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Abstract

:

Goethite- and hematite-supported highly dispersed gold catalysts for carbon monoxide oxidation were synthesized by gold precursor adsorption onto the support materials in self-generated alkaline solutions. The support materials were prepared by reacting iron nitrate with excess sodium hydroxide. The residual minor alkali incorporated into the support could provide suitable alkaline conditions at approximately pH 8 for the hydrolysis of tetrachloroaurate anions and the subsequent adsorption process. Gold species underwent autoreduction to achieve activation during the synthesis. An increase in pH or temperature to 80 °C decreased the gold loading of the catalysts. The optimal catalysts could achieve complete oxidation of carbon monoxide at −20 °C.
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1. Introduction


Since Haruta’s group discovered that gold, which is traditionally considered to be inert in catalysis, exhibits high activity in low-temperature oxidation of carbon monoxide (CO) when it is well-dispersed on metal oxides as fine particles [1], extensive research has been conducted in this area. Studies have reported that gold could catalyze a number of reactions, such as complete oxidation of air pollutants [2,3], epoxidation of propylene [4], selective oxidation of alcohols [5], synthesis of hydrogen peroxide, and C–C coupling reactions [6]. For some reactions, gold catalysts work more efficiently when their nanoparticles are smaller than 5 nm [7,8]. Therefore, much work has been conducted in nanogold synthesis. The impregnation method, which is simple and often used to produce other noble metal catalysts, appears to be unsuitable for nanogold catalyst synthesis [7]. Coprecipitation, which involves alkali-induced simultaneous precipitation of gold and support precursors, may bury gold in the support oxides [7]. Deposition–precipitation (DP) is the most popular method [9,10,11,12], which involves hydrolyzing gold precursors in a suspension that contains metal oxides and the deposition of hydrolyzed gold species on the surface of metal oxides.



Iron oxide-based materials are widely used in catalysis [13,14]. Among them, hematite (α-Fe2O3) is often used to support gold because of its easy reducibility, low cost and nontoxicity [7]. When preparing Fe2O3-supported gold catalysts by DP, some alkali is usually added to the Fe2O3 and HAuCl4-containing suspension to promote HAuCl4 hydrolysis and subsequent anchoring on Fe2O3 surfaces. Some works have suggested that the pH values should be maintained at ~9–10 to achieve optimal activity [9]. In addition, a relatively higher temperature, typically 80 °C, is preferred in the DP process [15,16].



In the process of Fe2O3 synthesis, excess alkali is required to produce Fe2O3 because a stoichiometric OH/Fe ratio of three is incapable of precipitating Fe3+ completely. Some excess alkali can become entrapped in the resultant hydroxide precipitate owing to the strong flocculating ability of hydrolyzed iron species. In this paper, we will show that residual alkali can help synthesize highly dispersed gold catalysts for efficient low-temperature CO oxidation.




2. Results and Discussion


pH control is essential to obtain active gold catalysts, since species variation in tetrachloraurate ions in aqueous solution is pH-dependant [7]. A pH increase of aqueous HAuCl4 solution promotes the hydrolysis of tetrachloraurate ions and formation of AuClx(OH)4−x− complexes [7]. Some chlorine atoms remain coordinated to gold atoms at pH < 7, whereas Au(OH)4− becomes the dominant species at pH > 7 [7]. In general, chlorine adsorbed on noble metal is detrimental to catalytic activities [17,18]. Therefore, alkaline conditions are usually used to deposit gold on iron oxides to avoid the negative effect of chlorine. Wolf and Schüth showed that a pH of ~7.8–8.8 yielded the most active gold catalysts [19]. In some studies, the as-prepared gold catalysts were washed with ammonia to substitute the chlorine with hydroxyl [9,20]. In this work, the pH of the synthesis system containing iron oxide and tetrachloraurate acid gradually increased to ~8 because of the release of residual alkali incorporated into the support material without extra addition of any other base (Figure 1). The self-generated alkaline conditions were favorable for generating catalysts that were free of chlorine [7].



