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Abstract
The concept of “catalytic active sites” is ninety years old, first defined by Sir
Hugh Stott Taylor in 1925 as the place where the catalytic reaction occurs. In a
homogeneous phase the active sites are uniquely defined, but on a heterogeneous catalyst
surface, it is typically a hard task to identify the active sites, the latter often changing with
the preparation and operating conditions. Coordinatively unsaturated sites on metal
nanoparticles have often being implicated in catalysis, but this is not always true. The
interfacial metal atoms interacting with a support also have unique properties and have
been identified as the active sites for several reactions, but their structure is not easily
delineated. For some reactions, isolated metal cations anchored on zeolites and other
supports are the exclusive catalytic sites. The concept of single-site heterogeneous
catalysts where it holds brings together the homogeneous and heterogeneous catalysis.
Previous work at Tufts has established that for some reactions like the lowtemperature water-gas shift (WGS) and methanol steam reforming (SRM) reactions,
atomically dispersed gold or platinum and gold, respectively, catalyze these reactions,
hence an active catalyst must be designed in a way that maximizes the number of these
sites. Catalysts containing metal nanoparticles (NPs) are over-designed and wasting the
precious metals. How to best prepare the correct active site structures so that they remain
stable under the reaction conditions is challenging. This has been a main focus of this
thesis work.
The preparation of atomically dispersed (100 % dispersion) gold and platinum
species as single active sites on different supports entails anchoring the atoms on the
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support surfaces in active and stable configurations. In this thesis, it was shown that
atomically dispersed single-site platinum and gold species can be prepared on active
oxides, such as titania, and on inert oxide supports like zeolites and silica surfaces and
serve as the catalytic sites for the low-temperature WGS reaction. General principles for
catalyst design at the single atom limit have emerged from this work for application to
other reactions beyond the WGS. Characterization techniques used to probe the singlesite gold and platinum catalysts were atomic-resolution electron microscopy, specifically
aberration-corrected HAADF-STEM, XANES, EXAFS, XPS, and CO-TPR.
Starting from the heavily investigated TiO2 supported Au nanocatalysts, this
thesis describes a new method to stabilize appreciable loadings (~ 1 wt.%) of isolated
gold atoms on titania and shows that the single-atom gold with vicinal –OH species
catalyzes the low-temperature WGS reaction. The new preparation combines a typical
gold deposition-precipitation method with UV irradiation, followed by removal of the
weakly bound Au NPs by cyanide leaching. This work provides new evidence that
atomically dispersed Au-O(OH)x species bound on the titania surface are the active sites
for the WGS reaction, the same as on other reducible oxide supports (e.g. ceria and iron
oxide). One important question from this work is whether such single-site gold species
can be prepared stably on any support, including inert oxide substrates (e.g. zeolites and
silica in this thesis), preferably through facile preparation techniques.
This exploration began with platinum, where our group had previously discovered
that alkali ions were necessary to disperse and activate platinum on alumina and silica
supports, but the direct transfer of these preparations to gold had failed. This thesis work
has refined the preparation conditions and shown that single-platinum-atom centric
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clusters are formed through Pt–O-Na linkages, the ensembles being equally effective on
supports as diverse as TiO2, KLTL zeolites, and mesoporous silica MCM-41. To achieve
single-atom dispersions, NaOH and Pt(NH3)4(NO3)2 were used as the precursors. Loading
of 0.5 wt.% Pt on all these supports, preserves the platinum in atomic dispersion as Pt(II)O(OH)x- species catalyzing the WGS reaction from 150 to 400 oC. The same preparation
protocol was next applied to gold, a better choice than platinum for the low-temperature
WGS due to its lower apparent activation energy for this reaction (~ 45 kJ/mol for Au vs.
~ 75 kJ/mol for Pt). Unexpectedly, gold is similar to platinum in creating –O and –OH
linkages either through direct interaction with the reducible supports or with vicinal alkali
ions. The intrinsic activity of the single-site gold species is similar on inert supports
(KLTL zeolites and mesoporous silica MCM-41) as on ceria, iron oxide, and titania
supports; apparently all sharing a common, similarly structured gold active site.
Based on these findings, a one-step “green” route was explored to create
exclusively single-gold-atom centric clusters stabilized by –O-Na linkages in aqueous
solutions, without the involvement of the support oxides to generate the active sites. A
simple incipient wetness impregnation (IWI) of this new gold precursor, synthesized
from NaOH and Au(OH)3 in water at 80 oC, on a TiO2 support achieved the atomic
dispersion of the cationic gold up to 1.0 wt.%. Without further treatment, the new
catalysts show stable high activity for both the WGS and SRM reactions. For the first
time, a simple green impregnation route is shown to produce a highly active and stable
gold catalyst, and this may be adopted for the industrial preparation/application of gold
catalysts in ways as straightforward as those used for the platinum group metal catalysts.
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The knowledge garnered from this thesis will advance the development of costeffective catalytic materials, containing the precious metals in the correct configuration
for high activity and stability, thus promoting the smart use of precious metals for
emerging fuel-gas processing, emission control technologies, and fine chemicals
production.

Keywords: Single-Site Heterogeneous Catalysts, Hydrogen Generation, Gold, Platinum,
Alkali additives, Water-Gas Shift, Methanol Steam Reforming
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Chapter	
  1	
  Introduction	
  
1.1 Hydrogen	
  as	
  a	
  clean	
  energy	
  carrier	
  
Large quantities of H2 are needed in the petroleum and chemical industries
nowadays. Over 90 % of bulk hydrogen is generated from hydrocarbons, such as natural
gas, and naphtha in a fuel processor by steam reforming at high temperatures (800-900
°C) to yield syngas, which contains 8-12 % of CO as well as hydrogen and carbon
dioxide. Biomass-, and coal-derived syngas are novel approaches, the latter especially in
China [1]. The syngas is used extensively in industry for the manufacture of ammonia,
methanol, hydrogen (for hydrotreating, hydrocracking of petroleum fractions and other
hydrogenations in the petroleum refining and petrochemical industry), hydrocarbons (by
the Fischer-Tropsch process) and metals (by the reduction of the oxide ore) [2]. With the
increasing demand for clean energy and emission control regulations, great efforts have
been put into upgrading high purity H2. Hitherto now, less than 4 % of the world
hydrogen production is from electrolysis and photocatalytic production [1].
As an alternative fuel to be oxidized into water, H2 releases the highest amount of
energy per unit mass of fuel with what is really a green combustion. A fuel cell is a
device that converts the chemical energy from a fuel into electricity through a chemical
reaction with oxygen or another oxidizing agent, where the high purity hydrogen is the
most common fuel. Due to the low operating temperature, high efficiency and compact
size, fuel cells become one of the most promising technologies for residential heaters,
transportation applications, and portable devices, which extends the application of H2 to
power generation.
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For transportation devices, it is still unsafe and expensive to incorporate a H2 tank
and setting up H2 fueling stations nationwide to supply the fuel cells. Instead, producing
the H2 on-board through a sequence of low-temperature catalytic reactions is a preferred
direction, at least for passenger vehicles. The complexity of this approach has pushed it
back over the past fifteen years. Instead, a few hydrogen fueling stations, have been built,
especially in California [3]. In addition to creating the required infrastructure and solving
the hydrogen storage problem, to obtain hydrogen in high purity from fossil fuels or
biomass is central to the development and large-scale introduction of the fuel cell
technology [1-5]. As illustrated in Figure 1-1, H2 can be generated through the reforming
of hydrocarbons (natural gas, coal, oil, and methanol) in a fuel processor. This reforming
step generates a reformate gas mixture of H2, CO2, H2O, and 8-12 % CO. For the most
promising low-temperature proton exchange (PEM) fuel cells, as little as 1-10 ppm of CO
poisons the platinum catalysts of the anode [1]. Therefore, the water-gas shift (WGS)
reaction must be used to further upgrade the H2-rich fuel stream by converting CO into
CO2 and producing more H2. If the WGS catalyst is not very active, additional treatment
of the gas is necessary. Pressure-swing adsorption (for large-scale) or a catalytic unit to
remove CO down to ppm levels by preferential oxidation of CO in excess hydrogen
(PROX) at low temperatures.

Figure 1-1. Fuel processing and fuel cell system with on-site hydrogen generation
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1.2	
  Important	
  hydrogen	
  upgrading	
  catalytic	
  reactions	
  	
  
1.2.1	
  Water-‐gas	
  shift	
  reaction	
  
Fuel cell functioning requires the removal of carbon monoxide down to less than
1-10 ppm, because CO is not only a criterion pollutant, but also a poison for the platinum
catalyst of the fuel cell anode. In a second stage, the water-gas shift (WGS) reaction is an
efficient way to alter the gas components to the equilibrium, thus removing CO from the
feed gas and increasing H2 purity [2].
!"

!"

𝐶𝑂 + 𝐻! 𝑂 ! 𝐶𝑂! + 𝐻!                 ∆𝐻∅ = −41.2 !"# ;  ∆𝐺 ∅ = −28.6 !"#
The equilibrium constant for a reaction is written as:

−

ΔG º

K(T ) = e RT , when T=298K
K(T)
ΔH º 1
1
ln
=( −
)
K(298)
R T 298

The calculated values of the equilibrium constant Keq for the forward reaction are
listed Table 1-1.
Table 1-1. Equilibrium constants of the WGS reaction as a function of temperature

	
  

T (K)

Keq

298

1.0E+5

400

1484.9

500

124.6

600

23.9

700

7.3
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For the exothermic forward reaction, the equilibrium moves to the right when the
reaction temperature is lowered. However, without the use of catalysts, even excess of
water is not efficient enough to kinetically drive the forward reaction. Therefore, active
and stable WGS catalysts are sought to achieve the required CO conversion at low
temperatures. Cu-ZnO based materials are used as the low temperature (~ 500 K) WGS
catalysts in chemical plants [6]. However, these types of catalysts are very sensitive to
temperature excursions, air exposure, and must be activated with great caution.
Therefore, novel catalytic materials with different formulations for improved
performance should be developed for fuel cell applications, especially for those used in
transportation sources. As such, novel active catalyst designs that also remain stable
under realistic reaction conditions are being actively investigated.

1.2.2	
  Water-‐gas	
  shift	
  catalysts	
  
Currently, Cu-ZnO-Al2O3 WGS catalysts are most widely used for industrial
operations. Of course, the Cu-ZnO catalysts are sensitive to temperature excursions;
pyrophoric if exposed to air, and require very careful pre-activation. Along with new and
improved Cu/ZnO [7, 8], attempts have been made to develop new Cu based catalysts.
Tanaka et al. [9-11] have explored the catalytic activity of Cu-Mn spinel oxides. They
found that the optimized Cu-Mn spinels showed a WGS activity comparable to that of
Cu-ZnO-Al2O3 catalysts. Si et al. [12] investigated the structure sensitivity of the WGS
reaction on Cu/CeO2 catalysts. On the surface of ceria, different CuOx structures exist.
Only the strongly bound Cu–O–Ce species, probably associated with the surface oxygen

	
  

15	
  

vacancies of ceria, are active for catalyzing the low-temperature WGS reaction. Weakly
bound CuOx clusters and CuO NPs are spectator species in the reaction. Isolated Cu2+
ions doping the ceria surface are not active themselves, but they are important in that they
create oxygen vacancies and can be used as a reservoir of copper to replenish surface Cu
removed by leaching or sintering. Cu/CeOx catalysts with different copper contents up to
ca. 20 at.% were prepared. An indirect shape effect of CeO2, manifested by the
propensity to form oxygen vacancies and strongly bind copper in the active form, was
established.
Other than the more traditional copper catalysts, a new generation of Pt- [13-17],
Ir- [18], and Au-catalysts are promising, if highly dispersed on various supports such as
ceria [19-28] or iron oxide [25, 29-31]. As for gold, our group at Tufts was the first to
report on the particularly high activity of Au/CeOx for the low-temperature WGS reaction
[21]. The high activity of Fe2O3-supported Au catalysts for WGS reaction was first
reported by the Andreeva’s group [29], where the presence of Fe-O(OH)x species was
proposed to improve the activity of gold. Deng et al. [25] further explored the possible
similarities of these Au/CeOx and Au/FeOx catalysts through cyanide leaching treatment
and kinetic studies. Indeed, for WGS-active gold supported on ceria and doped ceria, and
iron oxide, gold NPs can be leached out by cyanide solutions, and the residual atomically
dispersed gold on these supports is found to catalyze the reaction equally well [21-23, 25,
32]. A set of typical HAADF-STEM micrographs for the Au/FeOx catalysts after and
before cyanide leaching to remove the weakly bound Au NPs but to preserve the
atomically anchored gold atoms are shown in Figure 1-2.
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Figure 1-2. Typical HAADF-STEM images of (a) the cyanide leached 0.7 at.% Au/FeOx with
atomically dispersed gold and (b) the parent 2.2 at.% Au/FeOx (from World Gold Council) with an
ensembles of Au NPs and isolated atoms [33].

For platinum catalysts, despite being known for a number of years that isolated
Pt-Ox species on ceria catalyze the WGS reaction [34], it has been difficult to prepare
them in exclusively active form, especially on supports other than ceria [21, 35]. To set
more platinum species in the right coordination configuration and thus improve the WGS
catalytic activity, previous work has shown the importance of adding alkali metal ions to
Pt catalysts for the WGS reaction on various “active” supports, such as ceria [36],
zirconia [37], titania [38, 39], as well as on “inert” alumina and silica [17], and carbon
nanotubes [40, 41]. However, in addition to the isolated platinum atoms anchored on the
catalyst surface, the catalyst typically contained a large fraction (> 50 %) of Pt in
nanocluster and NP form, thus not allowing the true TOF of the reaction to be determined
based on the precise counting of the true active sites. Moreover, mechanistic
investigations cannot be conducted in the presence of multiple metal structures. The
apparent activation energies of the reaction on all these Pt catalysts were similar, namely
70±5 kJ/mol, indicating a similarly structured unknown Pt active site irrespective of the
support [16].	
  	
   A plausible question to address is whether the alkali metals modify the
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surface of titania to create more Pt-oxygen vacancy-Ti3+ sites [38] or the electron
deficient platinum is stabilized by the nearby Na-Ox moieties [39]. Interestingly, the work
of Pazmiño et al. [42] shows that a similarly active platinum in an unspecified structure
was formed on Al2O3 or TiO2 supports upon Na addition (Na:Pt atomic ratio ranging
from 7 to 90). Divergent Pt dispersions from 6 to 70 % in these unoptimized samples
with spectator Pt structures present may distort the characterization data significantly, so
a definitive answer to these questions was not possible.
For Cu (111), Pt (111), Cu-ZnO-Al2O3, and Pt/Al2O3 catalysts, a carboxylmediated mechanism for the low-temperature WGS reaction has been confirmed [43-45].
According to the proposed mechanism, the adsorbed hydrogen atoms formed from the
dissociation of water desorb as dihydrogen, while the OH* species reacts with surface
CO to form a carboxyl intermediate which in turn reacts with another OH* to give CO2.
The detailed DFT analyses of the elementary steps including the carboxyl mediated steps
point to the predominance of the COOH* mediated WGS path, whereby CO is directly
oxidized by surface OH*, rather than atomic O* (g: gas, *: adsorbent):
𝐻! 𝑂 𝑔 +∗→ 𝐻! 𝑂 ∗
𝐶𝑂 𝑔 +∗→ 𝐶𝑂 ∗
𝐻! 𝑂 ∗ + ∗→ 𝑂𝐻 ∗ +𝐻 ∗
2𝐻 ∗→ 𝐻! ∗ + ∗
𝐻! ∗→ 𝐻! (𝑔) +∗
𝐶𝑂 ∗ +𝑂𝐻 ∗→ 𝐶𝑂𝑂𝐻 ∗ + ∗
𝐶𝑂𝑂𝐻 ∗ + ∗→ 𝐻 ∗ +𝐶𝑂! ∗
𝐶𝑂𝑂𝐻 ∗ +𝑂𝐻 ∗→ 𝐻! 𝑂 ∗ +𝐶𝑂! ∗
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𝐶𝑂! ∗→ 𝐶𝑂! +∗

The DFT analysis by Mavrikakis group exclude the participants of redox reaction
and formate route to produce noticeable amount of CO2 and H2 in the low-temperature
WGS catalytic cycle [45]. Both of these reactions are energetically unfavorable and give
extremely low net rates compared with the lelmentary steps in carboxyl route [43-45].
The surface formate is a spectator species during the catalytic cycle. It does not
participate directly in the shift reaction, but its surface coverage driven by
thermodynamics (especially at low temperature and high pressure) can hinder the lowtemperature WGS reaction by blocking surface sites. More recent works on Au (111) [46]
and Au/CeO2 (110) [47] model catalysts confirmed that such findings for copper and
platinum could be also expanded to gold. The presence of reactive -OH groups is the key
element for improved WGS activity through the carboxyl route. It is theoretically
possible to use supports that do not provide their own surface lattice oxygen to the
reaction.
Employing less-reducible support oxides than ceria and iron oxide, gold on titania
supports has not been much examined for the WGS reaction. Of course, this was one of
the first catalysts studied and reported in the pioneering work by Haruta et al. as an
extremely active catalyst for ambient-temperature oxidation of carbon monoxide [48, 49].
Au/TiO2 catalysts prepared by the conventional deposition-precipitation (DP) method
have much inferior WGS activity compared with that of Au/CeOx [2, 50]. Indeed it
seems unlikely that gold ions would substitute into or strongly bind onto the lattice of
TiO2. The dispersion of gold particles would inevitably be worse on titania, especially
after exposure to higher temperatures. Haruta’s group [49] monitored the growth kinetics
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of gold particles on rutile titania, and found that these surfaces were inefficient to anchor
and preserve sub-nm gold species even at mild heating conditions below 473 K.
Consequently, gold on TiO2 can be reduced into metallic state much easier than on CeO2.
A few alternative preparation routes have been tried to stabilize the gold NPs on TiO2.
Surface modification of TiO2 has been effected with base solutions before DP of gold,
and a clear improvement of CO oxidation activity was observed [51]. However, pretreatment of the titania surface with acid brought about similar results [52], which makes
the authors’ claim that the increase of TiO2 surface basicity contributes to gold dispersion
ambiguous. In regard to novel structures, core-shell Au@TiO2 materials have been
prepared, and may be used as sintering-resistant micro-reactors [53]. The gold cores are
much larger than 5 nm in diameter, which is definitely not optimal for high activity. Of
course, colloidal gold of 2-3 nm size particles are possible to prepare, but for the Au/TiO2
system, much more work is needed to stabilize sub-nm gold clusters and atoms and
control the active chemical state.
To study the nature of the active gold sites on even more inert supports such as
alumina and silica, it is important to fully eliminate the formation of Au NPs, and to
maximize the number of the atomically dispersed gold sites. The approach of “cage
encapsulation” of gold NPs in mesoporous supports is not advantageous for the stability
of the active (atomically dispersed) Au sites. It was reported as a successful approach to
prepare active Pt-O(OH)x-(Na/K)y species on silica and alumina which were activated at
low temperatures (~100 °C) for the WGS reaction (Figure 1-3), and were stable to
temperatures exceeding 300 oC and for many hours [17]. Zugic et al. showed that the PtO(OH)x-(Na/K)y species could be prepared, stabilized, and similarly activated for the
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WGS reaction on inert (800 oC- annealed) carbon nanotube surfaces [41].

