 1). It is useful to compare this deposition rate on carbon with what has been reported previously for the ALD growth of ZrO2 films using the same precursor on other supports. While values for the ZrO2 deposition rates vary somewhat from study to study, reported values are typically between 0.1 and 0.2 nm·cycle−1 [26,27,28,29,30,31]. For example, Shim et al. report a growth rate of 0.15 nm·cycle−1 on a Si3N4-coated planar Si(100) substrate at 523 K using TDMAZ. This corresponds to a metal atom deposition rate of 4.2 × 1018 Zr atoms·m−2·cycle−1, which is comparable to that obtained here for growth on carbon black.



It is also useful to estimate how many ALD cycles would be required to grow a monolayer conformal film of ZrO2 on the carbon support. The density of Zr atoms on an ideal ZrO2(100) surface of cubic zirconia is 7.5 × 1018 Zr atoms·m−2. Assuming that a monolayer ZrO2 film on the carbon support would have a similar Zr atom density, for the measured Zr atom deposition rate, approximately six ALD cycles would be required to completely cover the support. This value seems reasonable when one accounts for the large size of the dimethylamino ligands on the Zr precursor.



As shown in Figure 1b, while a linear growth curve was obtained for SnO2 deposition at 423 K using water as the oxidant, the increase in mass per ALD cycle was substantially less than that for ZrO2 deposition. For SnO2, 23 ALD cycles produced a 21 wt% loading of the oxide. This mass change corresponds to a Sn atom deposition rate of 1.0 × 1017 Sn atoms·m−2·cycle−1. Using the SnO2(100) surface to estimate the density of Sn atoms in a monolayer SnO2 film gives a value of 4.4 × 1018 Sn atoms·m−2. Together, these values indicate that ~40 ALD cycles would be required to coat the surface of the carbon support with a monolayer film of SnO2.



Unlike that for ZrO2 ALD, the SnO2 deposition rate is substantially lower than what has been reported in the literature for SnO2 ALD on other supports. For example, Sundqvist et al. [32] report that, when using a SnI4 precursor to grow SnO2 on a single-crystal α-Al2O3(012) surface, the growth rate was ~0.1 nm·cycle−1. This corresponds to a Sn atom deposition rate of 2.8 × 1018 Sn atoms·m−2·cycle−1, which is over an order of magnitude higher than what was obtained here for growth on carbon. This difference in the deposition rate on carbon and an oxide surface is likely a result of how Sn halide precursors interact with the two surfaces. On alumina, SnI4 (which is expected to have a reactivity similar to the SnCl4 used here) would adsorb dissociatively to form strongly chemisorbed species, resulting in a relatively stable monolayer of the adsorbed precursor. In contrast, SnI4 (or SnCl4) will likely not dissociate and will only exhibit van der Waals interactions with the unreactive carbon surface. This makes it harder to maintain saturation coverage of the precursor and may result in some of it desorbing intact during the water oxidation step. While the situation may be similar for the TDMAZ precursor used for ZrO2 growth, the large dimethylamino ligands in this molecule would result in stronger van der Waals interactions with the surface compared to SnCl4, thereby producing a more stable adsorbed precursor layer.



The TMHD ligands in the Ga(TMHD)3 precursor used for ALD deposition of Ga2O3 are significantly less reactive than those in the Sn and Zr precursors used in this study and cannot be removed by exposure to H2O at the growth temperature. Thus, for ALD growth of Ga2O3, a different procedure was used. As described in Section 3, each ALD cycle for Ga2O3 deposition consisted of exposing the evacuated carbon support to Ga(TMHD)3 at 523 K, followed by heating the sample to 673 K, and then exposing it to air for 10 min. As shown in Figure 1c, this procedure also produced a linear growth curve with a 16 wt% loading of Ga2O3 obtained after 10 ALD cycles. This corresponds to a Ga deposition rate of 4.0 × 1017 Ga atoms·m−2·cycle−1. This deposition rate is essentially the same as that reported by Ramachandran et al. for ALD growth of Ga2O3 on an oxidized Si wafer using Ga(TMHD)3 [33]. It is again useful to use the measured Ga atom deposition rate to estimate how many ALD cycles would be required to form a complete monolayer Ga2O3 film on the carbon support. Using the density of Ga atoms on the β-Ga2O3(100) surface (5.6 × 1018 Ga atoms·m−2) to define a monolayer, we estimate that ~14 ALD Ga cycles would be required.