Nitrogen sorption experiments carried out at liquid nitrogen temperature revealed the pore structure and properties of the as-dried iron hydroxide (FeOOH) and the calcined Fe2O3. As shown in Figure 2, on isotherm of FeOOH, there was a hysteresis loop that was close to type H3, which does not display any limiting adsorption at high P/P0, indicating that FeOOH had narrow pore size distribution and slit-shaped pores [21]. The pore size distribution curve showed that FeOOH had pore sizes in the range of 3–4 nm. Nevertheless, isotherm of Fe2O3 exhibited an obviously lower N2 uptake, and the hysteresis loop was smaller. Meanwhile, Fe2O3 had rare pore in the mesoporous and microporous scale. A summary of nitrogen sorption experiment findings is listed in Table 1. BET surface area and total pore volume of FeOOH were significantly higher than those of Fe2O3. In general, large specific surface area was beneficial for gold adsorption and allowed the reactant to easily diffuse and undergo surface reactions.



Both FeOOH and Fe2O3 were used as supports for gold in this work. The nominal loading of gold was 2.5 wt % in the synthesis, whereas the actual gold loading in Au/FeOOH and Au/Fe2O3 was 2.3 wt % and 1.4 wt %, respectively, as determined by atomic absorption spectroscopy (AAS) (Table 2), suggesting FeOOH was capable of adsorbing more gold species from solution. This can be attributed to the higher specific surface area of FeOOH, which allowed for increased gold species adsorption and a higher gold loading. In alkaline aqueous solutions, gold species exist as soluble complex anions instead of Au(OH)3 precipitant [22]. The actual reaction occurring during synthesis could be the adsorption of complex anions onto the support by reaction with surface hydroxyl groups; therefore, the adsorption capacity of the support was critical for the loading of gold. The actual gold loading on Au/FeOOH (pH 9) and Au/FeOOH (pH 10) was 2.1 wt % and 1.5 wt %, respectively, which suggests that a further increase in pH decreased gold loading under the experimental conditions used. The isoelectric point (IEP) of iron oxides was at pH ~8–9 [23]. Above the IEP, the particle surface would be negatively charged [23], and higher pH would lead to more abundant surface negative charges. Negative charges on particle surfaces would disfavor adsorption of Au(OH)4− because of electrostatic repulsion [24], which would result in decreased Au loading. In addition, the temperature of synthesis solution also had an effect on gold loading onto the support. Au/FeOOH (80 °C) exhibited a lower gold loading of 1.9 wt % than Au/FeOOH synthesized at ambient temperature. At high temperature, molecule motion was intensified, which also disfavored gold adsorption onto the support surface.



Figure 3 shows the X-ray diffraction (XRD) patterns of various supported gold catalysts. FeOOH has a goethite structure (PDF No.29-0713), whereas Fe2O3 shows a hematite structure (PDF No.72-0469). In all samples, no diffraction peaks associated with gold species were observed, although the AAS indicated that gold had been loaded onto the support. The absence of peaks of gold indicated that gold species were highly dispersed on the support materials as tiny clusters that were too small to induce defined X-ray diffractions.



In the transmission electron microscopy (TEM) images of Au/FeOOH and Au/Fe2O3 (Figure 4), the supports consisting of rod-like particles with lattice fringes of goethite and hematite could be identified, and little gold particles were well dispersed in the support. However, gold particles in the high-resolution TEM images were seldom found. As we know, due to the resolution limit of conventional high-resolution electron microscopy, particles less than 1–2 nm may not be detected. The invisibility of the supported gold in the high-resolution TEM images may indicate that the gold species were dispersed as tiny clusters, probably in the subnanometer scale, which is in agreement with the XRD patterns. Figure 5 shows the scanning transmission electron microscopy (STEM) images of Au/FeOOH and Au/Fe2O3. It suggests that the gold species were homogeneously distributed across the supports; however, it was still hard to calculate the gold particles sizes from these images.