Figure 1-3. Effects of alkali ions on Pt/SiO2 for the low-temperature WGS reaction. (a&b) the
dispersion of platinum species has been significantly improved by the sodium-stabilization of Pt.
(c) CO-TPR shows the onset of -OH activation by CO at ~ 120 °C, with the production of H2 and
CO2; the first CO2 peak is from adsorbed oxygen species; it is not relevant to the WGS reaction.
(d) The sodium-stabilized Pt catalysts are very active for the low-temperature WGS reaction, and
the inset shows one promising structure of the –O-Na stabilized single-atom Pt center cluster by
DFT calculation [17].

However, the extension of the platinum findings to gold is neither obvious nor
anticipated. A few reports exist on alkali (and alkaline earth) addition to gold to
structurally stabilize small Au NPs (1-3 nm) on alumina for ambient temperature CO
oxidation [54]. Miller et al. [55] adopted a NaOH wash to remove the adsorbed -Cl
ligands from the Au/Al2O3 catalysts, and estimated by EXAFS that the gold was 100 %
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dispersed on these washed samples under mild reduction (up to 200 °C) or oxidation (up
to 225 °C), but their stability under reaction conditions was not reported.

1.2.2	
  Steam-‐reforming	
  of	
  methanol	
  reaction	
  by	
  gold	
  catalysts	
  
An alternative to on-board hydrogen storage is to use a hydrogen carrier.
Accordingly, reforming of small alcohol molecules and hydrocarbons to produce
hydrogen on demand has attracted great attention. Among hydrogen carriers, methanol is
an excellent choice as it is a liquid readily available from industrial methanol synthesis
plants, with high-energy density, and absence of C-C bonds, which enables the reforming
at a relatively low temperature (200-300 °C) compared to ethanol (> 400°C) or
hydrocarbon fuels [5, 56]. Hydrogen production from methanol can be carried out
through methanol decomposition, steam reforming, partial oxidation and autothermal
reforming [5, 57]. Methanol steam reforming (SRM) is the one with highest H2 yield
among all the methanol conversion reactions.

!"

!"

𝐶𝐻! 𝑂𝐻 + 𝐻! 𝑂 → 𝐶𝑂! + 3𝐻!                 ∆𝐻∅ = 49.3 !"# ;  ∆𝐺 ∅ = −3.5 !"#

The calculated values of the equilibrium constant Keq for the forward reaction are
listed Table 1-2. Thermodynamically, higher total conversion of methanol is reached at
higher temperatures. However, high temperature reactions areenergy consuming and
produce a noticeable amount of CO due to the contribution of the reverse WGS reactions.
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Table 1-2. Equilibrium constants of the SRM reaction as a function of temperature
T (K)

Keq

298

4.1

400

656.4

500

1.3E+4

600

9.0E+4

700

3.7E+5

On some catalysts, the overall reaction of methanol steam reforming can be a twostep scheme comprising the methanol decomposition and the WGS reaction [56, 58, 59].
CH3OH ! CO + 2H2
CO + H2O ! CO2 + H2

ΔHr = 90.2 kJmol-1
ΔHr = -41.2 kJmol-1

This is true for the Pt group metals (PGM) [60]. For other catalysts, however, like
the Group IB metals (Cu and Au), the reaction pathway is different operating through
coupling of methanol that does not involve the WGS reaction up to moderately high
temperatures [28, 61]. In addition to novel Cu/ZnO formulations [62], or PdZn alloys that
mimic the Cu chemistry [63], gold catalysts are of interest for the SRM reaction at low
temperatures with high activity and high hydrogen selectivity that achieves a wide
temperature window for CO-free hydrogen production.
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A few reports have focused on gold supported on oxides as catalysts for the
reactions of hydrogen production from SRM reaction. Interestingly, we noticed a similar
key feature for a number of gold catalysts in catalyzing both WGS and SRM reaction. Yi
et al. [57] have reported the first comprehensive study of Au/CeOx as an SRM catalyst.
All evidence points to atomically dispersed Au-O-Ce species as the active sites, similar to
the case of the WGS reaction on this type catalyst. As a step further, Boucher et al. [61]
have reported the high activity of gold dispersed on zinc oxide. As mentioned above, the
SRM reaction mechanism either involves the water gas shift reaction as part of the
reaction pathway or it does not. The mechanistic studies of the Au/CeOx system [57, 64]
have identified a reaction pathway of methanol dehydrogenation on gold as formaldehyde
species and methoxy groups on reduced ceria; coupling reaction takes place to form
methylformate on gold when adsorbates are in proximity, and hydrolysis of
methylformate to formic acid occurs in the presence of water. Dehydrogenation of formic
acid to CO2 and H2 terminates the reaction cycle without water gas shift reaction
inclusion in the reaction pathway [65].
2CH3OH → HCOOCH3 + 2H2
HCOOCH3 + H2O → HCOOH + CH3OH
HCOOH → CO2 + H2

Thus, the selectivity to hydrogen is maximized, as CO is not part of the
mechanism for low-temperature applications. The reverse WGS reaction will be part of
the scheme at elevated temperatures (> 300 oC). The success of research on Au/CeOx and
Au/ZnO system as highly selective SRM catalysts has widened the scope of catalyst
	
  

24	
  

development for methanol steam reforming. Recently, Yi et al. reported the same type of
Au/CeOx catalysts with atomically dispersed active sites have high activity and
selectivity for H2 and CO2 production from formic acid dehydrogenation near ambient
temperatures, which is an important elementary step of the SRM reaction [65]. The
selectivity and activity of these catalysts are better than those comprising gold NPs [66],
if not facilitated by photon activation during the reaction [67, 68]. If the stable atomically
dispersed oxidized gold and regenerable surface –OH species are the key components of
the active sites for these fuel-gas processing reactions, the formulation of highly active
gold catalysts can be well extended to other less reducible support oxides, such as TiO2,
zeolites, and even silica as earth abundant oxides with proper inclusion of the active
components.

1.3	
  Inspiration	
  from	
  the	
  single-‐site	
  heterogeneous	
  catalysis	
  
The concept of “catalytic active sites” is defined as the place on the catalyst
surface where the key catalytic surface reaction occurs [69]. Numerous reports exist on
developments in “active sites modification” or “active sites engineering”. Of course, it is
typically easier to demonstrate such findings in a homogeneous phase (homogeneous
catalysis) or in ideal solid structures where the isolated active sites are uniformly
distributed throughout the surface and bulk (e.g. in zeolite solid acids) [69-72]. The
reasons behind this are apparent. These catalytic systems initially have single type of
catalytic sites for a given reaction, and are completely isolated from the interference of
other less active or spectator sites. Therefore, it becomes feasible to determine the correct
coordination condition, to estimate the structure changes during the catalytic cycle, and to
evaluate the electronic-geometric effects with good accuracy. These catalytic systems
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with a homogeneous nature, though often pricy and less-durable for industrial
applications, can provide high and stable turnover rates per active site with very high
selectivity to certain products [70, 72].
Related work in heterogeneous catalysis to create the single-site feature by
employing supported metal nanostructures has been fraught with difficulties. A
voluminous body of work and intensive effort over the past several decades has been
devoted to improving the dispersion of metal NPs on high surface area supports in order
to achieve better catalyst efficiency. The tools of nanotechnology available nowadays
accelerate this effort, and narrow-sized distributions of metal particles can be easier
prepared. These present new systems are more conducive to mechanistic studies, e.g.
when evaluating the effect of particle size and coordination of metal atoms on the
catalytic performance. DFT computations complement the experimental studies and are
useful for catalyst design. Then practical catalyst is still prepared by simple and low-cost
methods, such as impregnation by industry, especially in view of the fact that the initial
catalyst state is seldom preserved under realistic conditions [70, 75]. Of course, if enough
evidence exists that a single-metal atom site is the active site for a certain reaction, the
practical catalyst will be prepared accordingly. A nice example from the recent literature
is a group of Cu-zeolite catalysts for DeNOx of diesel engine exhausts with ammonia
[76], where single Cu cations bound on this specific zeolite site has been identified as the
active site.
For those reactions that require multiple active sites to catalyze different catalytic
steps in a reaction, bimetallic and even multi-metal-component NPs are necessary with
atomic-level design. As an attractive alternative to conventional bimetallic catalysts, a
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single-atom alloy (SAA) may be used with individual, isolated group VIII metal atoms to
dissociate and spillover the hydrogen, and group IB metals that are thus activated for
selective hydrogenation reactions [77, 78]. For a major group of catalytic reactions where
single types of supported metal structures are involved, an increasing number of reports
have identified that the interface between the metal structures and the support is the locus
of activity. However, the active sites are not convincingly characterized. Are they
embedded in the support or adsorbed on the surface? How are these sites activated for
reaction? These questions pertain even to “simple” reactions like the CO oxidation and
the water-gas shift reaction [35, 42, 79-83]. One general fact is that the supported metal
catalysts usually consist of an assembly of metal species with broad size distribution and
irregular geometries, and this translates into divergent adsorption, dissociation, and
desorption behavior in catalysis [74, 75]. Therefore, a detailed description of the active
sites is almost impossible to extract from these traditional supported metal catalyst
systems.
Besides the most heavily studied precious metals (e.g. Pt, Rh, and Pd), the size
effect of gold has drawn great attention in the last two decades. The chemically inert bulk
gold can become very active for many heterogeneous reactions when confined into NPs
and sub-nm clusters. However, even in the range of sub-nm, the gold moieties consist of
1-10 gold atoms coordinated differently. It is still not straightforward to capture the welldefined active sites and to improve the catalytic activity by boosting the number of the
active sites exclusively. Notably, one decade ago, the Flytzani-Stephanopoulos group at
Tufts demonstrated a facile cyanide leaching as an effective technique to remove the
weakly bound gold NPs and gold clusters from Au/CeOx and Au/FeOx catalysts. This

	
  

27	
  

allowed the researchers to evaluate the activity of the residual gold, present as Au-O-Ce
and Au-O-Fe species. Surprisingly, the mass- and surface area-normalized reaction rates
remained the same in the leached catalysts as in the parent [21, 25, 33]. This led to the
identification of single gold cations suitably stabilized on supports through –O ligands as
the sole catalytic sites for the WGS reaction, a first in the literature. The same was true
for Pt, where Pt-O-Ce species were identified as the active sites [16, 21]. Furthermore,
the principle of single-atom metal site was shown to apply for the SRM reaction in the
case of gold [28, 61, 82].
Although the lack of atomic resolution characterizations at the time of the first
publication [21] could not identify unambiguously the residual gold species after leaching
as isolated gold atoms stabilized by the support as Au-Ox, XPS did identify the cationic
character of those species on ceria. A few years later, state- of-the -art aberration
corrected HAADF-STEM of the leached Au/FeOx (Figure 1-2) catalyst enabled the
identification of isolated gold atoms on the iron oxide surfaces without any ambiguity
[33]. As mentioned above, Pt-Ox species are formed on ceria and are the catalytic active
sites for the water-gas shift reaction. Work in the 2000s by the Toyota Motor Co. [85, 86]
has corroborated those findings for Pt, where adsorbed single-atom Pt species surrounded
by –O ions on the different facets of ceria were identified by XAS and also computed by
DFT. The predicted single-atom Pt anchored structure through –O-Ce linkages is
illustrated in Figure 1-4. The authors put the emphasis on the “stabilization and
redispersion” side of the anchoring Pt. In excess hydrogen, destabilization occurs and Pt
nanoclusters are formed, while in oxygen-rich gas the Pt ion is recovered back on the Ox-Ce site. How reliable and active these structures are for a given reaction needs further
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evaluation as suggested by the authors [86].

Figure 1-4. Predicted Pt anchor site structure at (001), (011) and (111) surfaces [86].

The last few years have witnessed extensive research efforts in the heterogeneous
single-atom catalysis field, and a few high-quality reports have shown that the catalytic
activity for some reactions is maximized with the fully dispersed single-atom metal
stabilized by –O- from the supports. Typical systems include Au/CeOx, Au/FeOx, Ir/FeOx
for WGS [18, 21, 25, 30], Au/CeOx, Pt/FeOx and Pt/KLTL for CO oxidation [87-89], and
the Au/CeOx and Pt/FeOx for selective hydrogenation [90, 91]. Notably, these systems
employ a small group of typically “active” supports with good reducibility or ionexchange capacity to stabilize the metal atoms by surface –O linkages. Differently, with
the same single-atom catalysis concept but using more inert oxide supports with less
available or non reducible oxygen, a Pd/La-Al2O3 catalyst with a good portion of
dispersed Pd can only maintain its single-atom nature up to 150 oC for CO oxidation
(CO:O2= 7:8), while Pd supported on undoped Al2O3 is naturally dominated by Pd NPs
even before reaction [92]. In another report using Pt/Al2O3 for NO oxidation, to achieve
the noticeable single-atom feature as Pt-O-, the authors were able to load only 0.18 wt.%
	
  

29	
  

of Pt on the supports, and the O2:NO ratio during the reaction was as high as 200:1 up to
415 oC in order to preserve the Pt-O- structure [93]. In a slightly reducing atmosphere for
ambient photocatalytic hydrogen evolution, the single-site with Pt-O- bond in TiO2 can
only be maintained when the precious metal doping ratio is around 0.2 wt.% [94]. These
loadings are not practical for industrial applications. How can one achieve larger metal
loadings while preserving the single-site character? This is a question relevant to all MOx- catalysts.
As an industrially important reaction for upgrading hydrogen-rich fuel gas
streams, the WGS reaction takes place at higher temperatures (at least 100-200 oC) and in
a strong reducing atmosphere (CO+H2). Therefore, the stabilization of appreciable
amount of supported metal atoms in oxidized state is even more challenging, especially if
the precious metals are deposited on the less-reducible support oxides, such as titania,
silica, and zeolites. Moreover, while gold is more prone to be reduced and sinter into
NPs than platinum, gold is a better choice than platinum for low-temperature WGS due to
its lower apparent activation energy for this reaction (~ 45 kJ/mol for Au vs. ~ 75 kJ/mol
for Pt, confirmed by this dissertation). Low-temperature activity is important to avoid
multiple-treatment units in practical low-temperature PEM fuel cell systems, whereby the
deleterious CO should be totally removed for stable, long-term operation. The same
challenge holds true for the SRM reaction, where the reaction usually starts around 200300 oC and operates in a strong reducing atmosphere as H2 is being produced [28, 61, 84].

1.4	
  Thesis	
  Objectives	
  
In previous work from our lab, depositing precious metal (Au and Pt) on support
oxides like ceria and doped ceria that contain a large amount of surface reducible oxygen,
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such as –OH species, a facile thermal oxidation treatment suffices to anchor oxidized Au
and Pt species on the surface of the support [20]. When the “capacity” of anchoring sites
of ceria is exceeded, any additional precious metal will form particles that are spectator
species for some of these reactions. This results in “overdesign” of the precious metals
and explains the reluctance to adopt the (expensive) precious metals as catalyst solutions
to demanding processes such as fuel processing for fuel cell applications. For many less
reducible but earth-abundant support oxides, such as titania, alumina, silica, and zeolites,
precious metal anchoring and stabilization under reaction conditions is difficult,
especially for gold. These challenges were addressed and overcome in my research by
novel and facile preparation techniques. A photo-responsive titania (TiO2) with limited
reducibility, a microporous K type L-zeolite (KLTL) with exchangeable cationic sites,
and a mesoporous silica MCM-41 ([Si]MCM41) with very high surface areas were the
representative different supports used in this thesis work.
Overall, my Ph.D. thesis has addressed the following questions:
(1)

Can atomically dispersed gold and platinum be anchored stably on a variety of

support oxides, including inert ones, for the WGS reaction?
(2)

How are these single-site metal active species structured?

(3)

For the WGS reaction, are the support oxides participating in the reaction directly,

so as to show different support effects? Or do they only serve as carriers for dispersing
and stabilizing the catalytic single-site feature?
(4)

Can we prepare the active clusters in solution? Under what conditions? Can we

boost the number of such active sites on supports to meet practical demands?
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(5)

Are these centers active for other reactions, for this thesis the methanol reactions

are of interest, in particular the methanol steam reforming for CO-free hydrogen
production?
With these issues in consideration, this dissertation is focused on developing
novel supported metal catalysts with atomically dispersed gold (major focus) and
platinum (minor focus) centers serving as the catalytic sites for the low-temperature WGS
reaction on various support oxides with different surface properties. Once the precious
metal centric single-site species has been built on these supports without the interference
from spectator metal species, it is possible to characterize and analyze the catalytic
properties of the single-site ensembles. This in turn will address the key fundamental
question of any support effects manifested in this class of reactions, including the SRM.
In practice, the knowledge garnered from this work will advance the development of
cost-effective catalytic materials, containing the precious metals in optimal amounts and
in the correct configuration for activity and stability. A natural outcome will be the smart
use of precious metals for other fuel reforming reactions and fine chemicals production.
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Chapter	
  2	
  Experimental	
  
2.1	
  Catalyst	
  preparation	
  
2.1.1	
  Materials	
  and	
  chemicals	
  
The gas mixtures used for reaction tests were from Airgas, and hydrocarbon traps
were installed at the outlet of all the carbon monoxide cylinders after the regulators.
Plasma standard solutions for ICP analysis with the concentration of 1000 µg/ml were
supplied by Alfa Aesar. Table 2-1 summarizes the information of chemicals used in the
experimental work of the thesis.
Table 2-1. Name, formulae, purity, and the supplier of the chemicals used in experimental work
Name

Formulae

Purity

Supplier

Gold foil

Au

0.025 mm, 99.985 %

Alfa Aesar

Platinum foil

Pt

0.025 mm, 99.985 %

Alfa Aesar

Hydrogen
tetrachloroaurate(III)
hydrate

HAuCl4 xH2O

99.9 % metal basis,
Au 49 % min

Alfa Aesar

Gold(I) potassium
cyanide

KAu(CN)2

99.96 % metal basis,
Au 67.6 % min

Alfa Aesar

Gold(III) hydroxide

Au(OH)3

Au 79 % min

Alfa Aesar

Tetraammineplatinum(II)
nitrate

Pt(NH3)4(NO3)2

50 % Pt basis min

Sigma-Aldrich

Platinum(IV) oxide
hydrate

PtO2 xH2O

≥ 99.9 % metal basis

Sigma-Aldrich

Sodium hydroxide

NaOH

99.99 % metal basis

Alfa Aesar

Sodium cyanide

NaCN

ACS, 95 % min

Alfa Aesar

Sodium borohydride

NaBH4

99.99 % metal basis

Sigma-Aldrich
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Ammonium carbonate

(NH4)2CO3

ACS, NH3 30.0+ %

Alfa Aesar

Titanium(IV) oxide, P25

TiO2

≥ 99.5 % metal basis

Sigma-Aldrich

30 % rutile + 70 %
anatase
Titanium(IV) oxide, G5

TiO2

≥ 99 % metal basis

Millenium (Cristal)

100 % anatase
Titanium(III) oxide

Ti2O3

99.9 % metal basis

Sigma Aldrich

KLTL zeolite

KO Al2O3 mSiO2
nH2O

HSZ500 series

TOSOH

SiO2:Al2O3= 6.1
Na2O (wt. %)= 0.25
K2O (wt. %)= 16.8 %

Hydrogen peroxide

H 2O 2

ACS, 29- 32 % w/w
aq. soln.