STEM, TEM, and EDS elemental scans were used to characterize the structure of the deposited oxide films on the carbon black support. Figure 2 displays these images for a 5 ALD cycle ZrO2/C sample. The large TEM image in this figure shows that the carbon black support is composed of carbon particles that are 30–80 nm in diameter. The right side of the figure shows C, O, and Zr EDS elemental scans that were obtained from the designated region in the smaller STEM image. The EDS data show a strong correlation between C, O, and Zr elemental scans. This demonstrates that the ZrO2 film covers nearly all the surface of the carbon support. The conformal nature of the ZrO2 film is further confirmed by the slightly higher intensity in the O and Zr signals around the edges of the carbon particles. In these positions, the electron beam passes through a cross-section of the film, which produces a higher signal than when the beam is more perpendicular to the film, which is the case when it is positioned in the middle of one of the carbon particles. It is also noteworthy that five ZrO2 ALD cycles were sufficient to completely cover the carbon surface, consistent with the analysis of the growth rate data presented above, which indicated that approximately six cycles would be required to completely coat the surface.



To evaluate the thermal stability of the ALD-generated ZrO2 thin film on carbon, the same five ALD cycle ZrO2/C sample was treated in air at 623 K for 10 min, followed by structural characterization using TEM. As shown in Figure 3, distinct dark spots are visible in the TEM image, indicating that the heat treatment at 623 K promoted partial agglomeration of the film into particles that are ~2 nm in diameter. The EDS mapping on the right shows the distribution of C, O, and Zr signals. While some particle agglomeration is evident in the TEM image, the overall Zr signal remains well aligned with C and O, suggesting that the majority of the ZrO2 remains uniformly distributed on the carbon black surface, with only a small portion aggregating into particles. For applications in electrodes for electrochemical devices, carbon is not likely to be exposed to such high-temperature conditions. Therefore, the mild particle agglomeration observed here after heating to 623 K would not pose a significant issue for these applications.



A similar set of TEM/EDS images for a 23 ALD cycle SnO2/C sample is presented in Figure 4. The Sn and O elemental EDS scans obtained from this sample show a film-like structure for the SnO2, but the Sn EDS signal intensity is not uniform over the carbon surface, indicating that some islanding has occurred. From the growth rate analysis presented above, it is estimated that ~40 ALD cycles would be required to form a SnO2 film that completely covers the surface of the support. Based on this estimate, the SnO2 film in the 23 ALD cycle SnO2/C sample should cover approximately half of the surface, which seems reasonably consistent with the TEM/EDS results.



For the 23 ALD cycle SnO2/C sample, we also investigated the thermal stability of the SnO2 film by heating it to 623 K (i.e., 200 K higher than the growth temperature) for 10 min. TEM/EDS scans obtained from this sample are presented in Figure 5. Similar to the case of ZrO2, the TEM image contains features that suggest some particle formation may have occurred, but this is not readily evident in the EDS scans, suggesting that much of the film nature of the SnO2 has been maintained. This result, therefore, demonstrates that the ALD-deposited SnO2 has high thermal stability and mostly maintains its film-like structure at elevated temperatures.



TEM/EDS images for a 10 ALD cycle Ga2O3/C sample are displayed in Figure 6. Based on the growth rate analysis presented above, the surface of this sample should be mostly coated with a Ga2O3 film. However, in contrast to the ZrO2 and SnO2 samples, the TEM and EDS images for this sample clearly show that particle formation has occurred and that the deposited Ga2O3 is in the form of 6–7 nm nanoparticles distributed evenly across the surface of the carbon black, leaving large regions of the carbon surface uncovered. This difference is likely related to the different conditions required to remove the ligands and oxidize the metal center for the different precursors. For the Zr and Sn precursors, this was accomplished by exposing the sample to water vapor at the growth temperatures (423 K or 453 K). In contrast, for Ga2O3 growth, the Ga(TMHD)3 precursor was adsorbed at 523 K and then oxidized in air at 673 K. Since the growth rate data indicate that a saturation monolayer coverage of the Ga precursor was obtained during each ALD cycle, it appears that agglomeration and particle formation must have occurred either while heating to 673 K or during oxidation at this temperature.