Figure 6 displays XP spectra of the gold catalysts. The deconvolution of the Au 4f spectra of Au/FeOOH revealed the presence of two components; the binding energy of Au 4f7/2 around 83.8 eV was attributed to metallic gold, while the other at around 84.5 eV was assigned to Au(I) [9,25]. In the Au 4f spectra of Au/Fe2O3, the binding energy of Au 4f7/2 clearly centered at ~84.7 eV, which indicated that the Au atoms in this sample were in the form of Au(I) [9]. The binding energy of the Au 4f7/2 line for Au(III) should be around 86.6 eV [9]. Although Au(III) was present in the gold precursor, it was not present in the prepared catalysts, as indicated by the XP spectra. It has been reported that gold in the reduced state is an active component in catalytic reactions [25,26]. In some literature regarding the preparation of Au/Fe2O3 catalysts, when HAuCl4 was used as gold precursor, the as-prepared catalysts underwent thermal decomposition at mild temperatures (generally 300–400 °C) or reduction treatment using reducing agents to obtain reduced gold [6,7,26]. Such treatments appear to be necessary to activate the catalysts by forming metallic or partially oxidized gold [6,25]. However, in this work, the as-prepared samples underwent none of these treatments. This indicates that autoreduction of gold species occurred during synthesis. Figure 1 shows that during the adsorption synthesis, the solution pH increased to a maximum value of ca. 8.2 at 20 min and then decreased gradually to a plateau of ca. 8.0, which indicated that some hydronium ions were produced in the process. We propose that after the Au(III) hydroxo complex (such as Au(OH)4−) was adsorbed onto the support materials by inner-sphere surface complexation, electron transfer occurred from the oxygen in the hydroxo ligand to the central Au(III) atom, which caused the reduction of Au(III) along with the generation of gaseous oxygen and the release of hydronium ions into the solution. In addition, a previous work has revealed that very small gold particles supported on TiO2 could be readily reduced. Near-complete reduction of tiny gold nanoparticles (<1.5 nm) occurred at relatively low temperature, whereas only partial reduction of larger gold clusters (>5 nm) occurred [27].



The XP spectra of Au/FeOOH (80 °C), Au/FeOOH (pH 9), and Au/FeOOH (pH 10) were also recorded and are shown in Figure S1. The deconvolution of the Au 4f spectra of these catalysts suggests that Au(0) and Au(I) were both present. The percentage of Au(0) and Au(I) are shown in Table 2. It demonstrates that the adsorption synthesis at 80 °C produced more metallic gold than at ambient temperature, suggesting higher temperature favored the reduction of gold. In contrast, the adsorption synthesis at pH 9 and pH 10 produced more Au(I) than at self-generated alkaline conditions, suggesting further enhancement of alkalinity inhibited the reduction of gold.



Gold-catalyzed low-temperature oxidation of CO has attracted significant attention because of its potential applications in air purification, safety masks, gas sensors, closed-cycle CO2 lasers, and fuel cells [28]. In this work, the catalytic activities of prepared gold catalysts for CO oxidation were tested. It should be mentioned that both FeOOH and Fe2O3 did not shown any activity for CO oxidation below 100 °C (Figure S2). The conversion curves of supported gold catalysts are shown in Figure 7. Au/FeOOH could fully convert CO into carbon dioxide from ca. −20 °C to ambient temperature. CO could be oxidized completely at ambient temperature on Au/Fe2O3, whereas its low-temperature activity was lower and the conversion at −20 °C was ca. 64%. FeOOH has a much higher specific surface area than Fe2O3, which ensured better gold dispersion and more active sites on the former. Au/FeOOH (80 °C), Au/FeOOH (pH 9), and Au/FeOOH (pH 10) appeared to be inferior to Au/FeOOH, which could be correlated with their relatively lower gold loading. The XRD patterns of the spent Au/FeOOH and Au/Fe2O3 catalysts (Figure S3) still did not show any diffraction peak associated with gold, suggesting that gold species remained well dispersed after catalytic reactions. The Au 4f spectra of the spent catalysts (Figure S4) were similar to the fresh ones, suggesting the oxidation state of gold were stable during the reactions. It is meaningful that the catalyst prepared without extra heating under self-generated alkaline conditions was the most active as its synthesis procedure is the simplest.