Alfa Aesar

Ethyl alcohol

CH3CH2OH

≥ 99.5 %

Sigma-Aldrich

Sulfuric acid

H2SO4

92 % min

Alfa Aesar

Hydrochloride acid
solution

HCl and H2O

~ 0.1 M in water

Sigma-Aldrich

Deionized water

H 2O

pH 6-7

Tufts University

2.1.2	
  Platinum	
  catalysts	
  
The detailed preparation steps of platinum catalysts will be introduced and
discussed in Chapter 4. In this section, brief diagrams are provided to illustrate the key
procedures. The preparation steps for the conventional platinum catalysts by the incipient
wetness impregnation (IWI) with Pt(NH3)4(NO3)2 is shown in Figure 2-1.
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Figure 2-1. The preparation diagram for the sodium-free platinum catalysts on different support
oxides. The Pt loading was 0.5 wt.% in all samples.

The preparation conditions for the sodium-stabilized platinum catalysts are shown
in Figure 2-2. Compared with the Figure 2-1, the major difference is the direct
introduction of NaOH together with the platinum precursor.

Figure 2-2. The preparation diagram for the sodium-stabilized platinum catalysts on different
support oxides. The Pt loading was 0.5 wt.% for all samples.
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2.1.3	
  Gold	
  catalysts	
  
The detailed preparation steps of gold catalysts will be introduced and discussed
in the following chapters. In this section, brief diagrams are provided to illustrate the key
procedures. The preparation steps for the conventional gold-titania catalysts by the
standard DP method and the optimized UV-assisted deposition method are illustrated in
Figure 2-3. While the gold deposition in weak base solution is followed with calcination
after filtering and drying in the conventional DP method, the UV-assisted method further
treated the uncalcined Au-TiO2 catalysts with UV irradiation in ethanol solution to
enhance the Au-TiO2 interface interaction. The details of the materials and methods are
documented in Chapter 3.

Figure 2-3. The preparation diagrams for the Au-TiO2 made by traditional DP method (left) and
the optimized UV-assisted deposition method. The nominal gold loading was 5 wt.% in these
samples.
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To atomically disperse the gold species on the inert support oxides, such as the
KLTL zeolites and MCM-41 mesoporous silica, the addition of alkali to stabilize the
existing cationic gold through the –O-Na linkages was successfully achieved in this work
by both dry and wet methods. The preparation protocols of 0.25 wt.% atomically
anchored gold on the zeolites and mesoporous silica supports are shown in Figure 2-4.
The details of the materials and methods are documented in Chapter 5.

Figure 2-4. The preparation protocols of 0.25 wt.% atomically anchored gold on the zeolites and
mesoporous silica supports. The gold loading was 0.25 wt.% in these samples.

A thorough investigation of the alkali-stabilized gold catalysts revealed that the
alkali ions help to create the single-active-site as Au-O(OH)x- for WGS reaction. Inspired
by these findings, a new, facile, and green route was developed to build the active Au-ONa(OH)x structures in solution, without necessity of utilizing the surface –O from the
support oxides to stabilize the gold atom. The preparation concept is illustrated in Figure
2-5. Gold hydroxide, sodium hydroxide, water, and titania were the raw chemicals
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required for the preparation. The precursors were fully utilized to make the final
catalysts.

Figure 2-5. The preparation procedures of up to 1.0 wt.% atomically dispersed gold on titania
through a simple impregnation of the homogeneous Au-O-Na(OH)x clusters in alkaline solution.

2.1.4	
  Cyanide	
  leaching	
  of	
  the	
  weakly	
  bound	
  gold	
  
To fully remove the gold particles and other gold structures that weakly bound on
the catalyst surface, which sinter into NPs during reactions at elevated temperatures and
in a reducing atmosphere, the search for strong ligands that can bind strongly to the gold
and take the gold into the aqueous solution brings up several possibilities. Water-soluble
ligands such as –CN (lgK[AuI-CN]=18.99), -NH3 (lgK[AuI-NH3]=5.58), -I (lgK[AuII]=11.09), and –SCN (lgK[AuI-SCN]=8.21) are promising candidates, and the cyanide
ligands are the strongest leaching species among the candidates. An 0.05 wt.% NaCN
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solution (~pH 12) was used to leach gold from titania supports. Moreover, sodium
cyanide leaching does not have any effect on the TiO2 surface such as increasing the
surface roughness or dissolving Ti4+ ions. In each treatment, [CN-] was in 200 % excess
to form [Au(CN)2]-, where the gold concentration was estimated by the nominal loading
amount. About 300 mg of sample would be treated in each batch with continuous oxygen
sparging, which usually lasted for 5-15 min until the color of the slurry was stabilized.
As a result of equilibrium, both the weakly bound cationic or metallic gold atoms will be
removed by the strong cyanide ligands from the catalysts surface. The typical reactions
are listed as below:

The leached samples were washed with DI water and dried at RT, and kept under
vacuum in the dark. Using a 2 wt. % NaCN solution to leach out the gold from calcined
Au-CeO2 and Au-Fe2O3 systems, calcination in air at 673 K followed the multiple sample
washings, and no residual –CN ligands were found on the samples [1, 2]. As a check,
during calcination, one should follow the oxidation of all organic species, including -CN,
by mass spectrometry. In this work, when calcining the leached sample after washing
and drying in 10 ml/min 20 % O2-He up to 673 K, no evidence was found for CO2, NOx,
or HCN by mass spectrometry. Also, no residual Na or halides were present on the
surface, as found by XPS.	
  

2.2	
  Catalytic	
  activity	
  tests	
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2.2.1	
  WGS	
  activity	
  
Kinetics measurements for water-gas shift (WGS) reaction were conducted in a
packed-bed flow microreactor, keeping the CO conversion below 15 %. The samples
were first heated in He from RT to 100 °C, then the gas was switched to a reformate-type
fuel gas (11 % CO- 26 % H2O- 7% CO2- 26 % H2-He, flow rate 207 ml/min. 100-200 mg
sample was used to change the contact time such that the conversion remained <15 %).
Testing began at the highest temperature and lasted for 4 h before cooling down to other
temperatures to avoid deactivation during the kinetic measurements. The feed and
product gas streams were analyzed using an HP-6890 GC equipped with a TCD detector.
The kinetics measurement error was <10 %.
The product-free WGS experiments were run in a Micromeritics AutoChem II
2920 instrument equipped with a mass spectrometer. The catalysts were stabilized in a 10
% CO- 3 % H2O- He gas mixture for 30 min at 50 oC before being heated at 5-10 oC/min
(100 mg sample, 30 ml/min).	
  

2.2.2	
  SRM	
  activity	
  
The temperature-programmed and steady state SRM tests were carried out in a
fixed-bed quartz microreactor (6mm OD, 4mm ID) at atmospheric pressure. A gaseous
mixture of 2 % CH3OH, 2.6 % H2O balanced in He was passed through the fixed-bed of
100 mg catalyst and 400 mg of inert quartz sand. The quartz sand was calcined in air at
800˚C for 2 h prior to use. Total flow rate of the SRM-steady state reaction was set at 20
mL/min. Reaction temperature was first increased to 300 ˚C at 5 ˚C/min ramping rate,
and decreased down to 220˚C step by step with isothermal holding at each set
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temperature for 75 min to fully approach the steady state. The methanol conversion was
limited to below 20 % in order to obtain the reaction rates in the kinetics control region.
The total flow rate of the temperature-programmed SRM was set at 10 mL/min.
The reaction temperature was increased from 30 to 300 ˚C with a ramping rate of 2
˚C/min. The feed and the product gases were analyzed online by a residual gas analyzer
(RGA, MKS model RS-1). The RGA was calibrated by monitoring a series of gases or
vaporized liquid carried by ultra high purity He at different concentrations. The calibrated
compounds for SRM include: CH3OH (m/e=31), H2O (m/e=18), CO (m/e=28), CO2
(m/e=44), H2 (m/e=2). The CO signal (m/e=28) was corrected for the contribution of
methanol and CO2 at m/e=28.
Methanol-TPSR was employed to capture the stable intermediate species as the
methanol molecules interact with the catalytic sites during the ramping tests. After a He
purge at 50 oC for 30 min, the samples (100 mg) were exposed to 10 % CH3OH-He (10
ml/min) and stabilized for 30 min before the temperature ramped up to 300˚C at 2˚C/min.
The monitored gas species by mass spectrometry included H2, CO, CO2, He, H2O,
formaldehyde (HCHO), formic acid (HCOOH), dimethyl ether (CH3OCH3), and methyl
formate (HCOOCH3).	
  

2.3	
  Characterization	
  
2.3.1	
  Surface	
  area	
  and	
  porosity	
  measurement	
  
The BET surface areas of the non-zeolites and mesoporous MCM-41 based
samples were measured by single-point N2 adsorption/desorption cycles in a
Micromeritics AutoChem II 2920 apparatus. Each sample was degassed in He at 250 oC

	
  

46	
  

for 30 min before the adsorption. A 30 % N2-He gas mixture was used in the BET
measurement. For the zeolites and mesoporous MCM-41 based samples, the BET
surface area and porosity were measured by multiple-point N2 adsorption and desorption
cycles in a Quantachrome AutoSorb iQ instrument. A typical physisorption analysis
started with degassing the sample in vacuum at 200 °C overnight. A classical helium void
volume method was used.

2.3.2	
  Materials	
  compositions	
  
Bulk composition and element concentrations of the catalysts were analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-OES). The gold and
platinum species were dissolved in the diluted HCl-H2O2 mixture. The silica and
zeolites-supported catalyst powder was dissolved in the diluted HF solution (A.C.S.
reagent). The titania catalyst powder was dissolved in the 98 % H2SO4 under continued
stirring and reflux at 120 oC overnight. The solution was further diluted before the ICP
tests for all elemental concentrations to be within the 5-50 ppm range. The solutions were
analyzed by ICP-OES (Perkin Elmer Plasma 40).

2.3.3	
  X-‐ray	
  diffraction	
  (XRD)	
  
To analyze the dominant crystallized phases (mainly the support oxides), XRD
analysis was performed on a Rigaku RU300 Cu-source powder diffractometer (185 mm).
Cu Kα radiation (Kα1 λ=1.5406 Å) was used with a power setting of 50 kV and 250 mA.
A scan rate of 2°/min with a 0.02° step size was used. The identification of the
crystallized components and the calculation of the average particle sizes were carried out
by the JADE software.
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2.3.4	
  X-‐ray	
  photoelectron	
  spectroscopy	
  (XPS)	
  
To analyze the chemical valence and thus infer the chemical composition of the
various elements in the catalysts, XPS experiment was performed on a Thermo Scientific
Al Kα-XPS. The C1s peak was calibrated at 284.8 eV. Samples in powder form were
pressed on a double-sided adhesive copper tape for analysis. All measurements were
carried out at room temperature without any pre-treatments other than being exposed
under vacuum down to 10-8 bar. The X-ray generator power was typically set at 15 kV
and 10 mA. The spot size for each sample was about 400 µm, dwell time was set to 40
ms, and the fine scans for each element were 20-40 times depending on the estimated
surface concentration from the catalyst preparation.

2.3.5	
  CO	
  temperature	
  programmed	
  reduction	
  (CO-‐TPR)	
  
CO-TPR tests were run in a Micromeritics AutoChem II 2920 instrument
equipped with a mass spectrometer. This is an effective method to titrate and distinguish
the “dry” (-O) and “wet” (-OH) oxygen species in the catalysts. Typically, a sample was
purged in He to remove any physically adsorbed CO2 and H2O. The sample was then
stabilized in 10 % CO-He for 20 min at 50 oC, and then been heated up to the aimed
temperature (ramping rate: 5-10 oC/min). The regeneration of the surface –OH species is
by rehydrating the catalysts with 3 % H2O-He for 1 h when ramping down to RT between
consecutive cycles. The sample did not contact air at any temperature during the cyclic
tests. The amount of –OH species was determined by integrating the amount of
simultaneous generation of CO2 and H2 in the ratio 2:1 during a TPR cycle.

2.3.6	
  Electron	
  microscopy	
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To find the metal NPs and to estimate the particle size distribution, highresolution transmission electron microscopy (HRTEM) was conducted on a JEOL 2010
electron microscope, operated at 200 kV. As a step forward, in order to capture and to
count the atomically dispersed metal center on the catalyst surface, aberration-corrected
high-angle annular dark-field (HAADF) images for the catalysts were obtained at the
Advanced Microscopy Laboratory at Oak Ridge National Laboratory, using a JEOL
2200FS instrument equipped with a hexapole corrector (CEOS GmbH, Heidelberg,
Germany) on the illuminating lenses, for scanning transmission (STEM) imaging. The
ADF mode has proven to be invaluable in a great many circumstances, owing to its direct
interpretability and atomic number contrast. The corrector permits imaging in HAADF
mode at a nominal resolution of 0.07 nm, with a collection semi-angle of 26.5 mr and a
beam current of ~30 pA. As depicted in Figure 2-6 [3], STEM images are acquired in a
serial fashion, in which the probe dwells for a short time at a point on the specimen. By
scanning the beam across the specimen, each signal that arises from the interaction can be
recorded with high spatial resolution, forming maps of the specimen's structure and
composition. Images to easily reveal single platinum and gold atoms were typically
recorded at 10Mx direct magnification, at 512×512 px with a 32 or 64 microsecond dwell
time, to give 8.5 or 17 sec scan times. Because the NPs and sub-nm species have almost
equal chance to be imaged on the thin and flat support surfaces, the platinum species (>
150 total counts) near the edge of the samples in different regions were counted and
analyzed.
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Figure 2-6. The STEM, salient electron beam-specimen interactions and associated detectors
(ADF = annular dark-field, BF = bright field) [3].

2.3.7	
  X-‐ray	
  absorption	
  spectroscopy	
  (XAS)	
  
The XAS spectra were collected in the fluorescence mode with a 13-channel Ge
detector at the12-BM APS beamline at Argonne National Laboratory. From the x-ray
absorption near edge structure (XANES), the shape of the spectra will indicate the formal
charge of the supported metal species. The coordination structure of the metal atom
center can be extracted from the extended x-ray absorption fine structure (EXAFS)
analysis. For each data collection point, three to five consecutive scans (each lasting ~ 30
min) were acquired after the sample had been stabilized in 10 % CO-3 % H2O-He at
reaction temperatures for 2 h (10 mg sample, 15 ml/min) to reach a steady state as
indicated by a mass spectrometer connected to the gas outlet. The reference spectra of the
cationic platinum and gold compounds with different chemical valence were collected at
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RT in static air. The Feff models of metal foil, alloys, and various oxides film, were used
to fit the 1st shell coordination in the EXAFS data. The typical experiment setups are
illustrated in Figure 2-7.

(A)

(B)
Figure 2-7. (A) General setups for XAS experiment at APS 12BM. (B) Flow reactor designed for
in situ XAS at APS 12 BM.
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2.3.8 Electron	
  paramagnetic	
  resonance	
  spectroscopy	
  (EPR)
Electron paramagnetic resonance spectroscopy (EPR) was used to probe the
structural environment of paramagnetic unpaired electrons in the catalysts. The same
amounts of samples (10 mg) were loaded in the quartz flow cells for the EPR
measurements. Before these measurements, the samples were kept in dark at RT for 72 h.
The X-band (9 GHz) EPR spectra were recorded at 120 K in ambient atmosphere with a
Bruker EMX EPR spectrometer. The magnetic field was swept from 2000 to 5000 Gauss.
The location and the intensity of g factors were determined by Bruker’s WINEPR
program based on hν = gβH, where h is Planck’s constant, H is the applied magnetic
field, and β is the Bohr magneton. Center field for g= 2.00 is 3350 Gauss.
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Chapter	
  3	
  Atomically	
  dispersed	
  Au-‐O(OH)x	
  bound	
  on	
  titania	
  
surfaces	
  catalyze	
  the	
  low-‐temperature	
  WGS	
  reaction	
  
3.1	
  Introduction	
  
Atomically dispersed supported metal (e.g. Rh, Ir, Ru, Pd, Pt, and Au) catalysts
offer new prospects for low-cost, sustainable energy and chemicals production, as is
discussed in a recent review for CO oxidation, ethylene hydrogenation, and WGS
reaction [1]. The WGS reaction, important in upgrading H2-rich fuel gas streams for fuel
cell and other fuel gas processing applications, has been shown to occur on atomically
dispersed metals on oxide supports. As such, novel catalyst designs that maximize the
number of such sites are actively investigated. Along with improved commercial
Cu/ZnO/Al2O3 catalyst designs for low-temperature application (< 300 oC) [2], the
platinum group metals [3-7] are promising catalysts, as is gold, if highly dispersed on
various supports such as ceria [8-15] or iron oxide [12, 15, 16]. Ceria and iron oxides are
typical reducible supports with abundant active –O and –OH species on the oxide
surfaces, and the gold ions stably be anchored on the support surfaces through the Au-Ox
linkages [1, 8-15]. Gold on titania supports has not been examined extensively for the
WGS reaction. Of course, the Au/TiO2 catalyst made by DP method was one of the first
catalysts reported by Haruta et al. as an extremely active catalyst for ambient-temperature
oxidation of carbon monoxide [17, 18]. Au/TiO2 prepared by DP method was recently
investigated for the WGS reaction [19, 20]. Based on the kinetic data, TEM microscopic
analysis and geometric arguments, it was proposed that the corner atoms on the gold
cubo-octahedral nanoparticles with fewer than seven neighboring gold atoms are the
dominant active sites, and that the total rate is proportional to the number of gold
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particles, but does not depend on the actual NP size. Gold nanoclusters and isolated gold
atoms on titania were not included in the counting of active gold species in that work due
to the limited sensitivity of TEM images to sub-nm gold species [20]. However, recent
atomic-resolution imaging studies via aberration-corrected scanning transmission
electron microscopy (ac-STEM) clearly show that even a minority of atomically
dispersed gold on the titania surface benefits the CO oxidation reaction [21] as well as
various dehydrogenation reactions [22]. In these works, to partially realize the atomic
dispersion of the gold on titania surfaces, surface hydrothermal treatment to generate a
large number of –OH groups [21] or CH3I to create strong Au-I complexing bond for
gold redispersion had been used [22]. Similar atomically dispersed gold species are also
very active for the WGS reaction on ceria and doped-ceria [8-15, 23], iron oxide [12, 15,
16], zirconia [24, 25], and lanthana [26]. Indeed, for WGS-active gold supported on the
above oxides, gold nanoparticles can be leached out by alkali cyanide solutions, and the
residual (small fraction of the original) gold on these supports is found to catalyze the
reaction equally well [8-10, 12, 26]. Cyanide leaching allows for isolated gold species to
be imaged and their reactivity be followed by various techniques, absent particles that
would distort the data, e.g. in IR, XANES, XPS, and other “averaging” techniques. For
the Au/Fe2O3 WGS catalysts, Allard et al. [16, 27] have shown that atomic gold species
were strongly bound even after redox heat treatments, and after exposure to the WGS
reaction gas mixture up to 673 K. In work with Au/Fe3O4 (111) single crystals, gold
atoms bound over the uncapped O atoms were shown to be stable to 773 K [28, 29].
Thus, renewed effort should be spent on properly characterizing the atomically dispersed
Au-O-oxide sites, even though they are not visible by regular TEM. As reported by Fu et
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al. on Au/CeOx system [8, 10], the sodium cyanide leaching of the gold must be done
only after oxidative heat treatment of the fresh materials when the DP technique is used
to add the gold. This allows for strong Au-O-Ce association to take place first, which
resists the cyanide complexation. Otherwise, almost all the deposited gold will be leached
out even from the ceria surfaces. Similar preparation procedures including gold
deoposition, air calcination, and cyanide leaching have been demonstrated as an effective
to build and retain exclusively atomically dispersed gold on the iron oxide [12, 28, 29]
and lanthanum oxide [26] surfaces.
To date, it has been challenging to retain the atomically dispersed Au species on
TiO2. For photon-responsive titanium oxides, different energy stimulations can be used to
create stable anchoring sites for gold. For example, using a model Au/TiO2 film, Lahiri et
al. [30] showed that UV-irradiation enabled the stabilization of the semiconductor-metal
interface through the accumulation of gold cations, presumably at surface defect sites.
Furthermore, a recent computational work by Laursen and Linic [31, 32] has shown that
oxygen vacancies are not needed to stabilize cationic gold on titania, and the electron-rich
defects are energetically unfavorable and would be healed rapidly in H2O or O2
environments. This is corroborated by scanning tunneling microscopy studies [33], which
reveal that the image features earlier attributed to oxygen vacancies on well-annealed
TiO2 single crystals are actually protons atop –O- (bridging surface oxygen) or -OH
groups bound to Ti trough atoms. Therefore, not necessarily to directly utilize the readily
available oxygen vacancies on titanium oxide surface, the strong metal-support bond may
be established through the surface –O- or –OH species with proper catalysts’ preparation
methods applied. Here, this work has extended the UV-irradiation technique to titania
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powders with addition of ethanol as a charge scavenger where gold transfers the
separated electrons to –OH groups at the Au-TiO2 interface. The method was optimized
to bind and stabilize a large number of atomically dispersed gold species on the titania
through the enhanced metal-support interaction.