2.2. ALD of Pt on Carbon


In addition to using ALD for depositing metal oxides on carbon black, we explored the use of ALD to deposit catalytic metals, such as Pt. Since the most common way to deposit metals on high-surface-area supports for catalytic applications is via wet infiltration of an aqueous metal salt solution, followed by drying and reduction, we synthesized a 10 wt% Pt/C sample using this method to provide a base case for comparison to samples synthesized using ALD. STEM and EDS images of this infiltrated sample are displayed in Figure 7a. A histogram showing the particle size distribution obtained from the STEM image is also included in the figure. These data show that the sample produced by infiltration resulted in a bimodal particle size distribution, with the majority of the particles between 2 and 7 nm in diameter, and a few larger particles between 9 and 10 nm in diameter. It is important to note that, while there are more smaller particles, the majority of the Pt is contained in the larger particles. An XRD pattern for this sample, displayed in Figure 8, contains broad peaks at 18° and 25° 2θ due to the carbon black substrate and narrower peaks at 39.7°, 46.2°, and 68° 2θ due to diffraction from the [111], [200], and [220] planes of Pt, respectively. Using the Scherrer equation and the full width at half maximum (FWHM) of the Pt peaks, the Pt particle size in this sample is estimated to be 11 nm, which again demonstrates that the majority of the Pt is in the larger particles.



Figure 7b displays STEM and EDS images and a particle size histogram for the Pt/C sample prepared using a single Pt ALD cycle. Since Pt is an excellent oxidation catalyst, for the Pt(acac)2 precursor, the ligands cannot be removed by oxidation, because this also results in combustion of the carbon support. It was found, however, that the acac ligands could be removed by heating in H2 at 623 K. The Pt weight loading for this sample was 10.4 wt%, which corresponds to a Pt deposition rate of 1.3 × 1018 Pt atoms·m−2·cycle−1, similar to the Zr deposition rate during ZrO2 ALD growth and consistent with the adsorption and reaction of a saturated monolayer of the Pt(acac)2 precursor.



The STEM image shows that, even though a monolayer of the precursor was formed during the ALD adsorption step, Pt particle formation occurs during the reduction step. This is not surprising since Pt atoms are expected to have high mobility on the C surface at the reduction temperature of 623 K. While both the infiltrated and one ALD cycle samples contain ~10 wt% Pt and were reduced in H2 at 623 K, the particle size distributions for the two samples differ significantly. The histogram shows that a unimodal particle distribution was obtained for the ALD Pt/C sample, with an average particle size of 2.8 nm. The XRD pattern in Figure 8 shows that the Pt diffraction peaks for this sample are also quite broad, with the Scherrer equation giving an average particle size of 3.6 nm. Note that this value is biased toward the larger particles since they contain a larger fraction of the Pt. These results demonstrate that, with carefully chosen conditions, a single Pt ALD cycle can be used to produce high coverage of 2–3 nm Pt nanoparticles on a carbon support.



The thermal stability of the Pt particles in the ALD Pt/C sample was also investigated by heating the reduced ALD Pt/C sample in H2 to 773 K for 60 min. A STEM image, EDS map, and particle histogram obtained after this treatment are displayed in Figure 7c. The XRD pattern for this sample is also displayed in Figure 8. These data show that the additional heat treatment resulted in a narrowing of the particle size distribution and an increase in the average particle size from 2.8 nm to 3.5 nm, as determined from the histogram data (XRD gives a value of 3.7 nm for this sample). A close examination of the STEM images shows that the primary change upon heating to 773 K was the coalescence of the smallest Pt nanoparticles into the larger 3–4 nm particles, consistent with an Ostwald ripening type process. Even taking into account this sintering, it is noteworthy that ALD Pt deposition followed by heating to high temperature produces a carbon sample with a high coverage of relatively uniform 3–4 nm Pt particles.