There is continuing interest in the nature of the active sites of nanogold catalysts, and no consensus has yet been reached. What has been ascertained is that the gold catalyst activity is size-dependent, and the gold particle size should be controlled within 5 nm to ensure good activity [7,8,29]. A low-coordination state of nanogold is the most popular explanation for its excellent catalytic performance [30,31]. Because atoms at the solid surface have fewer neighbors than those in the bulk, they have unsaturated bonds and can therefore bind foreign atoms and molecules more tightly. A small particle size implies a high concentration of exposed surface atoms in low-coordination state. Therefore, nanogold particles can adsorb CO and oxygen molecules readily [32,33], which facilitates oxidation reaction. Some other researchers have emphasized the special role of the Au/oxide interface [2,24,34]. Oxygen vacancies are present at the Au/oxide interface, which can activate oxygen molecules for CO oxidation [35]. There are also some other postulated mechanisms, including charge donation from the support, strain effects, and metal–insulator transition below a certain cluster size [36]. These mechanisms need not be mutually exclusive, and it seems likely that the catalytic activity is inherently complex. A smaller gold particle size is desirable regardless of the mechanism. Recent experimental and theoretical studies have suggested that the fraction of low-coordinated Au atoms reaches ~90% as the cluster size decreases to 0.5 nm, and the efficiency of CO oxidation continues to increase as the gold particle size decreases to subnanometer level [37]. In this work, the absence of gold peaks in the XRD patterns and the invisibility of gold in the TEM images suggest that the gold particles may exist in the subnanometer scale, which could contribute to their perfect activity.



Since the durability of gold catalyst is of great importance in its application, a durability test for CO catalytic oxidation on Au/FeOOH at ambient temperature was conducted (Figure 8). During the entire 315 h test period, 100% conversion of CO was maintained, which indicates that the long-term stability of the catalyst is excellent.




3. Experimental


3.1. Chemicals


Ferric nitrate nonahydrate, sodium hydroxide and chloroauric acid were purchased from Sinopharm Chemical Reagent Company Limited, Shanghai, China. All reagents were of analytical grade and were used as received.




3.2. Catalyst Preparation


In a typical synthesis of support materials, 200 mL of 0.2 mol/L ferric nitrate was mixed with 100 mL of 1.6 mol/L sodium hydroxide (with a OH/Fe molar ratio of 4). The resultant precipitate was separated by centrifugation and washed with deionized water. Washing did not allow for the complete removal of the incorporated sodium hydroxide and further washing would induce extensive dispersion of the ferric hydroxide, which formed a stable colloid that was difficult to precipitate by centrifugation. The collected solid was dried at 100 °C in air to yield FeOOH. Some of the hydroxide was heated at 500 °C for 2 h to form iron oxide Fe2O3. FeOOH and Fe2O3 were used as support materials for gold catalyst loading.



In a typical synthesis of supported gold catalyst, 0.5 g of FeOOH or Fe2O3 was added into 50 mL of aqueous HAuCl4 solution containing 12.5 mg of gold and then shaken on a platform shaker at ambient temperature for 21 h. The solid was separated by centrifugation, washed with deionized water, and dried at 100 °C to yield the final catalyst, which was labeled Au/FeOOH or Au/Fe2O3.



For comparison, we also synthesized FeOOH-supported gold catalyst at 80 °C, and the catalyst was labeled Au/FeOOH (80 °C). In some cases, the synthesis system pH was adjusted to 9 and 10 by sodium hydroxide addition, and the resultant products were labeled Au/FeOOH (pH 9) and Au/FeOOH (pH 10), respectively.




3.3. Catalyst Characterization


XRD patterns were recorded on a Panalytical diffractometer (PAN-alytical, Almelo, The Netherlands) using Cu-Kα radiation at a generator voltage of 40 kV and a tube current of 40 mA.



TEM images were taken on a JEOL-2100 (JEOL, Tokyo, Japan) transmission electron microscope at an acceleration voltage of 200 kV. Samples were crushed, dispersed in ethanol, and deposited on a microgrid prior to observation.



The specific surface areas were determined using an ASAP 2020 (Micromeritics, Norcross, GA, USA) gas sorption analyzer. Before measurement, Fe2O3 was degassed under vacuum at 250 °C for 5 h, FeOOH was degassed under vacuum at 100 °C overnight, and the BET specific surface areas were calculated based on the linear part of the BET plot (P/P0 = 0.05–0.25). The Barrett–Joyner–Halenda (BJH) pore distributions were calculated based on desorption branches, and the total pore volumes were calculated based on the quantities of adsorbed nitrogen at the maximum relative pressure (P/P0 = 0.99).