3.2	
  Materials	
  and	
  methods	
  
Notations and key preparation steps for the titania supported catalyst samples
reported in this chapter are listed in Table 3-1. Prior to any experiments, the support
oxides were calcined in air at 673 K for 10 h. Two types of titania (purity > 99 %),
namely P25 (30 % rutile and 70 % anatase, BET surface area: 45 m2/g) from Degussa,
and G5 (100 % anatase, 270 m2/g) from Millennium, were investigated in this work, and
are designated as P25 and G5, respectively, in the samples studied here. The actual
amount of gold loading was determined by Inductively Coupled Plasma (ICP) emission
spectroscopy in a Leeman Labs PS-1000 ICP instrument. The samples were kept under
vacuum in the dark no longer than two weeks before finishing the testing and
characterizations.
Table 3-1. Notations and key preparation steps for representative gold catalysts tested
a

Catalyst

Preparation Method

4.87 AuG5 (DP)

1—DP, 4.87 wt.% Au/TiO2 (G5 TiO2) sample

0.48AuG5_L

1—DP, 4.87 wt.% Au/TiO2 (G5 TiO2) sample
2—0.05 wt.% NaCN leaching for 10 min, 0.48 wt.% Au remained in the
catalysts

4.87 AuG5_UV

1—DP, 4.87 wt.% Au/TiO2 (G5 TiO2) sample;
2—365 nm UV in ethanol for 10 min.

1.16AuG5_UV_L

1—DP, 4.87 wt.% Au/TiO2 (G5 TiO2) sample ;
2—365 nm UV in ethanol for 10 min;
3—0.05 wt.% NaCN leaching for 10 min, 1.16 wt.% Au remained in the
catalyst
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1.22AuP25(DP)

1—DP, 4.87 wt.% Au/TiO2 (P25 TiO2) sample

0.73AuP25_UV_L

1—DP, 4.80 wt.% Au/TiO2 (P25 TiO2) sample ;
2—365 nm UV in ethanol for 12 min;
3—0.05 wt.% NaCN leaching for 10 min, 0.73 wt.% Au remained in the
catalyst
Note: [a] All Au/TiO2 catalysts were calcined in air at 473 K for 2 h before use.

A UV chamber (365 nm, 10 mW/cm2, Spectronics Corp.) was used for the
irradiation of the samples. A slurry of 300 mg fresh sample and 50 ml liquid carrier
medium was poured into a cylindrical glass container (purged with N2) and subjected to
agitation for 15 min. During the UV treatment at RT, the reactor was placed in the
middle of the chamber 2 cm away from the lamp.
WGS-TPSR experiments were run in a Micromeritics AutoChem II 2920
instrument equipped with a mass spectrometer. The catalysts were stabilized in 10 % CO3 % H2O- He for 15 min at 323 K before being heated at 5 K/min. CO-TPR was run in a
Micromeritics AutoChem II 2920 instrument equipped with a mass spectrometer. For
each experiment, the sample was purged with 30 mL/min He at 373 K for 20 min, and
was then cooled down to 323 K in He. Before being heated from 323 to 623 K, the
sample was stabilized in 10 % CO-He for 20 min. Steady-state kinetics measurements
were conducted in a packed-bed flow microreactor, keeping the CO conversion below 15
%. The samples were first heated in He from RT to 373 K, then in 25 % H2-He to 473 K
at 10 K/min, and were held at 473 K for 2 h. The feed and product gas streams were
analyzed using an HP-6890 GC equipped with a TCD detector. Aberration-corrected
high-angle annular dark-field (HAADF) images were obtained at the Advanced
Microscopy Laboratory in Oak Ridge National Laboratory, using a JEOL 2200FS
STEM/TEM instrument equipped with a hexapole corrector (CEOS GmbH, Heidelberg,
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Germany) on the illuminating lenses. The corrector permits imaging at 200 kV in
HAADF mode at a nominal resolution of 0.07nm, with a collection semi-angle of 26.5 mr
and a beam current of 23 pA.
The gold-free supports did not show any activity for the WGS reaction with or
without UV treatments or cyanide washing. The following observations and steps to
improve activity and stability of the Au-loaded titania samples were made through the
UV-assisted deposition:
i)

Au/TiO2 made by DP prior to calcination was used as the starting material.
Typically, 150 mL of HAuCl4 aqueous solution was added into a 250 mL water
suspension of 5 g titania. After stirring the slurry for 1 h, 1 mol/L of (NH4)2CO3
solution was slowly added to keep the pH around 8. The slurry was heated to 343
K and aged for 1 h. The fresh samples were obtained by filtering the slurry,
continuous washing with 343 K water, and then drying in vacuum at room
temperature (RT) for 8-10 h. The gold precipitant as [Au(OH)x]3-x can be easily
modified through charge transfer during moderate reduction. The surface oxygen,
-OH, and moisture will combine with the gold sites in this state [10]. For photonresponsive titania, it is believed that not only pre-existing defects on the surface
stabilize the gold, but also the structure instability induced by UV absorbance can
promote Au-TiO2 charge transfer to strengthen the gold anchoring [30, 34]. In
that sense, the re-dispersion and stabilization of cationic gold is realized. To
further confirm this, nonaqueous UV irradiations without any other electron/hole
scavengers were carried out on uncalcined 1.69 wt.% Au(III)-TiO2 powder
catalysts made by the DP method [34]. In this work, the UV irradiation can re-
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direct gold to anchor on titania defects stably within a few minutes. For effective
UV irradiation, the gold species should not be too inert to respond to the UV
treatment both chemically and structurally. With respect to the chemical states, it
is desirable to keep the gold bonded by surface O species or defects [15, 35],
which is believed to be the active state for WGS with the help of the associated
oxygen and –OH groups. It is also important to avoid deeply reducing the gold
species not interacting with the titania surface to the zerovalent state, which is
crucial due to the ease of atomic gold migration, agglomeration, and metallic
nanoparticle formation once the gold atoms become metallic [34]. This work
confirmed that the UV irradiation up to 2 h has little effect on the WGS activities
of the well-calcined catalysts. When extending irradiation time to 4 h, about 30 %
drop of activity was observed.

A UV light source of 365 nm wavelength and specific power of 10 mW/cm2 was

ii)

chosen, which is strong enough to activate the electron-hole pairs in the titania
lattice. The energy intensity is not too high to quickly produce large metallic gold
nucleates without Au-TiO2 interaction been built in atomic scale [36, 37]. In the
irradiation studies I found that the irradiation time should be within the range of
5-20 min to get overall improved catalytic performances. The time is shorter if
the initial gold amount is low, and when the titania has a higher content of anatase
phase and higher surface area. This work observed that optimal time lengths for
the UV irradiation exist, of the order of minutes. Hidalgo et al. have reported
successfully using a 365 nm, 0.015 mW/cm2 low- intensity lamp to make smaller
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gold particles on fine titania particles by photodeposition [36]. However, the gold
loading amounts can hardly exceed 0.5 wt.% if the gold particle sizes are limited
to below 5 nm. According to their UV-vis spectra, a 2 h exposure to such a light
source still leaves large metallic particles on the support. In order to deposit gold
atoms and few atom- gold clusters on the surface, short time (~15 min) irradiation
is necessary. Chan et al. reported that their in- house made titania nanoparticles
could hold 10 wt.% gold as ~1 nm clusters, which was not feasible for
commercial titania [38]. Bringing a more complex pciture, the photodeposition
was done by wet impregnation of AuCl3 on titania particles loaded on a TEM
grid, and trace amounts of ethanol and acid solutions could not be avoided in the
subsequent irradiation process. Therefore, the support properties and liquid
medium are also important for the success of the process.

iii)

The surface enviroment must provide electron-accepting radicals to protect the
gold as the electron transfer site rather than being fully reduced. Although the
work performed by Lahiri et al. [30] and Kydd et al. [34] has demonstrated the
concept of using UV light to re-disperse cationic gold on the titania surface, the
authors admit the limitation of the irreversible aggregation of metallic gold
clusters and the tendency of the titania defect sites to act as trapping sites for gold
particles upon irradiation after long time. Moreover, visible light with much
lower energy (~520 nm) can reduce the gold cations [39] and thus enhance gold
growth into metallic particles at ambient air/aqueous conditions. Gold does not
naturally interact with titania supports as strongly as other noble metals like Pt
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and Rh [40]. For this reason the conventional photodeposition method is generally
more prone to making metallic gold particles, especially if the commercial titania
supports and gold loadings around 1.5 wt.% are used as in the case of the DP
method [34]. The work has tested ethanol, water, and H2O2 as the carrier medium,
and found that ethanol works well in activating the catalysts. Gold can either act
as the electron acceptor or donor during a photocatalysis process. For the Fenton
degradation of phenol with H2O2, gold acts as the temporary electron acceptor to
produce oxidative radicals [41]. When producing hydrogen from ethanol [42] or
even water [39], gold donates the separated electrons to –OH groups or surface
moisture to produce H2. In this work, gold is not deeply reduced under the UV
exposure when ethanol is present, and the slurry remains gray in color during UV
irradiation for as long as 20 min. On the contrary, since O2 is continuously
produced through the gold, the slurry using H2O2 as the carrier medium turns into
dark purple within 5 min, indicating the very quick reduction of gold and metallic
particle growth. The sample obtained in this case has inferior WGS activity to the
Au/TiO2 catalysts made by DP and calcined in air at 673 K for 4 h.
iv)

0.05 wt.% NaCN solution (pH> 12) was used for gold leaching to eventually
remove the weakly bound NPs from the catalysts’ surface. The leached samples
were washed with DI water and dried at RT, and kept under vacuum in the dark.
This work testified that the 0.05 wt.%NaCN concentration is as efficient as a 2
wt.% NaCN solution in removing the weakly bound surface gold species from
titania- based catalysts. Taking the 1.0 wt.% Au/TiO2 (AURO lite TM, supplied by
AuTEK) as benchmark, the 0.05 wt.% NaCN solution removed 88 % of gold,
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similar to the 2 wt.% NaCN solution that removed 90 % of gold. While a 2 wt.%
NaCN solution still removes most of the gold in the UV- activated samples, the
0.05 wt.% NaCN solution allows the more stably bound gold species to remain on
the titania supports. As a check, during calcination, one should follow the
oxidation of all organic species, including CN, by mass spectrometry. In this
work, when calcining the leached sample after washing and drying in 10 ml/min
20 % O2-He up to 673 K, no evidence for CO2, NOx, or HCN by mass
spectrometry has been observed. Also, no residual Na and halides were present
on the surface, as detected by XPS.

3.3	
  Results	
  and	
  discussion	
  
3.3.1	
  Improved	
  WGS	
  catalytic	
  performance	
  
Temperature-programmed surface reaction (TPSR) profiles, with steady-state
holds of 4 h at each target temperature, of selected samples (designations explained in
Table 3-1) are shown in Figure 3-1. The catalytic activity of the UV-treated samples is
significantly enhanced, as seen by comparison of the 4.87AuG5 (DP) and 4.87AuG5_UV
irradiated samples. The reason is that a large fraction of the gold in the UV-irradiated
sample is atomically dispersed and stable, as proven by sodium cyanide leaching which
leaves more than 20% of the gold intact on the surface. The resulting leached sample
(1.16 AuG5_UV_L) has similar activity to the parent. The slightly better activity of the
UV- irradiated sample after leaching is attributed to the removal of gold particles, which
uncovers additional anchored gold atoms from the basal planes of the particles [8].
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Figure 3-1. Low- temperature WGS-TPSR with steady-state holds of 4 h at 373 K and 473 K
(heating rate: 5 K/min, 10 % CO-3 % H2O- He, 30 mL/min; 100 mg sample). Shown is the H2
produced. The consumption of CO and the production of CO2 and H2 fit the stoichiometry of the
WGS reaction.

For the very active 1.16 AuG5_UV_L catalysts developed in this work, good
stability and excellent cool-down/start-up performance was found in the full reformatetype gas mixture (11 % CO- 26 % H2O- 7% CO2- 26 % H2-He, 207 ml/min) conditions
(Figure 3-2). Partial loss of activity due to gold sintering takes place until final
equilibration in the third heating cycle. Remarkably, each re-heat cycle picks up where
the surface activity was at shutdown of the previous cycle. This is very different from
what has been reported in the literature for gold (or Pt-metals) supported on ceria: upon
shutting down in the full gas, cerium (III) hydroxycarbonate is formed which deactivates
the catalyst. Our group has previously reported how small amounts of gaseous oxygen
added in the fuel gas mixture can prevent this deactivation that is due to ceria [11]. Thus,
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titania is superior to ceria in not forming a carbonate and thus not displacing the active
gold species in cyclic shutdown-restart operation.

	
  
Figure 3-2. WGS reaction rate with time-on-stream for 1.16 AuG5_UV_L catalyst, including
shutdown to room temperature and restartperiods (11 % CO- 26 % H2O- 7% CO2- 26 % H2-He,
207 ml/min).

The same synthesis protocol works well for both the G5 and the P25 benchmark
titania materials, and is especially effective for the high surface area pure anatase G5supported samples. TPSR profiles (third cycle) of P25 supported samples are shown in
Figure 3-3. The UV-irradiated 1.22 AuP25_UV sample shows significantly higher
activity than the standard DP sample 1.22 AuP25. Though not as effective as the high
surface area anatase G5 support in stabilizing the active gold species (as shown by the
lower amount of atomically dispersed gold species following cyanide leaching), a portion
of the active sites created by UV treatment turns out to be stably anchored also onto the
P25 surface. For the non-irradiated sample on the P25 support made by the DP method,
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the leaching procedure effectively removed about 90 % of gold from the titania surface,
thus making the catalysts almost inactive below 573 K in this TPSR mode. However,
0.51 and 0.73 wt.% gold was present in the UV- irradiated and further leached samples,
respectively, from the nominal 1 and 5 wt.% gold loaded samples. These two samples
have a significantly lower amount of gold than the DP- made 1.22 AuP25 (DP) sample,
but they clearly have higher activity if the reaction rate is scaled with the gold loading.

	
  
Figure 3-3. WGS- TPSR (10 % CO-3 % H2O- He, 30 ml/min; 100 mg sample) data for the H2
rd

produced. The results are from the 3 TPSR test cycle. Consumption of CO, and the production
of CO2 and H2 match the stoichiometric amounts in the WGS reaction.

For the 20 h-long catalyst stability tests at 473 K on P25 supported samples,
shown in Figure 3-4, the two uncalcined samples were heated at 5 K/ min in the WGS
full reformate gas stream from 373 K. Prior to this 20 h test, I had not subjected this set
of samples to any calcination or other pretreatments, so the catalysts were activated and
stabilized “naturally” under the reaction condition. The reaction rate at 473 K over the
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UV-treated sample is superior to that over the standard sample and retains this advantage
during the 20 h-reaction. In addition, the UV-treated sample does not show an initial
induction period (first 1 h) as the standard DP sample does, which has been reported
earlier [43]. Therefore, the optimized UV irradiation modified both the surface
environment and the chemical state of the gold catalysts to the “activated” state for
initiation of the WGS reaction.

	
  
Figure 3-4. WGS reaction rates measured in full reformate-type gas (11 % CO- 26 % H2O- 7%
CO2- 26 % H2-He, 207 ml/min) at 473 K and low conversion (< 22 %) for 20 h, without any
calcination or pretreatment.

3.3.2	
  Characterizations	
  of	
  the	
  catalytically	
  active	
  gold	
  sites	
  
The CO-TPR profiles shown in Figure 3-5 reveal the effects of the UV irradiation
on the concentration of reducible oxygen and -OH groups present on the surface of the
corresponding samples. The parent 4.87AuG5_UV is similarly active to its leached
derivative, except for a slightly lower total amount of –OH up to 473 K, in agreement
with the steady-state conversion data of Figure 3-1. The oxygen species (-OH) are
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activated by CO at ~350 K, and production of CO2 is accompanied by H2 production. The
ratio of H2/CO2 is 1/2, in accordance with the CO + -OH reaction stoichiometry. The bare
TiO2 does not provide any significant reducible species in the temperature range from
323 to 623 K. Therefore, –OH groups associated with the gold-titania interface through
facile H2O dissociation initiate the WGS reaction at close to ambient temperatures. On
the other hand, the 4.87 AuG5 (DP) sample is considerably less active, as shown by the
activation of its –OH groups at > 400 K.

Figure 3-5. CO-TPR profiles (10 % CO-He, 30 ml/min, 100 mg) for the parent and leached
Au/TiO2 catalysts. The sample was purged with 30 mL/min He at 373 K for 20 min, and was then
cooled down to 323 K in He. Before being heated from 323 to 623 K, the sample was stabilized
in 10 % CO-He for 20 min.

	
  

In cyclic CO-TPR with intermittent surface rehydration at ambient conditions,
similar results were obtained. The first cycle includes reducible dry oxygen adsorbed on
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the surface, which is not replenished by rehydration. Cyclic CO-TPR with intermittent
rehydration shows stability/regenerability of the surface –OH species (Figure 3-6) for the
1.16 AuG5_UV_L sample.

	
  
Figure 3-6. CO-TPR profiles (10 % CO-He, 30 ml/min, 100 mg) for the 1.16 AuG5_UV_L sample.
Rehydration with 3 % H2O-He was used after cooling down in He to RT between consecutive
cycles.

	
  
The increase of surface oxygen species associated with gold on the UV-irradiated
samples is clearly shown in Table 3-2 –integrated amount between 323 and 623 K.
Table 3-2. Total amount of reducible –OH species according to CO-TPR
-1

Samples

-OH Total /µmol gcat (323-623 K)
st

nd

Cycle

rd

1 Cycle

2

1.16 AuG5_UV_L

874

544

497

4.87 AuG5_UV

956

549

474

	
  

a

3 Cycle
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4.87 AuG5 (DP)

410

271

230

TiO2 (G5)

24

27

23

Note: [a] Gas flow rate: 10 % CO-He, 30 ml/min; Temperature: 323-623 K; heating rate: 10 K/ min;
Rehydration with 3 % H2O-He was used when ramping down to RT between consecutive cycles.