To explore the possibility that ALD could be used to produce even smaller Pt particles on the carbon support, we modified the ALD procedure by diluting the Pt(acac)2 precursor with liquid acetylacetone (Hacac) and exposing the carbon support to the vapor from this mixture during the ALD adsorption step. The idea here is that Hacac will compete for adsorption sites with Pt(acac)2. Due to the similarity of the acac ligands and Hacac, they will both be removed by the 623 K H2 reduction treatment. The Pt(acac)2 and Hacac will have different adsorption energies on the surface, but the relative coverage of each in the adsorbed monolayer may be controllable by varying their ratio in the precursor solution. Using this approach, Pt/C samples were prepared using precursor solutions with Pt(acac)2:Hacac ratios of 0.01 and 0.001, resulting in samples with 2 wt% Pt and 0.2 wt% Pt, respectively. STEM images for these samples are presented in Figure 9 and show that the approach was successful in producing smaller Pt particles with a relatively uniform size distribution.



The image of the Pt/C sample prepared using one Pt ALD cycle with a precursor solution containing a Pt(acac)2:Hacac ratio of 0.01 in Figure 9a shows that, after reduction in H2 at 623 K, the carbon support is sparsely covered with Pt particles that are 1 to 2 nm in diameter, significantly smaller than those obtained using pure Pt(acac)2 as the precursor. Decreasing the Pt(acac)2:Hacac ratio to 0.001 produced a sample covered with Pt particles < 1 nm in diameter, as shown in Figure 9b. Since these particles are stable against sintering at temperatures up to 623 K (i.e., the reduction temperature), this synthesis approach provides a relatively easy method to produce very highly dispersed Pt particles on a high surface area carbon support for use in a range of catalytic applications, including those in electrochemistry.



Since alloying with a second metal is often used to alter both the stability and catalytic properties of noble metal catalysts, we also explored the use of ALD to synthesize PtSn alloy particles on the carbon black support. In this work, we used one Pt ALD cycle to deposit Pt on a carbon black support that had previously been coated with a SnO2 film using ALD. This SnO2/C sample had a 21 wt% loading of SnO2 and had the same structure as that shown in Figure 4. As before, the final step of the Pt ALD process was reduction in H2 at 623 K for 1 h. In this case, one ALD cycle using Pt(acac)2 led to a weight loading of 4.4 wt%. The decreased growth rate compared to the Pt/C sample highlights the presence of the SnO2 film and its impact on the adsorption mechanism of Pt(acac)2. STEM and EDS images of this sample are displayed in Figure 10. The STEM image shows that the carbon support is covered by metal particles with an average diameter of 2.8 nm. The EDS images reveal that Sn did not remain in the form of a conformal film of SnO2 on the carbon support but had become reduced during the 623 K H2 reduction step and then migrated to the Pt resulting in the formation of PtSn alloy particles, as evidence by the correspondence between the Pt and Sn signals. The XRD pattern for this sample also showed broadening of the Pt diffraction peaks and the appearance of new peaks at 30° and 43° two theta, which are characteristic of a PtSn alloy. While we did not further investigate using ALD to produce PtSn alloy particles, the Pt:Sn ratio in the particles could easily be controlled by varying the amount of SnO2 deposited on the support prior to Pt ALD.