X-ray photoelectron spectroscopy (XPS) spectra were recorded on a XSAM800 X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK) with Mg-Kα monochromatic excited radiation (1253.6 eV) at a vacuum of less than 7 × 10−7 Pa. Fixed analyzer transmission mode was used in the test. The electron binding energy was calibrated by the C 1 s (Eb = 284.6 eV) spectrum.



Gold loading on the catalysts was measured by atomic absorption spectroscopy using a TAS-990 spectrophotometer (Beijing Purkinje General Instrument Company Limited, Beijing, China). After adsorption, the solution containing support was centrifuged, and 1 mL of the supernatant was transferred into a 50 mL volumetric flask and diluted with 20% hydrochloric acid solution to volume, and the residual gold content in the solution was then determined by AAS. The actual gold loading was calculated based on the gold concentration change after adsorption.




3.4. Activity Evaluation


Tests for catalytic CO oxidation were performed in a continuous-flow U-shaped glass reactor (4 mm inner diameter), and the reactor temperature was controlled using an ice bath, which contained 13 g ammonium chloride, 37.5 g sodium nitrate, and 100 g crushed ice. In each test run, 0.1 g of catalyst (~40–80 mesh) was loaded in the U-shaped glass reactor. The CO concentration was 10,000 ppm, balanced by air, and the total flow rate was controlled at 50 mL/min by a mass flow controller, which generated a gas hourly space velocity of ca. 30,000 h−1. An online gas chromatograph equipped with a flame ionization detector and methanizer was used to measure the CO and CO2 concentrations in the feed and effluent gas. Pre-experiment suggested that FeOOH and Fe2O3 in the reactor showed no activity for CO oxidation below 300 °C.





4. Conclusions


FeOOH- and Fe2O3-supported gold catalysts were prepared by adsorption of gold precursors onto the support under self-generated alkaline conditions. Since the support materials were prepared by reacting iron salt with alkali, minor alkalis were incorporated into the support materials, which could be released gradually into aqueous solution and basify the solution to pH 8. This favored gold precursor hydrolysis and their deposition onto the support materials. XPS spectra indicated that autoreduction of gold species occurred during synthesis. XRD and HRTEM characterizations suggested that the gold was highly dispersed on the support. A further increase in pH by alkali addition or elevating the synthesis solution temperature would decrease the gold loading. Au/FeOOH showed the best activity in the catalytic oxidation of CO, which could achieve complete oxidation of CO from −20 °C to 20 °C.
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Figure 1. pH variation of synthesis system with time on stream. 
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Figure 2. N2 adsorption–desorption isotherms and Barrett–Joyner–Halenda (BJH) pore size distribution curves of the support materials. 
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Figure 3. X-ray diffraction patterns of gold catalysts. 
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Figure 4. Transmission electron microscopy images of Au/FeOOH (a,b) and Au/Fe2O3 (c,d). 
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Figure 5. Scanning transmission electron microscopy images of Au/FeOOH (a) and Au/Fe2O3 (b). 
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Figure 6. Au 4f XP spectra of the catalysts. 
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Figure 7. Conversion curves of CO on gold catalysts. 
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Figure 8. Conversion of CO over Au/FeOOH at ambient temperature with time on stream. 
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Table 1. Textural properties of the support materials.
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	Catalysts
	BET Surface Area (m2/g)
	Micropore Area (m2/g)
	External Surface Area (m2/g)
	Total Pore Volume (m3/g)





	FeOOH
	102
	16.7
	85.2
	0.19



	Fe2O3
	19
	3.5
	15.4
	0.13
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Table 2. Actual loading and oxidation state of gold on various catalysts.
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	Catalysts
	Au Loading (%)
	Percentage of Au(0) (%)
	Percentage of Au(I) (%)





	Au/FeOOH
	2.3
	55.7
	44.3



	Au/Fe2O3
	1.4
	0
	100



	Au/FeOOH (80 °C)
	1.9
	66.4%
	33.6%



	Au/FeOOH (pH 9)
	2.1
	41.5
	58.5



	Au/FeOOH (pH 10)
	1.5
	42.0
	58.0
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