For the samples made by the conventional DP method, 1.22 AuP25 (DP) and the
4.87 AuG5 (DP), many discrete gold nanoparticles are present, as shown in Figure 3-7a
& c, and the low WGS reaction rate measured on these catalysts is as expected. With 1.16
wt.% gold, the fresh 1.16 AuG5_UV_L sample contains highly dispersed gold species,
invisible to bright-field TEM imaging. After three cycles in WGS-TPSR up to 623 K,
some gold agglomeration takes place on this sample, as shown in Figure 3-7d. Similarly,
for the P25 supported samples, with a few discrete gold nanoparticles visible as in Figure
3-7 b, the 0.73AuP25_UV20_L sample has lower, but still good WGS activity. This is
due to the lower amount of stable gold atoms that the P25 titania can hold, a result of the
different surface properties of the P25 and the G5 titania samples.
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Figure 3-7. Bright-field TEM images of a) 1.22 AuP25 (DP), b) 0.73AuP25_UV_L, c) 4.87 AuG5
(DP), and d) 1.16 AuG5_UV_L after three cycles of TPSR-WGS reaction testing (10 % CO-3 %
H2O- He, 30 ml/ min) up to 623 K. TEM imaging was performed using a JEOL 2010 at 200 kV.

Atomic-resolution STEM was used to image the Au species in different structures,
since sub-nm scale clusters and atoms cannot be detected by regular TEM. As shown in
Figure 3-8, mostly (80 %) gold atoms (0.2-0.3 nm), and some sub-nm (a few-atom) gold
clusters are present on the as-prepared 1.16 AuG5_UV_L sample.
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Figure 3-8. High and low magnification ac-HAADF/STEM images of fresh 1.16 AuG5_ UV_L. The
circles are drawn around isolated gold atoms, and the squares around few-atom gold clusters.
The size distributions (inset) are based on over 200 gold species counted from the high
magnification (2 nm scale bar) images.

The sub-nm clusters larger than 0.5 nm disappeared rapidly under WGS reaction
conditions in favor of a few larger particles. A concomitant (~ 30%) loss of activity
accompanied the formation of particles of much lower atomic efficiency. The typical
HAADF-STEM images and the gold species size distribution of the used 1.16
AuG5_UV_L catalyst are shown in Figure 3-9.
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Figure 3-9. High and low magnification ac-HAADF/STEM images of the used 1.16 AuG5_ UV_L
after the reaction in TPSR mode to 373 K; held for 4 h. The circles are drawn aroundr isolated
gold atoms, and the squares around few-atom gold clusters. The size distributions (inset) are
based on over 200 gold species counted from the high magnification (2 nm scale bar) images.

After a second cyanide leaching to remove these NPs formed during the reaction,
0.43 wt.% Au remained on this used sample as isolated atoms only (Figure 3-10), and
correspondingly 41 % of the original (fresh sample) activity remained. As shown in
Figure 3-10, the double-leached 1.16 AuG5_UV_L sample after WGS reaction shows
exclusively atomically dispersed gold, and was still active for the WGS reaction.
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Figure 3-10. ac-HAADF/STEM images of the used 1.16 AuG5_ UV_L after a second 0.05 wt.%
NaCN leaching (0.43 wt.% Au remained). The circles are drawn around isolated gold atoms, and
the squares around discrete atoms, potentially from the basal planes of the gold particles
removed by cyanide leaching. Sub-nm clusters or nanoparticles of gold were not detected.

As the counterpart, the 4.87 AuG5 (DP) sample has abundant of Au NPs with the
average size of 5.0±2 nm, and the atomically dispersed gold species are very rare to find
(Figure 3-11). Much as expected, such surface morphology translate into a very limited
amount of active gold sites and low WGS reaction activity.
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Figure 3-11. ac-HAADF/STEM images of the fresh 4.87 AuG5 (DP) sample. The circles are
drawn around isolated gold atoms. No sub-nm clusters were found; the square is drawn around
an array of discrete atoms. Near the large gold nanoparticles (5.0±2 nm) which abound on this
sample, there are very few single atoms. By focusing on a "clean" area of TiO2, between the
nanoparticles, well-bound Au atoms, which stay in place through all the different magnification
images, can be seen.

	
  

For an estimate of the active sites from STEM images, let’s assume that each gold
atom in isolated atoms, monolayer clusters (< 0.5 nm), and interface atoms at the basal
perimeter of a NP [44, 45] is a similarly active site. This number can be further increased
(only slightly) by including the corner atoms of the very few nanoparticles present on the
1.16 AuG5_UV_L catalyst, as done in Ref. [19, 20]. The 0.3-0.4 nm clusters of similar
contrast to monolayers would contain about four atoms, and the bilayer-clusters of ~0.5nm lateral dimension would contain ~10 atoms [46]. The number of atoms in larger NPs
(hemispherical geometry) is estimated by applying the volumetric packing density of Au
(~59 atoms/nm3), where interatomic distance for the bulk gold is 0.288 nm [46].
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The estimated numbers of active atoms in each structure are listed in Table 3-3.
The reaction rate over the used 1.16 AuG5_UV_L sample at steady state hold at 373 K in
the WGS-TPSR mode (10 % CO-3 % H2O- He, 30 mL/min; 100 mg sample; Figure 3-1)
is 71 % of the initial reaction rate. Based on the estimates of the active sites from the
STEM images, the availability of the active sites in the fresh and used samples is about
0.20 and 0.14 atom/nm2 respectively, which correlates well with the decrease of activity
to 71 % of its original value. To further discriminate the effects of sub-nm clusters and
particles compared with isolated atoms, two more samples were analyzed. The used 1.16
AuG5_UV_L sample was washed again with 0.05 wt.% NaCN solution, as shown in
Figure 3-10, upon which all NPs and clusters were removed; and what remained was
only the anchored gold atoms. There is now 0.43 wt.% Au on the surface as isolated
atoms and the activity is 41% of that of the fresh sample containing 1.16 wt.% Au as
isolated atoms. Thus, the activity is directly proportional to the number of the isolated
gold atoms. Conversely, nanoparticles are not needed for activity. As an example, the
4.87 AuG5 (DP) sample has much fewer atomic sites and a lot of nanoparticles (Figure
3-11). The availability of active gold sites is very limited on this sample, regardless of
using perimeter [45, 46] or corner gold atom site [19, 20] models. As shown in Table 3-3,
the corresponding activity of this sample containing 4.87 wt.% Au is only 20 % of that of
the 1.16 AuG5_UV_L sample, the latter of which is containing most of the gold as
isolated atoms.
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Table 3-3. Estimation of the number of active sites (atoms) for each gold structure according to
STEM microscopic studies

It is true that the active gold atoms, which are the minority species from many
conventional gold catalyst preparations, have been unaccounted for in previous reports
since they cannot be easily detected with “averaging” techniques such as XAS and XPS,
especially for samples where the signal from the minority species is weak compared with
that from the dominant gold nanoparticles [46]. Recent DFT calculations by Zhang et al.
[47] confirm that the positive charge of isolated gold atoms on TiO2 would vanish when
the atoms combine into larger clusters or particles. XANES spectra (Figure 3-13) were
collected here in the fluorescence mode with a 13-channel Ge detector at the12-BM APS
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beamline of the Argonne National Lab. The X-ray absorption edge energy for Au LIII
edge was calibrated to 11919 eV. For each data collection point, three consecutive scans
were conducted after the sample had been stabilized in 10 % CO-3 % H2O-He at RT for
30 min. The data processing was done through the Athena software. The overwhelming
metallic nature of gold in 4.87 AuG5 (DP) sample was confirmed. For the very active
fresh 1.16 AuG5_UV_L catalyst, all the gold species were in sub-nm scale and with ~80 %
occurrence of gold clearly as atomically dispersed, so the cationic nature of the active
gold is readily shown in the XANES spectra, by the absorption peak (white line).

	
  
Figure 3-13. Au LIII edge XANES spectra collected at RT in 10 % CO-3 % H2O-He, 5 ml/ min; 10
mg sample. The increase of metallic gold content in comparison with the 1.16 AuG5_UV_L
sample is shown on each spectrum. Linear deconvolution results are shown in Figure 3-14.

XANES spectra were used to follow the change of the gold chemical states during
the sample preparation. In the uncalcined 4.87 AuG5 (DP) sample, a large fraction of
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metallic gold immediately formed when exposed to the 10 % CO- 3 % H2O- He reaction
gas atmosphere. However, for the uncalcined 4.87 AuG5_UV sample that had
experienced the UV treatment, the metallic gold increase was less pronounced. This
corroborates the STEM images that show that atomically dispersed gold species were
formed and remained stable on the UV-irradiated samples.
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Figure 3-14. Linear fitting of the Au LIII edge XANES spectra in 10 % CO- 3 % H2O- He for the
AuG5 samples shown in Figure 3-13.
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A significant amount of both bulk Ti3+ defects (g=1.988) and surface Ti-rich
structures (Ti3+ associated with surface oxygen vacancies, g=1.935) [48] were observed
for the bare titanium oxides supports, as indicated by the peak of the paramagnetic
unpaired electrons in the EPR spectra (Figure 3-15). In the case of 4.87AuG5_DP, the
DP preparation that includes a step of air calcination at 473 K for 2 h diminished the
unpaired d-orbital electrons in Ti3+ that give rise to the EPR signal. However, when gold
was atomically anchored on the titania surface (e.g. in 1.16AuG5_UV_L), there was a
mutual stabilizing effect for the surface Ti3+- rich site. Recent theoretical studies predict
that such atop Au-O-Ti3+ site is energetically favorable [49, 50]. Without a significant
amount of gold (e.g. 1.16 wt.% of gold in 1.16AuG5_UV_L sample) strongly interacting
with the surface Ti3+- rich site through –O linkages, the vacancies of the anatase were
healed in the oxidative atmoosphere as shown for 4.87AuG5_DP. Although the
4.87AuG5_DP sample has four times higher gold content as compared to the UV-treated
sample, the DP technique is far less effective to build the stable Au-O-Ti3+ sites. In the
DP sample, the gold forms NPs that bind weakly to the support surfaces, and the goldtitanium interaction through the –O- linkages is not established. According to the EPR
analysis and the activity data, the WGS-active gold sites are the isolated atoms stably
anchored on the titania sites. Through the –O-Ti3+ linkages, the cationic gold species was
stabilized on the catalysts surface.
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Figure 3-15. EPR spectra of the titanium oxides samples collected at 120 K at ambient
conditions. All samples were stored in vacuum in the dark before testing.

3.3.3	
  Kinetics	
  studies	
  of	
  the	
  atomically	
  dispersed	
  catalytic	
  sites	
  
In a simulated reformate fuel gas mixture, with similar gold loadings and the same
heat treatment, the catalysts evaluated in this work performed significantly better than the
the catalysts recently reported with an abundance of gold nanoparticles (1-3 nm). Table
3-4 summarizes the steady state reaction rates, apparent activation energies, and key
preparation steps for several representative active Au/TiO2 catalysts that we prepared in
this work as detailed above. The activated Au/TiO2 catalysts were more active than
samples made by DP, better than the commercial 1.0 wt.% Au/TiO2 (AURO lite TM,
supplied by AuTEK), and better than other catalysts from the literature [19, 20, 48] with
similar compositions. They are also better than active Au/CeO2 catalysts investigated by
our group in prior work [8, 10] for the low-temperature WGS reactions, which is a result
of the higher amount of gold on the irradiated Au/TiO2 samples. The value of the
activation energy, 46.5 ±3.0 kJ/mol for Au/TiO2 catalysts, is similar to the values
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reported for gold on ceria, iron oxide, or titania supports [8, 10, 12, 19, 51], indicating
that the support oxide itself does not participate directly in the WGS reaction.
Table 3-4. WGS activities of supported Au catalysts
a

Catalyst

Preparation Method

0.51AuP25_UV_
L

1—DP, 1.22 wt.% Au on P25 TiO2;
2—365 nm UV in ethanol for 5 min;
3—0.05 wt% NaCN leaching

0.73AuP25_UV_
L

1—DP, 4.80 wt.% Au on P25 TiO2;
2—365 nm UV in ethanol for 20 min;
3—0.05 wt% NaCN leaching

11.1

43.5

0.48AuG5_L

1—DP, 4.87 wt.% Au on G5 TiO2;
2—0.05 wt% NaCN leaching

6.6

46.7

1.16AuG5_UV_L

1—DP, 4.87 wt.% Au on G5 TiO2;
2—365 nm UV in ethanol for 10 min;
3—0.05 wt% NaCN leaching

13.9

49.4

0.50Au/CL
[10]
NaCN)

(DP,

1—DP, 4.70 wt.% Au 10 at.% Ladoped ceria ;
2—Oxidation at 673 K for 10 h;
3—2 wt% NaCN leaching

5.1

47.8

0.54Au/CG (DP,
[10]
NaCN)

1—DP, 2.40 wt.% Au 10 at.% Cddoped ceria ;
2—Oxidation at 673 K for 10 h;
3—2 wt% NaCN leaching

5.2

45.6

1—CP, 2.45 wt.% Au co-precipitated
with Fe2O3, provided by World Gold
Council;
2—2 wt% NaCN leaching (portion of
unleached gold remained in the bulk)

0.8

49.0

5.4

44.3

0.86Au-Fe2O3

[12]

1.0 Au/TiO2
1.31 Au/Rutile

Commercial AURO lite
[19]

TM

1—DP, 1.31 wt.% Au on rutile;
2—Highest heating temperature 473
K;
3—Reaction rates measured at 393 K
in 6.8 % CO- 21.9 % H2O- 8.5 %
CO2- 37.4 % H2- Ar, 100 to 1300 mg
sample, 75.4 ml/ min
Note: [a] extrapolated value

Reaction Rate at
473 K
-1 -1
(µmol H2 gcat s )
6.3

16.9

a

Ea
-1
(kJ mol )
45.2

55.2

In this work, the steady-state reaction rates were scaled by the amount of residual
gold (after cyanide leaching), and cast in terms of a turnover frequency (TOF) in an
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Arrhenius plot (Figure 3-16). The similarity of the TOFs over catalysts prepared with
different compositions, on different supports, and subjected to very different treatment
methods is noteworthy. Thus, an important analogy of Au/TiO2 to other atomically
dispersed supported gold catalysts is shown here for the first time.

Figure 3-16. TOF plot for the WGS reaction over leached catalysts in a simulated reformate gas
mixture 11 % CO- 26 % H2O- 7% CO2- 26 % H2-He. Data for Au/CeO2 (AuCG and AuCL)
catalysts are from Ref. [10, 14].

	
  

In this work, the surface structure of titania does play an important role in
stabilizing the Au-O(OH)x species. Even with the powders used here, G5 was superior to
P25 and under same activation it produced many more anchoring sites for gold.
However, the difference is only in the number of sites; not in the apparent activation
energy of the reaction that remains the same. The reaction rate would thus be higher, but
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the TOF per gold atom is the same, as we show in Figure 3-16. So, the effect of the
support is indirect; i.e. the titania site does not participate in the reaction mechanism. And
different titania structures do not alter the Au-O- site structure, where the activity
exclusively resides. It is noteworthy that the same conclusions were reached from the
WGS reaction on Au-CeOx and on Au-FeOx catalysts. The Eapp is the same for Au-Ox on
any of these supports, while the number of active Au-O- sites varies widely; for example
on CeO2 {100} or on CeO2 {110} [15]. Therefore, we conclude that the active site is the
Au-O(OH)x-S where –O-S is –O-Ti, -O-Ce, -O-Fe or another support oxide.

3.4	
  Summary	
  
This chapter reports a new method to stabilize appreciable loadings (~ 1 wt%) of
isolated gold atoms on titania and show that these catalyze the low-temperature WGS
reaction. The preparation combined a typical gold deposition-precipitation method with
UV irradiation of the titania support suspended in ethanol. H2O dissociation is facile on
the thus created Au-O-TiOx sites. This is the first demonstration of applying UV
treatment to activate Au/TiO2 for the WGS reaction, with or without subsequent cyanide
leaching. The improved catalyst maintains excellent activity for the WGS reaction, and
shows good stability in long-time cool-down and start-up operation up to 473 K. The
new catalysts were tested for low-temperature SRM reaction up to 623 K, and these
catalysts made by UV-assited preparation on different titanium oxides had significantly
improved CO-free hydrogen generation activity when compared with the conventional
DP samples (Appendix A.1).
At higher gold loadings, nanoparticles are formed that are shown to add no further
activity to the atomically bound gold on titania. Removal of this “excess” gold by sodium
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cyanide leaching leaves the activity intact and the atomically dispersed gold still bound
on titania. The present work provides new evidence that atomically dispersed gold
species with surrounding extra surface -OH groups are the active sites for the WGS
reaction on titania as well as on other aforementioned reducible oxide supports, such as
ceria and iron oxide. This work gives strong evidence that the atomically dispersed gold
with vicinal –OH groups will suffice to serve as the active sites for the low-temperature
WGS reaction, and the effects of support oxides are not significant. Therefore, it will be
exciting to explore the possibility of anchoring appreciable amounts of single-gold-atom
active center on other inert earth-abundant support oxides, in order to further reduce the
cost of the catalysts. Perliminary results (Appendix A.2) show that coating the 4.44 wt.%
Au/TiO2 (P25) DP catalyst with a 4 nm alumina layer through ALD technique will
reatain 0.73 wt.% Au as the similarly stable catalytic sites for WGS after calcination and
cyanide leaching. Fruther simplified route to anchor the precious metal atoms on inert
support surfaces will be explored in the following chapters.
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Chapter	
  4	
  A	
  common	
  single-‐site	
  Pt(II)-‐O(OH)x-‐	
  stabilized	
  by	
  
sodium	
  on	
  “active”	
  and	
  “inert”	
  support	
  oxides	
  catalyzes	
  the	
  WGS	
  