3. Materials and Methods


Carbon black (Vulcan XC-72R) with a surface area of 250 m−2·g was used as the support material in this study. To remove any adsorbed species, prior to metal or metal oxide deposition, the carbon was pre-treated by heating it to 773 K. ALD deposition of Pt, Ga2O3, SnO2, and ZrO2 onto the carbon support was performed using a purpose-built adsorption apparatus that has been described in detail previously [34,35]. A key feature of this system was that it allowed the sample to be evacuated prior to exposure to the precursor vapor and did not use a carrier gas—features that are needed to limit pore diffusional limitations and achieve conformal growth on high surface area materials [22]. A typical ALD cycle consisted of (1) evacuating the substrate and heating it to the desired deposition temperature, (2) exposing the evacuated substrate to the precursor vapor, (3) evacuating to remove excess precursor vapor, and (4) an oxidation or reduction treatment to remove the ligands on the adsorbed precursor. Films of SnO2 and ZrO2 were grown with the carbon support material held at 423 K using SnCl4 (98%, Sigma-Aldrich, St. Louis, MO, USA) and at 473 K using [(CH3)2N]4Zr (tetrakis(dimethylamino)zirconium, TDMAZ, 99%, Strem, Newburyport, MA, USA) as the precursors. These temperatures were chosen because they were found to be low enough to prevent chemical vapor deposition and high enough to allow for the adsorption of a precursor monolayer, not the formation of adsorbed multilayers. The chloride and dimethylamino ligands could be removed and the metal center oxidized by exposure to water vapor with the sample held at the growth temperature. For Ga2O3 deposition, Ga(TMHD)3 (TMHD = 2,2,6,6-tetramethyl-3,5-heptanedionate, 99%, Strem) was used as the precursor, and the substrate was held at 523 K during the exposure. This higher adsorption temperature was required here to prevent the formation of multilayers of the adsorbed Ga(TMHD)3. The TMHD ligand was removed by oxidizing in air at 673 K for 10 min at the end of each deposition cycle.



Deposition of Pt on carbon black was achieved using Pt(acac)2 (acac = acetylacetonate, 98%, Strem) as the precursor at 443 K, and the ligands were removed by reduction in flowing 5% H2-He at 623 K for 1 h. In some cases, the Pt(acac)2 precursor was mixed with Hacac (acetylacetone, 99%, Sigma-Aldrich), and the vapor form of the mixture was exposed to the carbon support during ALD growth. To provide a base case Pt/C sample for comparison, a Pt/C sample containing 10 wt% Pt was also prepared using conventional wet impregnation. The impregnation solution was prepared by dissolving the required amount of tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2, 99.99%, Alfa Aesar, Haverhill, MA, USA) in a solution containing 75 vol% water and 25 vol% ethanol. The carbon support powder was then added to the solution, and the mixture was stirred for several minutes. This mixture was then left in an oven at 343 K overnight to evaporate the solvents. The dried powder was then reduced in a flowing stream of 5% H2 in He at 623 K for 1 h.



The surface area of the carbon black substrate was determined using BET analysis of N2 adsorption isotherm at 77 K, which was measured using a home-built adsorption apparatus. A Rigaku MiniFlex diffractometer with a Cu-Kα source was used to perform X-ray diffraction (XRD). A JEOL NEOARM was used to collect transmission electron microscopy (TEM) and energy dispersive X-ray spectra (EDS) images, and a JEOL F200 was used to collect transmission electron microscopy (TEM) images. Sample preparation for STEM/TEM analysis consisted of suspending the sample in ethanol and sonicating to achieve high dispersion. The solution was then added dropwise onto a carbon-coated copper TEM grid (Electron Microscopy Sciences, Hatfield, PA, USA).




4. Summary


In this study, we have demonstrated that through careful choice of adsorption and reaction conditions, and by using a vacuum ALD apparatus that helps reduce diffusional limitations, self-limiting ALD growth of a range of materials on high surface area carbon supports can be obtained. Our findings further demonstrate that ALD can provide a high degree of control over both the amount and the structure of the catalytic components that are deposited.



Quantitative analysis demonstrated that for most of the films grown in this study, the number of metal atoms deposited per ALD cycle was consistent with the adsorption and subsequent reaction of an adsorbed monolayer of the precursor. For the ALD deposition of ZrO2 and SnO2 using TDMAZ and SnCl4 precursors, respectively, the growth of conformal films on the carbon support was achieved. These films exhibited good thermal stability, undergoing only modest agglomeration upon heating to 623 K. In contrast, during ALD growth of Ga2O3, the higher oxidation temperature, 673 K, required to remove the ligands on the Ga(TMHD)3 precursor resulted in the formation of Ga2O3 particles.