reaction	
  
4.1	
  Introduction	
  
The search for atom-efficient heterogeneous metal catalysts has intensified in
recent years, especially as applied to the expensive PGMs, in the hope that new
industrially relevant, low-cost catalysts will be developed for a variety of applications
that encompass fuel gas processing, hydrogen clean energy generation, and value-added
fine chemicals production [1, 2]. Of particular interest are novel single-site metal and
multi-sites alloy catalysts, which can be stabilized on a variety of supports, as discussed
in several recent reviews [1, 2]. This search has met with success in the case of the lowtemperature WGS reaction, by identifying isolated Au-O- species on ceria [3, 4] and on
titania [5] as the exclusive active sites, where the gold NPs bound weakly to the support
oxides surface can be completely removed by cyanide leaching [3, 4, 5]. These diverse
catalysts are distinguished by a similarly structured gold species with the same intrinsic
activity (TOF) and the same apparent activation energy (45± 5 kJ/mol) for the WGS
reaction, irrespective of the “active” support oxides used [5, 6]. Along a similar concept,
Ir atoms supported on FeOx are active and stable in the WGS reaction up to 300 oC [7].
For platinum catalysts, despite being known for a number of years that isolated Pt-Ox
species on ceria catalyze the WGS reaction [3, 8], it has been difficult to prepare them in
exclusively single-site, without the interference from Pt NPs that include a large number
of spectator atoms [9], especially on supports other than ceria. Using supports like a
zeolite, it has been a daunting task to prepare Pt as single-site isolated Pt-Ox and to retain
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it in this (active) form at higher than the ambient temperature. In an elegant work
reported recently by Kistler et al. [10], the authors prepare 1 wt.% Pt(II)–oxo species
ligated to two Al sites of a KLTL zeolite by ion exchanging the alkali ions with the
Pt(NH3)4(NO3)2 solution at RT without an exposure to air. This single-site cationic
species was active for the CO oxidation reaction up to 150 oC. No such report exists for
Pt-Ox species on zeolites catalyzing the WGS reaction. Due to the capacity of the KLTL
zeolites for ion exchange, using a facile IWI method, the platinum species can be
dispersed as 20-atom clusters [11] and a distribution of 1-13 atoms clusters [12] on the
KLTL zeolite has been reported. Arguably, even if some of the Pt is present in isolated
Pt-O- form bound to alkali ions though –O ligands, it remains unclear how well these
species would catalyze the WGS reaction, and whether they would remain stable under
the reducing atmospheres and elevated temperatures of the reaction, up to 400 oC. To
date, any attempt to activate Pt supported on zeolites for this reaction has failed.
In terms of materials synthesis, this thesis work will demonstrate in this chapter
that Pt-O- species can now be prepared in stable single-site form on titania, zeolites, and
mesoporous silica, if the preparation is conducted with the addition of a sodium
hydroxide precursor. Previous work has shown the importance of adding alkali metal
ions to Pt-catalysts for the WGS reaction on various “active” supports, such as ceria [13],
zirconia [14], titania [15, 16], as well as on “inert” alumina and silica [17], and carbon
nanotubes [18, 19]. Besides the different understadings from mechanism aspect, the
catalyst typically contained a large fraction (> 50 %) of Pt in nanocluster and NP form,
not easy to remove by leaching techniques, and thus not allowing the true TOF (based on
the precise identification of the active sites) and the precise description of active sites for
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the reaction to be determined. The apparent activation energies of the reaction on all these
Pt catalysts were similar, namely 70± 5 kJ/mol, indicating a similarly structured Pt active
site irrespective of the support [17].
Another fundamental question that must be addressed and finally resolved for
alkali-containing Pt catalysts on all supports, including the “active” ones like titania, is
whether the alkali metals modify the titania to create more Pt-oxygen vacancy-Ti3+ sites
[15], or the electron deficient platinum is stabilized by the nearby Na-Ox- moieties [16],
or the alkali ions are acting as the additional promoters to modify the WGS reaction
through the formate decomposition route [13, 14]. No direct experimental evidence was
provided by either side to distinguish the Pt active center from the abundant Pt NPs on
the titania surface. Interestingly, the work of Pazmiño et al. [20] shows that a similarly
active platinum in an unspecified structure was formed on Al2O3 or TiO2 supports upon
Na (using NaNO3 precursor) addition (Na:Pt atomic ratio ranging from 7 to 90).
Divergent Pt dispersions from 6 to 70 % in these unoptimized samples with spectator Pt
structures present may distort the characterization data significantly, so a definitive
answer to these questions was not possible. The work of Zhai et al. [17], with a
combination of experiment and theory, has shown that atomically dispersed PtOx(OH)yNa species are formed, and they stabilize both the Pt atom as well as the NaOx
species under WGS reaction conditions and against washing away in aqueous solutions.
Since all the previously prepared Pt catalysts contained both active and inactive
Pt structures, here I set out to prepare exclusively single-site Pt-O- species with addition
of alkali ions on zeolite and titania supports. This work also included mesoporous silica
as a support in order to generalize our findings irrespective of the support porosity. Thus,
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a high surface area anatase (TiO2), a microporous K type L-zeolite (KLTL), and
mesoporous silica MCM-41 ([Si]MCM41) were the different supports used in this work.

4.2	
  Materials	
  and	
  methods	
  
In this work, anatase titanium dioxide (TiO2), KLTL-zeolites (KLTL) with onedimensional 12-membered ring pores, as well as mesoporous MCM-41 silicon dioxide
([Si]MCM41) were investigated as so-called “active”, “less active” and “inert” supports
of platinum for the WGS reaction. The platinum loading, sodium hydroxide
impregnation, and 400 oC calcination in air did not change the overall texture and crystal
structure of the anatase, zeolite and the silica-based support materials. The key
preparation procedures and physical properties of the Na-free and Na-containing Pt
catalysts are summarized in Table 4-1 for these three types of supports, and more details
are given in the section that follows.
Table 4-1. Important physical properties of the samples after preparation conditions
a

Sample

Conditions

Support structure

TiO2

Anatase (Millennium, G5)
stored in dark vacuum (80 °C)

0.5Pt-TiO2

0.5 wt.% Pt loaded on TiO2 by
IWI of [Pt(NH3)4](NO3)2. Air
o
calcination at 400 C for 4 h

0.5Pt-Na-TiO2

0.5 wt.% Pt and Na loaded on
TiO2 by co-IWI of
Pt(NH3)4(NO3)2 and NaOH
(Pt:Na= 1:10). Air calcination at
o
400 C for 4 h
KLTL-Zeolite (TOSOH,
500KOA) stored in dark
vacuum (80 °C)

--Anatase titanium dioxide
--Adsorption isotherms type
IV
--Anatase titanium dioxide
--Particle size ~13 nm
--Adsorption isotherms type
IV
--Anatase titanium dioxide
--Particle size ~13 nm
--Adsorption isotherms type
IV

KLTL

0.5Pt-KLTL

	
  

0.5 wt.% Pt loaded on KLTL by
IWI of Pt(NH3)4(NO3)2. Air
o
calcination at 400 C for 4 h

--KLTL Zeolite (Linde type L
framework)
--Adsorption isotherms type
I+II
--KLTL Zeolite (Linde type L
framework)
--Particle size ~223 nm
--Adsorption isotherms type
I+II

BET
Surface
Area
2
(m /g)
270

Average Pt NPs
b
Size
(nm)

219

1.6

210

--No NP
detected;
--Isolated atoms
dominated

282

--

170

3.5

--

94	
  

0.5Pt-Na-KLTL

0.5 wt.% Pt loaded on KLTL by
--KLTL Zeolite (Linde type L
173
--No NP
IWI of Pt(NH3)4(NO3)2, followed framework)
detected;
by adding NaOH (Pt:Na= 1:10)
--Particle size ~221 nm
--Isolated atoms
by SSI. Air calcination at 400
--Adsorption isotherms type
dominated
o
C for 4 h
I+II
[Si]MCM41
As-received [Si]MCM41 (home- --Hexagonal SiO2 framework
1060
-made) stored in dark dry
--Adsorption isotherms type II
vacuum (80 °C)
0.5Pt0.5 wt.% Pt loaded on
--Hexagonal SiO2 framework
825
3.9
[Si]MCM41
[Si]MCM41 by IWI of
--Particle size ~45 nm
Pt(NH3)4(NO3)2. Air calcination
--Adsorption isotherms type II
o
at 400 C for 4 h
0.5Pt-Na0.5 wt.% Pt loaded on
--Hexagonal SiO2 framework
870
--No NP
[Si]MCM41
[Si]MCM41 by IWI of
--Particle size ~43 nm
detected;
Pt(NH3)4(NO3)2, followed by
--Adsorption isotherms type II
--Isolated atoms
adding NaOH (Pt:Na= 1:10) by
dominated
o
SSI. Air calcination at 400 C
for 4 h
Note: DP--Deposition Precipitation; IWI--Incipient Wetness Impregnation; SSI--Solid State Impregnation. [a]
The crystal structures were determined by XRD, and the isotherms were obtained on a Quantachrome
AutoSorb iQ instrument. [b] The average Pt NPs size is determined by HRTEM. When Pt NPs are
undetectable by HRTEM (< 1nm), HAADF-STEM and EXAFS were conducted to estimate the size of the Pt
nanoclusters and to detect atoms.

	
  Previously published DFT calculations and experimental findings show a mutual

stabilization of Pt– and K–O– at a K:Pt atomic ratio of 6, and experimental data for Na
ions addition on platinum on alumina and open silica supports show an activity boost for
Na:Pt atomic ratio up to 15 [17]. These findings guided us to determine the optimal Na:Pt
atomic ratio of 10:1 in this work in order to build almost exclusively atomic Pt sites on
various support oxides. To establish the Pt–Na interaction by –O–Na linkages, it is
crucial to have the sodium oxide species bridge easily to the Pt atomic center during the
catalyst preparation. Preliminary data by Zugic [21] showed that NaOH was a better
precursor than NaNO3 to prepare and stabilize Pt atom-centered active sites for the WGS
reaction on multiwalled carbon nanotubes. In a recent report of alkali-containing Pt
catalysts, poisoning effects from the residual Cl- (by using the H2PtCl6 precursor) and
NO3- even after 400 oC, 4 h air calcination were shown [16]. Chen et al. [22] prepared
Na-containing Pt-MnO2 catalysts for formaldehyde oxidation reaction, and they found
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Na2CO3 as a more effective sodium precursor than NaNO3 due to the ease of its thermal
decomposition to form the Pt–O-Na(OH)x clusters necessary for catalyzing this reaction
at ambient temperatures [23]. Pearson’s Hard Soft (Lewis) Acid Base (HSAB) principle
[24, 25] predicts this theoretically by defining the Pt as the soft acid which
thermodynamically prefers binding to ligands having higher degrees of softness, as O2->
Cl-> OH-> CO32-> NO3-. Therefore, NaOH has been adopted as the sodium oxide
precursor in this work.
The TiO2 (100 % Anatase, G5, Millennium) support was used after air calcination
at 400 oC for 10 h. The sodium-containing 0.5Pt-Na-TiO2 sample was prepared by coIWI of tetraammineplatinum (II) nitrate and sodium hydroxide. The designed loading for
Pt was 0.5 wt.%, and the Pt:Na atomic ratio was 1:10. The impregnated powders were
dried in dark vacuum at RT overnight, and then transferred to the furnace to calcine in
static air at 400 oC for 4 h (heating rate 1 oC/min) to obtain what we denote as “fresh”
catalysts. The Na-free catalyst 0.5Pt-TiO2 was prepared by IWI using the same
parameters but without adding any NaOH. To show that the additional sodium species
would directly interact with Pt on TiO2 surface, a Pt-free sample with the same sodium
loading was prepared by IWI of NaOH onto TiO2. The drying and calcination conditions
were the same for all the titania-supported samples. The samples were stored in the dark
under dry vacuum at RT before any treatments and tests. The XRD patterns of the Nafree and Na-containing Pt catalysts are shown in Figure 4-1. Anatase was the only
detected phase for both samples. Materials texture data summarized in Table 4-1 shows
that the effect of base treatment was minimal on the overall structure of the TiO2
supports.
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Figure 4-1. XRD patterns of the titania-supported catalysts. Anatase titanium dioxide (PDF: 711167) is the detected phase best matching the diffraction peaks.

	
  

The KLTL-zeolite (KLTL, TOSOH, 500KOA, 0.25 wt.% Na2O and 16.8 wt.%
K2O) was used after calcination in air at 400 °C for 10 h. To avoid the dissolution of the
silica framework of the zeolites by the strong base in solution, the sodium hydroxide was
introduced through solid-state impregnation (SSI) under N2 protection. The sodiumcontaining 0.5Pt-Na-KLTL sample was prepared by firstly loading the 0.5 wt.% Pt
prepared by IWI using the tetraammineplatinum (II) nitrate as the precursor. This powder
was dried in dark vacuum at RT overnight. The dried powder was then ground together
with a designed amount of NaOH (Pt:Na= 1:10) at RT for 30 min. The obtained mixture
was dried in dark vacuum at RT overnight, and was then calcined at 400 oC for 4 h
(heating rate 1 oC/min) in air to make the fresh catalyst. The Na-free sample 0.5Pt-KLTL
was prepared using the same parameters of the IWI method without adding any NaOH by
SSI afterwards. To check the Pt–Na interaction, a Pt-free sample with same amount of
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sodium loading was prepared by SSI of NaOH onto KLTL. The drying and calcination
conditions are the same for all the KLTL supported samples. The samples were stored in
the dark under dry vacuum at RT before any treatments and tests. The XRD patterns of
the Na-free and Na-containing Pt catalysts are shown in Figure 4-2. Linde type L
framework was the only detected phase by XRD for both samples. Materials texture data
summarized in Table 4-1 shows that the effect of base treatment was minimal to change
the overall structure of the KLTL.

	
  
Figure 4-2. XRD patterns of the KLTL zeolite- supported catalysts. Zeolite L (PDF: 39-0249) is
the detected phase 100 % matching the diffraction peaks.

For the pure silica-based mesoporous MCM-41 materials ([Si]MCM41, daverage=
3.44 nm) the detailed synthesis route has been described elsewhere [26]. This
[Si]MCM41 material was supplied by Dr. Jun Huang from the University of Sydney.
Hexadecyltrimethylammoniumchloride solution (CTACl, purum, ~25 % in H2O) was
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mixed with an ammonium hydroxide solution and tetraethylorthosilicate (TEOS > 98 %)
in a volume ratio of 1:1:1 in demineralized water (500 mL) and stirred at RT to form a
white gel. The obtained gels were completely mixed under vigorous stirring for 1 h. The
resulting solids were collected by filtration, washed with distilled water, and then heated
in an oven at 80 °C. Finally, the obtained [Si]MCM41 materials were calcined at 550 °C
with a heating rate of 1 °C/min in static air for 6 h. The sodium-containing 0.5Pt-Na[Si]MCM41 sample was prepared by firstly loading the 0.5 wt.% Pt by IWI using the
tetraammineplatinum(II) nitrate as the precursor. This powder was dried in dark vacuum
at RT overnight. The dried powder was then ground together with a designed amount of
NaOH (Pt:Na= 1:10) at RT for 30 min. The obtained mixture was dried in dark vacuum
at RT overnight, and was then calcined at 400 oC for 4 h (heating rate 1 oC/min) in air to
make the fresh catalyst. The Na-free sample 0.5Pt-[Si]MCM41 was prepared by IWI
using the same parameters without adding any NaOH by SSI afterwards. To check the
Pt–Na interaction, a Pt-free sample with same amount of sodium loading was prepared by
SSI of NaOH onto KLTL. The drying and calcination conditions were the same for all the
KLTL zeolite-supported samples. The samples were stored in the dark under dry vacuum
at RT before any treatments and testing. The XRD patterns of the Na-free and Nacontaining Pt catalysts are shown in Figure 4-3. The strong (100) reflections at low
angles, as well as the weak (110), (200), and (210) reflections at 4.1, 4.7, and 6.4o are the
result of the long-range order of the hexagonal MCM-41 framework. The introduction of
NaOH causes slight disturbance of the long-range order as indicated by the broadening
and disappearance of the weak diffraction peaks, but sodium silicate crystals were not
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detected. Materials texture data summarized in Table 4-1 shows that the effect of base
treatment (by SSI) on the overall structure of the [Si]MCM41 material is negligible.

	
  
Figure 4-3. XRD patterns recorded in the small angle region for the [Si]MCM41 supported
catalysts.

The sample BET surface area and porosity were measured by multiple-point N2
adsorption and desorption cycles in a Quantachrome AutoSorb iQ instrument. A typical
physisorption analysis started with degassing the sample in vacuum at 200 °C overnight.
A typical helium void volume method was used. XRD analysis was performed on a
Rigaku RU300 Cu-source powder diffractometer. Cu Kα radiation was used with a power
setting of 50 kV and 250 mA. A scan rate of 2°/min with a 0.02° step size was used.
High-resolution transmission electron microscopy (HRTEM) was conducted on a
JEOL 2010 electron microscope, operated at 200 kV. Aberration-corrected high-angle
annular dark-field (HAADF) images for the Pt catalysts were obtained at the Advanced
Microscopy Laboratory at Oak Ridge National Laboratory, using a JEOL 2200FS
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instrument equipped with a hexapole corrector (CEOS GmbH, Heidelberg, Germany) on
the illuminating lenses, for scanning transmission (STEM) imaging. The corrector
permits imaging in HAADF mode at a nominal resolution of 0.07 nm, with a collection
semi-angle of 26.5 mr and a beam current of ~30 pA. Images to easily reveal single
platinum atoms were typically recorded at 10Mx direct magnification, at 512×512 px
with a 32 or 64 microsecond dwell time, to give 8.5 or 17 sec scan times. Because the
nanoparticles and sub-nm species have almost equal chance to be imaged on the thin and
flat support surfaces, the platinum species (> 150 total counts) near the edge of the
samples in different regions were counted and analyzed.
Kinetics measurements were conducted in a packed-bed flow microreactor,
keeping the CO conversion below 15 %. The samples were first heated in He from RT to
100 °C, then the gas was switched to a reformate-type fuel gas (11 % CO- 26 % H2O- 7%
CO2- 26 % H2-He, flow rate 207 ml/min. 100-500 mg sample was used to change the
contact time such that the conversion remained <15%). Testing began at the highest
temperature and lasted for 4 h before cooling down to other temperatures to avoid
deactivation during the kinetic measurements. The feed and product gas streams were
analyzed using an HP-6890 GC equipped with a TCD detector. The kinetics
measurement error was <10 %. The product-free WGS experiments were run in a
Micromeritics AutoChem II 2920 instrument equipped with a mass spectrometer. The
catalysts were stabilized in a 10 % CO- 3 % H2O- He gas mixture for 30 min at 50 oC
before being heated at 5 oC/min (100 mg sample, 30 ml/min). CO-TPR tests were run in a
Micromeritics AutoChem II 2920 instrument equipped with a mass spectrometer. For
each experiment, the sample was purged in He at 5 °C/min up to 350 °C to remove any
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physically adsorbed CO2 and H2O, and was then cooled down to 50 °C in He. The
sample was stabilized in 10 % CO-He for 20 min, and rehydrated with 3 % H2O-He for
1h when ramping down to RT between consecutive cycles. The sample did not contact air
at any temperature during the cyclic tests.
X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific
Al Kα-XPS. The C1s peak was calibrated at 284.8 eV. The XAS spectra were collected
in the fluorescence mode with a 13-channel Ge detector at the12-BM APS beamline at
Argonne National Laboratory. The X-ray absorption edge energy for Pt LIII 2p3/2 edge
was calibrated to 11564 eV by Pt foil. For each data collection point, five consecutive
scans (each lasting ~ 30 min) were acquired after the sample had been stabilized in 10 %
CO-3 % H2O-He at reaction temperatures for 2 h (10 mg sample, 15 ml/min) to reach a
steady state as indicated by a mass spectrometer connected to the gas outlet. The
reference spectra of Pt(IV), Pt(II), and Pt(0) (i.e. PtO2, Pt(NH3)4(NO3)2, and Pt foil) were
collected at RT in static air. The Feff models of Pt foil, PtO2 film, PtO film, Na2Pt(OH)6,
PtTi3, PtAl2, and PtSi3, were used to fit the 1st shell Pt–Pt, Pt–O, Pt–Na, Pt–Ti, Pt–Al, and
Pt–Si coordination in the EXAFS data.

4.3	
  Results	
  and	
  discussion	
  
4.3.1	
  Effects	
  of	
  sodium	
  for	
  platinum	
  dispersion	
  
In brief, while the Na-free Pt catalysts have an abundance of Pt NPs on the all
three supports, their Na-containing counterparts are free of Pt NPs. Pt NPs were formed
on the Na-free samples, as found by regular HRTEM. As shown in Figures 4-4 to 4-6, at
the same 0.5 wt.% Pt loading, an increasing chance of finding Pt NPs on the “inert”
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[Si]MCM41 rather than the “active” support TiO2 was confirmed. This is a result of the
intrinsic properties of the support oxides, such as higher reducibility and lower surface
free energies which drive “active” supports like TiO2 to show noticeable metal-support
interaction than Al2O3 or SiO2 resulting in a higher dispersion of the platinum [27, 28].