For Pt ALD, it was found that reduction in H2 was required to remove the ligands on the Pt(acac)2 precursor. Due to Pt’s high catalytic activity, using an oxidation treatment for this purpose results in combustion of the carbon support. A single Pt ALD cycle followed by heating to 773 K in H2 was found to produce a surface covered with a high concentration of Pt particles and a relatively narrow particle size distribution with an average size of 3.5 nm. Furthermore, it was shown that both the amount of Pt deposited and the average Pt particle size could be controlled during ALD deposition by diluting the Pt(acac)2 in Hacac and using the vapor from this mixture as the ALD precursor. Using this method, it was demonstrated that Pt particles with an average size of less than 1 nm in diameter could be synthesized on a high surface area carbon support using a single ALD cycle. Finally, it was demonstrated that by depositing Pt on top of a preformed SnO2 film followed by reduction in H2, PtSn alloy particles were produced on the carbon support.
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Figure 1. % Weight loading as a function of ALD cycles for (a) ZrO2, (b) SnO2, and (c) Ga2O3 on a carbon black support with an initial surface area of 250 m2/g. 
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Figure 2. TEM (large image), STEM, and EDS images of a five ALD cycle ZrO2 on carbon black support after 453 K oxidation with water vapor. The area of the elemental EDS images corresponds to the red box in the STEM image. 
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Figure 3. TEM (large image), STEM, and EDS images of a five ALD cycle ZrO2 on carbon black support after 623 K oxidation in air. The area of the elemental EDS images corresponds to the red box in the STEM image. 
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Figure 4. TEM (large image), STEM, and EDS images of a 23 ALD cycle SnO2 on carbon black support after 423 K oxidation with water. The area of the elemental EDS images corresponds to the red box in the STEM image. 
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Figure 5. TEM (large image), STEM, and EDS images of a 23 ALD cycle SnO2 on carbon black support after 623 K oxidation in air. The area of the elemental EDS images corresponds to the red box in the STEM image. 
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Figure 6. TEM (large image), STEM, and EDS images of a 10 ALD cycle Ga2O3 on carbon black support after 673 K oxidation. The area of the elemental EDS images corresponds to the red box in the STEM image. 
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Figure 7. STEM and EDS mapping of (a) impregnated 10 wt% Pt on carbon black support after 623 K He-H2 reduction (average particle size 4.6 nm); (b) one ALD cycle of Pt on carbon black support (10.4 wt%) after 623 K He-H2 reduction (average particle size 2.8 nm); and (c) one ALD cycle of Pt on carbon black support (10.4 wt%) after 773 K He-H2 reduction (average particle size 3.5 nm). The area of the Pt EDS images corresponds to the red box in the STEM images. 
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Figure 8. XRD of (a) impregnated 10 wt% Pt on carbon black support after 623 K He-H2 reduction (average particle size 11 nm), (b) one ALD cycle of Pt on carbon black support after 623 K He-H2 reduction (average particle size 3.6 nm); and (c) one ALD cycle of Pt on carbon black support after 773 K He-H2 reduction (average particle size 3.7 nm). The diamonds designate the peaks that are characteristic of Pt. All of the patterns have the same vertical scale. 
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Figure 9. STEM image of a one ALD cycle of Pt on carbon black support with Hacac dilution targeting (a) 2 wt% Pt loading (estimated particle size 1.3 nm) and (b) 0.2 wt% Pt loading. Both samples were reduced in a continuous flow of He-H2 at 623 K for 1 h (estimated particle size 0.8 nm). The bright features in each image correspond to Pt particles. 
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Figure 10. STEM and EDS images of Pt-SnO2 on carbon black support after reduction in a continuous flow of He-H2 at 623 K for 1 h. The area of the elemental EDS images corresponds to the red box in the STEM image. 
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Table 1. Summary of ALD procedure and growth rate.
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	Component
	Ligand
	Growth Rate on Carbon per Cycle





	ZrO2
	TDMA
	1.3 × 1018 atoms/m2



	SnO2
	Chloride
	1.0 × 1017 atoms/m2



	Ga2O3
	TMHD
	4.0 × 1017 atoms/m2



	Pt
	acac
	1.3 × 1018 atoms/m2
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