	
  
Figure 4-4. Typical HRTEM images of the Na-free 0.5Pt-TiO2 catalyst. Pt NPs are shown in the
image as darker particles. Scale bars are on the RHS bottom corner.
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Of course, the cationic exchangeable sites on zeolites provide another possibility
to stabilize metal atoms on a support surface. Recently, Gates and co-workers showed
this by carefully exchanging about 33.6 wt.% of K ions in a fully K-ion exchanged KLTL
zeolite like the one we used here [10]. About 1 wt.% Pt ion exchanged as single-site
Pt(II)-oxo species was found to be stable for the CO oxidation reaction up to 150 oC. In
this chapter, working under IWI conditions, we did not ion exchange the K-ions by Pt(II)
in the zeolite. As a result, as shown in Figure 4-5, ~40 % counts of Pt species are for
small NPs in the 1-2 nm size.
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Figure 4-5. Typical HRTEM images of the 0.5Pt-KLTL catalyst. Pt NPs are shown in the image
as darker particles. Scale bars are on the RHS bottom corner.

The Pt NPs on the [Si]MCM41 surface are even more aggregated, occasionally
forming bulky Pt particles with a diameter larger than 20 nm, as shown in Figure 4-6.
The intrinsic high surface area and high pore volume of this silica mesoporous material
alone do not show any advantages in dispersing and retaining the Pt as atoms as expected
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from the inertness of silica in regard to metal-support interaction through surface –Ospecies.

Figure 4-6. Typical HRTEM images of the 0.5Pt-[Si]MCM41 catalyst. Pt NPs are shown in the
image as darker particles. Scale bars are on the RHS bottom corner.

The average Pt NP sizes for 0.5Pt-TiO2, 0.5Pt-KLTL, and 0.5Pt-[Si]MCM41 are
1.9, 3.5, and 3.9 nm respectively, and the size distributions of the Pt NPs are summarized
in Figure 4-7. The measured size distribution of the Pt NPs is only useful as a trend to
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indicate the different ability of the three support oxides to disperse the Pt on their
surfaces. Of course, there may still be a number of Pt species on these Na-free supports of
sub-nm scale, which are not easily detected by bright-field HRTEM. Also, atomic species
are invisible by HRTEM. It should be noted that with a few very big particles in the 20100 nm range, the total amount of small Pt species would be greatly limited due to the
much bigger volume weight of Pt NPs at the same Pt loading. Figure 4-7 is based on
particle counting, not the estimated volume ratio. Finally, it is expected that the Ptsupport interaction in the case of Pt-[Si]MCM41 is quite different from Pt-KLTL. The
latter may provide more stabilization sites (in the vicinity of K ions) to allow the right
configuration of atomic Pt–Ox with nearby –OH species to catalyze the WGS reaction.

Figure 4-7. Pt NP size distribution for the Na-free Pt-catalysts on different support oxides. The
average Pt particle size is shown on the figure.

The above picture changes totally upon addition of sodium in each of these
samples, as shown in Figure 1. With sodium addition, the support effects are no longer
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present differently as in the sodium-free samples. Platinum was atomically dispersed and
stable after calcination in air at 400 oC on all the supports, while Pt NPs were totally
absent. While contrast from single Pt atoms was high versus the support materials, so
that Pt atom images could be relatively easily recorded, the presence and distribution of
Na could not be captured in the HAADF images. The contrast of the atomic species in
HAADF-STEM is approximately in proportion to the square of the atomic numbers for
various elements, and the sodium atoms are indeed too “light” relative to the average
atomic numbers of the various supports to be shown in these materials. As shown in
Figure 4-8 to 4-10, more than 80 % of Pt is present as isolated atoms on all three
supports. No nanoclusters of Pt were observed. The few Pt species in the sub-nm scale do
not show any organized planes; they are actually isolated atoms sitting on the support
close to each other, but without Pt-Pt bonding, as will be discussed below from the XAS
data analysis.
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Figure 4-8. Aberration-corrected HAADF/STEM images of the 0.5Pt-Na-TiO2 sample. The circles
are drawn around isolated platinum atoms. The size distribution (inset) is based on over 150
observed platinum species counted from the high-magnification images (recorded at 8-10M×
original magnification).
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Figure 4-9. Aberration-corrected HAADF/STEM images of the 0.5Pt-Na-KLTL sample. The
circles are drawn around isolated platinum atoms. The size distribution (inset) is based on over
150 observed platinum species counted from the high-magnification images (recorded at 8-10M×
original magnification).
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Figure 4-10. Aberration-corrected HAADF/STEM images of the 0.5Pt-Na-[Si]MCM41 sample.
The circles are drawn around isolated platinum atoms. The size distribution (inset) is based on
over 150 observed platinum species counted from the high-magnification images (recorded at 810M× original magnification).

Summarizing the microscopic studies, the isolated Pt atoms are stable on all
supports and under the electron beam in the Na-containing samples, but not otherwise.
The single-state of the atomic Pt active species is due to their interaction (ligation) and
stabilization by the -O-Na, not necessarily the support surface.

4.3.2	
  Effects	
  of	
  sodium	
  for	
  the	
  platinum	
  catalysts’	
  WGS	
  activity	
  
In the Na-free samples, Pt NPs abound (Figure 4-5 to 4-6), and low WGS activity
results, as shown in Figure 4-11. The WGS reaction rate for the Na-containing catalysts
with the same 0.5 wt.% Pt loading was the same for all three supports, and the rate data
merged onto one line in the Arrhenius-type plot shown in Figure 4-11. Noteworthy is the
invariance of the apparent activation energy, Ea ~78 kJ/mol, of the reaction on all the
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supported Pt catalysts, with or without sodium addition. This finding is similar to what
was reported before for Pt on other supports [3, 17, 19], clearly pointing to a similarly
structured Pt-O- site surrounded by Ti- ions, or in the case of inert surfaces, by alkali ions
that can stabilize the active Pt center through –O- bonds. The big jump in activity when
sodium was present (Figure 4-11) must then be due to a higher number of such active PtO- sites.

Figure 4-11. WGS reactivity of Pt catalysts on various supports. Arrhenius-type plot of reaction
rates of the Na-free and Na-containing samples in a simulated reformate-gas mixture (11 % CO26 % H2O- 7% CO2- 26 % H2-He).

The deactivation of the Na-containing catalysts is very limited in the reformategas mixture reaction condition, and in the long-time tests in product-free gas mixture
using excess CO (10% CO- 3% H2O- He) as shown in Figure 4-12. The Na-containing
Pt-catalysts were stable and gave similar CO conversions (50-60 %) during cyclic 10 h-
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tests at 275 oC with shutdown at RT (Figure 4-12). The used catalysts retain their initial
Pt-Ox-Na structure (To be discussed in the next section).

Figure 4-12. WGS reactivity of Pt catalysts on various supports. Stability test in two cycles of 10
o

h-each reaction at 275 C in a product-free gas mixture (10 % CO- 3 % H2O-He; shutdown to RT
in 3 % H2O-He).

A closer look at the reaction profiles in Figure 2b tells that the 0.5Pt-Na[Si]MCM41 is the least stable among these three improved catalysts. I therefore further
treated this 0.5Pt-Na-[Si]MCM41 sample under more severe reaction conditions (Figure
4-13a), and found that the isolated Pt atoms were still the major dispersed species on this
“inert” support after the Na-addition (Figure 4-13b-d). Indeed, atomically dispersed Pt
was still the dominant species even for the slightly less stable 0.5Pt-Na-[Si]MCM41
catalyst after use at 300-400 oC for 6 h.
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Figure 4-13. Abundant single atom Pt species in 0.5Pt-Na-[Si]MCM41 sample are stable after
severe reaction tests. (a) Conversion profiles under high-temperatures and reducing reaction
atmosphere (10 % CO- 3 % H2O-He, 2 h for each temperature hold). (b) Size distribution of Pt
species after the severe reaction. (c) and (d) HAADF-STEM images of the 0.5Pt-Na-[Si]MCM41
sample after the severe reaction applied in (a).

CO-TPR tests were conducted to titrate the WGS-active and regenerable
hydroxyls on the surface (Figure 4-14). The bare supports do not have any reactive
oxygen species for either CO2 or H2 production within the temperature range we
investigated. The significant increase of CO2 and H2 signals for the Na-containing
samples as compared with their Na-free counterparts indicates that the extra –OH species
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are on the sodium ions that stabilize the Pt atom site. The ratios of the integrated H2 and
CO2 profiles from 50 to 300 oC for all the samples investigated here are close to 1:2, and
thus correspond to the stoichiometric reduction –OH by CO molecules to produce CO2
and H2 simultaneously. The light-off temperature for H2 matches well with the reaction
onset below 150 oC under product-free conditions (10 % CO- 3 % H2O- He, 30 ml/min,
100 mg sample, 5 oC/min) as shown in Figure 4-12 and Figure 4-13a. Interestingly, for
the same loading of sodium and platinum on all three support oxides, the increase in
activity is ordered as [Si]MCM41> KLTL > TiO2, with the total amount of –OH after the
sodium addition reaching a similar level for all three catalysts (Figure 4-14). These
findings indicate that the –OH vicinal to the atomic Pt centers initiate the lowtemperature WGS reaction.

rd

Figure 4-14. The 3 consecutive cycle of CO-TPR profiles (10 % CO-He, 30 ml/min, 100 mg, 5
°C/min) to titrate the surface –OH species for the (a) Na-free and (b) Na-containing (right) Pt
catalysts.

More importantly, when the steady-state reaction rates measured in the kinetics
control regime are plotted as a function of the integrated amount of regenerable –OH
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below 300 oC, a linear relationship is found (Figure 4-15). As a result, the TOF of the
reaction (per –OH) is invariant to the type of support used. A direct interaction between
Pt–O- and -Na and the formation of a Pt-centric Pt–O(OH)x–Na ensemble is again the
plausible explanation. The Na-addition dramatically increased the amount of these
hydroxyls regardless of support type, and correspondingly the overall WGS activity of
the catalyst within the same temperature window (from <150 to 300 oC). This provides a
quick-and-easy method to rank order catalysts on the basis of their low-temperature
surface -OH concentrations. Hence the active center is, more precisely, a Pt-O(OH)xspecies, with the –OH vicinal to the Pt atom made available either by an “active” metal
oxide, like ceria or titania, or by sodium oxide, when the support is “inert”; i.e. it cannot
supply the active –OH species.

Figure 4-15. Linear relationship between the WGS reaction rates (reformate-gas condition, 300
o

C) and the amount of the surface –OH species associated with the Pt (based on CO-TPR 50o

300 C).

	
  

118	
  

Of course, the TOF of the reaction can be determined by proper counting of the
single-Pt atoms on various supports, a more difficult undertaking, but possible for well
prepared atomic-scale catalysts. This concept is corroborated by Figure 4-16, in the same
fashion as I carried out in Chapter 3, where the TOF was calculated through dividing the
reaction rates of the Na-containing Pt catalysts by the amount of Pt atoms. The TOF over
each of these atomic Pt catalysts is similar, independent of the support type and their
preparation conditions. Therefore, this work concludes that the “support effect” in the
WGS reaction catalyzed by Pt is indirect.

Figure 4-16. WGS reactivity of Pt catalysts on various supports in a simulated reformate-gas
mixture (11 % CO- 26 % H2O- 7% CO2- 26 % H2-He). TOF plot of the WGS reaction rates over
the Na-containing catalysts on various supports (1.0Pt-Na-SiO2 and 1.0Pt-Na-CNT are from Ref.
19).

4.3.3	
  Characterizations	
  of	
  the	
  platinum	
  catalytic	
  sites	
  stabilized	
  by	
  sodium	
  
XPS and XAS experiments were conducted to characterize the chemical valence
and coordination structure of the isolated active Pt center with no interference from the
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spectator species (i.e. in the absence of Pt NPs that account for many atoms). XPS Pt4f
results for the fresh and used Na-containing catalysts are shown in Figure 4-17a. The
KLTL supported sample has the Pt4f peaks overlapped with the Al2p peaks, and the Pt4d
peaks are not sensitive enough to differentiate between Pt(II) and Pt(0), so those data are
not included. Clearly, the cationic Pt is the major species in both catalysts before and
after reaction. This research also noticed that the shift of Pt(IV) to Pt(II) after the productfree reaction up to the higher temperature of 400 oC, with little contribution from Pt(0)
metallic particles in the case of used 0.5Pt-Na-[Si]MCM41 (Figure 4-13). This finding
might be argued as an auto-reduction of cationic Pt all the way to metallic Pt during the
reaction, or the re-exposure to air during the ex situ XPS may cause Pt reoxidation.
Therefore, in situ XAS experiments were conducted at RT and up to 275 oC, where stable
and similar activity was found for all three Na-containing samples (Figure 4-12). The
near-edge shape of the in situ XANES spectra shown in Figure 4-17b again confirms the
cationic nature of the Na–O–stabilized Pt species.
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Figure 4-17. Characterization of Pt catalytic centers. (a) Pt4f XPS results of the fresh and used
o

catalysts (10 % CO-3 % H2O-He, 400 C, 1h). (b) in situ XANES and EXAFS fitting results of the
o

working catalysts (10 % CO-3 % H2O-He, 275 C, steady-state, bold lines); XANES in thin line:
RT spectra in reaction gas stream.

	
  

This work has collected the spectra of Pt foil, Pt(NH3)4(NO3)2, and PtO2 to use as
the standards of Pt(0), Pt(II), and Pt(IV). These data were used to get an estimate of
contributions from different chemical valences of Pt in the Na-containing catalysts.
Linear combination results for the near edge region are shown in Figure 4-18. In
accordance with the Pt4f XPS results in Figure 4-17a, all three fresh Na-containing
catalysts show the dominant Pt(IV) species. However, the Pt(IV) species start
transforming quickly to Pt(II) once the WGS reaction begins during the temperature
ramping, and the linear fitting results for the stable working catalysts at 275 oC show that
the Pt(II) becomes the dominant oxidation state of Pt in all the samples. This Pt(II)
dominance does not change as long as the active centers are stable under the reaction.
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Even after 400 oC reaction (Figure 4-17a), > 80 % counts of Pt(II) species could still be
made from the atomically dispersed platinum, with only a few (< 5%) metallic Pt NPs
interference for the slightly less stable 0.5Pt-Na-[Si]MCM41 catalyst. (Figure 4-17a and
Figure 4-13). Therefore, it is concluded that the Pt(II) is the stable active state for the
platinum catalytic center in the WGS reaction.

Figure 4-18. Linear combination results of the sodium-containing Pt catalysts from in situ XANES
(10 % CO- 3 % H2O- He). The as-prepared catalysts refer to the RT scans of the fresh sample
o

under reaction flow, and the working catalysts refer to the scans at 275 C where stable WGS
activity was observed.

EXAFS fittings of the in situ XAS data have been conducted to investigate the 1st
shell coordination structures of the Pt atoms on the Na-containing catalysts. The fitting
data and curves are shown in Table 4-2 and Figure 4-19 respectively. The most obvious
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conclusion is the absence of Pt–Pt bond contribution, indicating the absence of metallic
Pt clusters and NPs in all the Na-containing samples in both the fresh and working
conditions, which is in agreement with the HAADF-STEM, XPS and the in situ XANES
findings. Miller et al. [29] estimated that 100 % dispersion would be reached on Pt-SiO2
and Pt-Al2O3 catalysts if the Pt–Pt coordination numbers were below 4. And a Pt-dimer
will give a Pt–Pt coordination number as 1. Moreover, at 275 oC reducing reaction
condition, the largest Pt–Pt coordination number (from 0.5Pt-Na-TiO2) is only 0.38; this
further excludes any significant weighted contributions from sub-nm Pt clusters which
will give a Pt–Pt coordination number in the range of 1-4 from each of the atoms within
that cluster.
Therefore, this work concludes the presence of isolated atoms of platinum, which
are the exclusive active sites for the WGS reaction. The ~55 % decrease of Pt–O
coordination number from RT to 275 oC during reaction for all the samples matches the
shift of Pt(IV) to Pt(II) confirmed by XPS (Figure 4-17a) and by in situ XANES (Figure
4-17b and Figure 4-18). Of course, the bulk PtO2 and PtO crystal structures
corresponding to the Pt(IV) and Pt(II) that we used for the EXAFS fittings give the 1st
shell Pt–O coordination numbers of 6 and 4 respectively, that are larger than the values of
~4 and ~2 as observed in this work. This actually indicates that the atomically dispersed
platinum active centers on the catalyst surfaces are anchored differently with the –O–Na
linkages, i.e. they are not bulk species. An important analogy was recently made by
Peterson et al. [30] on a La-promoted Pd-Al2O3 catalyst for the CO oxidation reaction.
They found a controlled change of NPd-O from ~4 to ~2.5 in CO oxidation reaction for the
active isolated Pd atoms without further reduction up to 90 oC. In contrast, the inactive
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sites went through a complete reduction to form metallic Pd NPs. In line with this
concept, the data in the present work shows that surface oxygen stabilizes the single-atom
cationic Pt(II) catalytic center, namely the common Pt(II)–O(OH)x– species, to catalyze
the WGS reaction up to 400 oC.
3

Table 4-2. Fitting parameters of the curve fitted k -weighted EXAFS analysis of the samples in
o

WGS reaction stream (10 % CO- 3 % H2O- He, 10 mg, 15 ml/min) at RT and 275 C
Sample
0.5Pt-Na-TiO2 @RT

a

2

Shell
N
R(Å)
ΔE0 (eV)
S0
R-factor
Pt-O
4.01
1.98
6.18
0.75
0.04
Pt-Pt
--Pt-Ti
0.02
2.91
Pt-Na
1.35
3.49
o
0.5Pt-Na-TiO2 @275 C
Pt-O
1.86
1.96
7.63
0.75
0.04
Pt-Pt
0.38
2.86
Pt-Ti
--0.5Pt-Na-KLTL @RT
Pt-O
4.49
1.99
5.49
0.75
0.02
Pt-Pt
--Pt-Al
0.23
2.54
Pt-Na
3.91
3.47
o
0.5Pt-Na-KLTL @275 C
Pt-O
1.59
2.03
9.58
0.75
0.01
Pt-Pt
0.19
2.73
Pt-Al
0.16
2.54
0.5Pt-Na-[Si]MCM41 @RT
Pt-O
3.54
1.98
4.35
0.75
0.02
Pt-Pt
--Pt-Si
0.15
2.25
Pt-Na
4.50
3.48
o
0.5Pt-Na-[Si]MCM41 @275 C Pt-O
1.60
1.97
3.12
0.75
0.03
Pt-Pt
0.15
2.81
Pt-Si
0.75
2.27
Note: [a] N, coordination number; R, distance between absorber and backscattered atoms; ΔE0, inner
potential correction; R-factor, closeness of the fit, if < 0.05, consistent with broadly correct models.
st
Estimated error: N: ±20 %, R: ± 0.02; ΔE0: ± 30 %. Pt-Na 1 shell with major scattering patterns above 3 Å
o
st
were too noisy to be analyzed at elevated reaction temperature (275 C), so the Pt-Na 1 shell coordination
was analyzed for the RT samples only. Fitting curves are illustrated in Figure 4-19. Pt-Pt and Pt-O
o
coordination numbers for the working catalysts at 275 C are listed in Figure 4-17.

When the support oxides do not have the active surface oxygen needed to
stabilize such catalytic centers, addition of an alkali plays the role of an “active” oxide
carrier. The platinum relies more on the 1st shell sodium for anchoring through the –O
linkages (Table 4-2). Higher signal/noise ratio for the RT-scanned samples indicates that
the Pt-Na shell is at a greater distance (> 3 Å). While we learned from the Na-free
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catalysts that the capability of the support oxides to disperse the platinum species is
ranked as TiO2> KLTL> [Si]MCM41, one can see an interesting compensation effect of
Pt-Na interaction for mutual stabilization where the NPt-Na increases in the order TiO2<
KLTL< [Si]MCM41. This further corroborates the finding that similarly active atomic
Pt–O- sites catalyze the low-temperature WGS reaction, their intrinsic activity being
insensitive to the choice of the support. The supports can be “active” as titania or ceria
[3], or “inert” as silica [17], carbon nanotubes [6, 18, 19], or the zeolite and mesoporous
silica supports used in this work, where the addition of Na-O- linkages keeps the Pt(II)
site isolated and with stable activity for the reaction up to 400 oC. The alkali oxide
therefore plays the “active” support role of titania or ceria; i.e. the role of a disperser and
stabilizer of the active Pt-O- catalytic site.
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Figure 4-19. EXAFS functions and the fittings of Na-containing Pt catalysts for the Pt LIII filtered
3

-1

k -weighted χ(k) and the Fourier Transform function in the k range of 3-13 Å .

In our previous work, by applying the Pt:Na ratio of 1:6 and using sodium nitrate
as the Na–Ox precursor, an active but non-optimized Pt-Na/SiO2 catalyst was prepared
[17, 19]. A 1 wt.% Pt-Na-SiO2 sample was prepared by co-IWI of a tetra-amine platinum

	
  

126	
  

nitrate and sodium nitrate solution, followed by drying and calcination at 400 °C in
flowing He. The resulting material is comprised of both Pt NPs and atomically dispersed
Pt–Ox–Na species. As mentioned in the preparation section, this preparation fails to
produce a fully atomically dispersed Pt because of the type of Na precursor used, the low
amount of total Na, and the heating protocol that was followed to decompose the sodium
nitrates. The present experimental work shows that a practical higher ratio (Pt:Na= 1:10)
must be employed to allow the formation of the stable single-site Pt(II) –O(OH)x, and
that NaOH is a more efficient sodium precursor.
In the aspect of the chemical state for the sodium, a direct Pt-Ox-Na interaction
was reported from Na1s XP spectra of Na-containing Pt catalysts supported on carbon
nanotubes [18]. In this chapter of work, XPS conducted for the present fresh and used
catalysts has identified the same Na-O- interaction with Pt, whereas, in Pt-free samples,
the sodium species do not interact with the support, but with the gas phase existing
mainly as carbon-containing compounds on all three supports. A group of Pt-free
reference samples (Na-TiO2, Na-KLTL, and Na-[Si]MCM41) were prepared, and
compared with their corresponding Na-containing Pt catalysts to check the sodium
chemistry when the surface Pt species was present. The materials were all treated under a
WGS reaction condition before XPS analysis to make sure a stable catalyst structure
under the WGS reaction atmosphere had been reached. The presence of Pt on the catalyst
surface has obvious effects in modifying the distribution of the sodium components
(Figure 4-20). As shown in Figure 4-20a, without platinum on the surface, multiple
peaks and shoulders exist in the Na1s region. The wide peaks located at 1073.5 and
1066.8 eV are relevant to the formation of NaOxCy species [31]. Large shoulders in the
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region of 1071-1071.5 eV are attributed to NaOH [32], NaC3H5O3 [32], NaCO3 [33, 34],
and NaHCO3 [33]. One last, but important region near 1072 eV (1071.5-1072.5 eV)
shows the sodium species bound to the surrounding substrate through –O–Na linkages.
This is a typical region showing –O–Na bonds in Na2O crystal and exchanged Na in
zeolites [31, 34]. Even on the rather “active” surfaces of TiO2, only a few sodium species
are stabilized as –O–Na (Figure 4-20a). Overall, the sodium species on the Pt-free
surfaces do not show any clear preferences or even a trend in modifying the support
oxides by building up a certain favorable chemical bond. Instead, these sodium species
are more sensitive to the gas phase exposures by forming the dominating carboncontaining compounds. Very different is the situation for the Na-containing Pt catalysts
shown in Figure 4-20b; regardless of support type, there is only one major peak centered
at 1072 eV, indicating a common and dominating –O–Na linkage built with the
coexistence sodium and platinum. Zugic et al. [19, 21] reported ambient-pressure XPS
data under in situ WGS conditions in the investigation of a Na-containing Pt catalyst that
used fully annealed, oxygen-free multiwalled carbon nanotubes as the support. The only
Na1s peak they found was also at 1072 eV and was attributed to the –O–Na linkage that
stabilizes the Pt atoms. These combined results further confirm that direct interaction (i.e.
mutual stabilization) of the platinum and sodium ions through –O– linkages takes place
in a similar fashion on any type of support. These findings corroborate the previously
reported effect of alkali on platinum catalysts prepared on alumina and silica, but under
conditions where some of the platinum was present as NPs [17].
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Figure 4-20. Na1s XPS for the samples having sodium loaded on different support oxides, (a)
without and (b) with platinum present. All the samples were treated in 10 % CO- 3 % H2O-He
o

condition at 400 C for 1 h.

4.4	
  Summary	
  
While it has long been known that different types of support oxides have different
capabilities to anchor metals and thus tailor the catalytic behavior, it is not always clear
whether the support is a mere carrier of the active metal site, itself not participating
directly in the reaction pathway. This chapter reports that catalytically similar singleatom centric Pt sites are formed by binding to sodium ions through –O- linkages, the
ensemble being equally effective on supports as diverse as TiO2, L-zeolites, and
mesoporous silica MCM-41. Loading of 0.5 wt.% Pt on all these supports, preserves the
Pt in atomic dispersion as Pt(II) during the WGS reaction from ~120 to 400 oC. These
properties are invariant to the choice of the support, be it an “active” or “inert” oxide with
respect to its ability to supply regenerable –OH species at low temperatures. Without the
interference from spectator Pt NPs, a common low-coordination platinum species,
namely atomic Pt(II)-O(OH)x-, has been found. The 100 % atomic Pt dispersion of these
catalysts, both in fresh and used state, is promising for the development of practical
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catalysts containing only small amounts of costly platinum that remains stable under
severe reaction conditions. Since the effect of support is “indirect”, these findings inspire
the way for the use of a variety of earth-abundant supports as carriers of atomically
dispersed metals for application to catalytic fuel-gas processing. Specifically, a new
generation of the alkali-stabilized gold catalysts for WGS reaction will be developed
based on these inspirations from platinum.
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Chapter	
  5	
  WGS	
  active	
  Au-‐O(OH)x-‐	
  species	
  stabilized	
  by	
  alkali	
  ions	
  
on	
  zeolites	
  and	
  mesoporous	
  oxides	
  
5.1	
  Introduction	
  
Along with a new group of platinum catalysts with atomically dispersed Pt sites to
maximize activity and catalytic efficiency [1-4], the lower apparent activation energy Ea
for the WGS reaction (~45 kJ/mol) for gold vs. ~75 kJ/mol for platinum [4-6], can be
exploited for the low-temperature WGS reaction which is less energy-consuming and
thermodynamically favors hydrogen generation from water. Low-temperature activity is
important to avoid multiple-treatment units in practical low-temperature PEM fuel cell
systems, whereby the deleterious CO should be totally removed for stable, long-term
operation. The active Au species in the WGS catalysts are atomic species anchored
through –O ligands to different supports such as ceria [7-10], iron oxide [11-13], lanthana
[14], and titania [5], and the number of the active Au sites can be increased through a
variety of catalyst preparation protocols, such as the careful oxidation treatment [7, 8],
coprecipitation of the metal ions and the support oxides [11], anion adsorption of the
complexed gold species on charged support surfaces [14], and the photon activation for
the metal-support interaction [5]. Au NPs that can form during catalyst preparation are
spectator species in these chemistries [3, 5, 11], in that most of the Au atoms are not
activated by the support. Cyanide leaching has been proven as an efficient technique to
selectively remove the weakly bound gold NPs from the support surfaces (e.g. ceria [7,
8], iron oxide [11], and titanium oxide [5]), where the remained atomically dispersed gold
bound strongly to the support throught Au-O linkages catalyzes the WGS reaction
equally well [5, 7, 8]. Thus, the approach of “cage encapsulation” of gold nanoparticles in
	
  

133	
  

mesoporous supports is not advantageous for stabilizing and even maximizing the active
(atomically dispersed) Au sites.
Other approaches, for example, AuCl3 vapor produced by sublimation and
introduced into various zeolites [15, 16] may be used to produce active Au(I)-Cl species
for ambient temperature NO reduction to N2O by CO. By mixing the AuCl3 with
partially dehydrated zeolites (e.g. NaY, Na-Mordenite, and Na-ZSM-5) under nitrogen
protection and with mild heating up to 65 oC, the Ichikawa group [17] has shown that the
Au(I) species are the main active sites for the WGS reaction at temperatures as low as 50
o

C. Because these sites are not chloride-free (Au-Cl bonds exist) and have weak chemical

binding to the zeolites, the Au(I) sites are easily reduced to catalytically inactive Au(0)
and form Au NPs upon increasing the temperature to only 100 oC [17]. Similarly, low
stability of gold on zeolites was found by Gates and co-workers for CO oxidation
reaction [18, 19]. Careful anchoring of mononuclear Au(III) complexes from
organometallic precursors Au(CH3)2(C5H7O2) produced chloride-free single-gold-atom
Au(III)-O-NaY catalytic centers, that were active for CO oxidation, but unstable at 25 oC
and 760 Torr, losing ~ 75 % of their initial activity after 15 min on stream [18]. Finally,
attempts to ion exchange gold in zeolites have been unsuccessful. Thus, gold ions
adsorbed on zeolite surfaces tend to be unstable toward aggregation in realistic reaction
gas environments at temperatures above the ambient, an issue already understood for
other inert supports as silica or alumina, minimally interacting with gold [20]. Hence, it
is difficult to determine if the gold catalysts operate through similarly structured AuO(OH)x- species on inert supports as in the Au-CeOx, Au-FeOx, and Au-TiOx systems
[21].
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To study the nature of the active gold sites on inert supports, it is important to
maximize the number of these atomically dispersed gold sites, and fully eliminate the
formation of Au NPs. As reported in Chapter 3, without further surface activations,
titanium oxide by itself is inferior to ceria and iron oxide in that Au NP growth occurs
rapidly on its surfaces [22], but with special UV-assisted preparation methods,
mononuclear Au-O(OH)x- species can be stabilized on titania up to 1 wt.%, and most of
the gold cations remain stably anchored and active for the WGS reaction from ~ 80 to
250 oC [5]. Alkali ion addition was investigated in this chapter as a means to boost
further the number of stable mononuclear Au-O(OH)x- species. This was reported as a
successful approach to prepare single-site active Pt-O(OH)x-(Na/K)y species on silica,
alumina, KLTL zeolites, and titania which were activated at low temperatures (~120°C)
for the WGS reaction, and were stable to temperatures up to 400 oC [1, 4]. Zugic et al.
showed that the Pt-O(OH)x-(Na/K)y species could be prepared, stabilized, and similarly
activated for the WGS reaction on inert (800 oC- annealed) carbon nanotube surfaces [2].
More recently, as reported in Chapter 4, a common low-coordination platinum species,
namely atomic Pt(II)-O(OH)x- stabilized by sodium ions, has been identified as the
single-site for WGS reaction on both anatase titania, KLTL zeolites, and mesoporous
silica MCM-41 [4]. However, the extension of the platinum findings to gold is neither
obvious nor anticipated. A few reports exist on alkali and alkaline earth addition (Ru, Li,
and Ba) to gold to structurally stabilize small Au NPs (1-3 nm) on alumina for ambient
temperature CO oxidation [23]. The gold catalysts made by DP method contained 5 wt.%
of gold, and the alkali/ alkaline metal nitrates were used as the precursor by IWI [23].
According to UV-vis analysis, these alkali/ alkaline promoted catalysts typically contain
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a mixuture of finely dispersed gold ions and metallic gold NPs [23]. The true active sites
are hard to capture in this case. Miller et al. [20] adopted a NaOH wash to remove the
adsorbed Cl ions from the Au/Al2O3 catalysts, and estimated by EXAFS that the gold was
100 % dispersed on these washed samples under mild reduction (up to 200 °C) or
oxidation (up to 225 °C), but their stability under reaction conditions was not reported. In
this chapter, the thesis is going to show how to use alkali addition to activate and stabilize
atomic Au with alkali ions for the WGS reaction on inert zeolite (KLTL) and mesoporous
[Si]MCM-41 silica materials, and give activity comparable to that of Au on reducible
oxide supports. Fundamentally, through this work, the structure of the atomically
dispersed gold active sites and the effects of the support oxides can be understood in
further depth and more precisely generalized.

5.2	
  Materials	
  and	
  methods	
  
The preparation methods and basic physical properties of the key materials used
in this work are summarized in Table 5-1. KLTL-zeolites with one-dimensional 12membered ring pores, as well as mesoporous MCM-41 silicon dioxide and an open
support (alumina) have been investigated as supports of gold in this work. Base
treatment, alkali amount, gold loading, and mild calcination have not changed the overall
texture and crystal structure of the zeolite- and the silica-based materials (see Chapter 4).
More details of the preparation are described in the section that follows.
Table 5-1. Important physical properties of the samples after various preparation conditions
Sample
KLTL

	
  

Treatment
KLTL-Zeolite (TOSOH,
500KOA) stored in dark
vacuum (80 °C)

Support structure

a

--KLTL Zeolite (Linde type L
framework)
--Adsorption isotherms type I+II

BET Surface
2
Area (m /g)
282
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Au/KLTL
Au-K/KLTL

[Si]MCM41
Au/[Si]MCM41

Au-Na/[Si]MCM41

Gold loaded on KLTL by IWI
of KAu(CN)2. Air calcination
o
at 300 C for 4 h
Gold loaded on KLTL by IWI
of KAu(CN)2, followed by
adding KOH (Au:K= 1:10) by
SSI. Air calcination at 300
o
C for 4 h (see 1.1.1)
As-received [Si]MCM41
(home-made) stored in dark
dry vacuum (80 °C)
Gold loaded on [Si]MCM41
by IWI of HAuCl4 solution.
o
Air calcination at 150 C for
2h
Gold loaded on [Si]MCM41
by IWI of HAuCl4+NaOH
(Au:Na=1:10) solution. Air
o
calcination at 150 C for 2 h.
(see 1.1.2)

--KLTL Zeolite (Linde type L
framework)
--Adsorption isotherms type I+II
--KLTL Zeolite (Linde type L
framework)
--Adsorption isotherms type I+II

190

--Hexagonal SiO2 framework
--Adsorption isotherms type II

1060

--Hexagonal SiO2 framework
--Adsorption isotherms type II

815

--Hexagonal SiO2 framework
--Adsorption isotherms type II

832

209

Note: DP-- Deposition Precipitation; IWI—Incipient Wetness Impregnation; SSI—Solid State
Impregnation. [a] The crystal structures were determined by XRD, and the isotherms were
obtained on a Quantachrome AutoSorb iQ instrument.

The KLTL-zeolite (TOSOH, 500KOA, 0.25 wt.% Na2O and 16.8 wt.% K2O) was
used after calcination in air at 400 °C for 10 h. To demonstrate the promotion effect from
potassium ions associated with the gold, two reference samples were made. One is the
sample with additional potassium but without gold, the K/KLTL. With this sample, 0.49
wt.% K was added onto the zeolite by solid-state impregnation (SSI), whereby dry KOH
powder and the KLTL were ground together under N2 protection (purge) for 30 min. The
K/KLTL powder was placed in a vacuum oven at 80 °C for 72 h before calcination.
Another reference sample, Au/KLTL, was prepared without adding KOH. In the
Au/KLTL, 0.25 wt.% of gold was added by IWI method using water-soluble KAu(CN)2
as the precursor. The slurry was dried in vacuum at 80 °C for 72 h before calcination. The
gold/zeolite sample with further addition of potassium ions, Au-K/KLTL, was prepared
first by loading the gold by IWI followed by SSI of the KOH (Au:K atomic ratio 1:10).
Exactly the same chemical contents and treatment procedures were applied to each
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impregnation step as for Au/KLTL and K/KLTL. The bulk KAu(CN)2 precursor was
heated in a flow 20 % O2-He and the outlet gas composition was monitored by mass
spectrometry. It was confirmed that the decomposition temperature is between 280 and
300 °C, where the gold precursor quickly decomposes into metallic gold and releases
CO2 and NOx. To allow the alkali-O- species coordinating to the gold, I adopted a
calcination condition of 300 °C for 4 h in air. The heating rate was 0.5 oC/min. The
samples were stored in the dark under dry vacuum at 60 °C before any treatments and
tests.
For the pure silica-based mesoporous MCM-41 materials ([Si]MCM41, daverage=
3.44 nm) the detailed synthesis route has been described elsewhere [24].
Hexadecyltrimethylammoniumchloride solution (CTACl, purum, ~25 % in H2O) was
mixed with an ammonium hydroxide solution and tetraethylorthosilicate (TEOS > 98 %)
in a volume ratio of 1:1:1 in demineralized water (500 mL) and stirred at RT to form a
white gel. The obtained gels were completely mixed with vigorous stirring for 1 h. The
resulting solids were collected by filtration, washed with distilled water, and then heated
in an oven at 80 °C. Finally, the obtained [Si]MCM41 materials were calcined at 550 °C
with a heating rate of 1 °C/min in static air for 6 h.
The 0.25 wt.% Au-Na/[Si]MCM41 sample was prepared by co-IWI of designated
amounts of gold and sodium (Au:Na atomic ratio 1:10) onto the silica supports. HAuCl4
and NaOH were used as the precursors, and were dissolved together in aqueous solution
after continued stirring for 2 h at RT before impregnation. The impregnated solid was
immediately moved to the dark vacuum oven to dry at 80 °C for 72 h. The obtained
powder was then calcined in air at 150 °C for 2 h at a heating rate of 1 °C/min. Adopting
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the same preparation steps without adding sodium ions, the alkali- free 0.25 wt.%
Au/[Si]MCM41 was prepared as reference. To follow the speciation of the gold during
the preparation (upon adding the NaOH), UV-vis spectra (Figure 5-1) show the
formation of the gold hydroxide sol structure, when the –Cl ligands (logK~ 5.09)
attached to the Au center were substituted by –OH (logK~ 2.66). [Au(OH)x]3-x does not
precipitate in excess amount of NaOH (pH ~14), and further reacts with the base to form
water soluble sodium aurate sols [25, 26].

Figure 5-1. UV-vis spectra showing the substitution of –Cl by –OH with weaker ligand field
strength in the aqueous HAuCl4 solution when adding excess amount of NaOH (Au:Na molar
ratio 1:10). The strong LMCT band near 250 nm confirms that the gold does not precipitate at
~pH 14. The transparent solution is stable (open to air) as tested after 7 days of stirring. Further
adding NaBH4 fully reduced the gold species from the sodium aurate sols, and no more gold
species could be detected in the solution.

The alkali-loaded Au-K/KLTL and Au-Na/[Si]MCM41 samples were washed
with DI water (0.3 g in 500 ml water at RT, filtered and washed with another 500 ml DI
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water), after which all the gold species were washed away along with the added alkali
ions, although the 16.8 wt.% of originally exchanged K ions in KLTL remained in place.
Thus, the residual chlorides in the catalysts cannot be removed by water washing, as this
would also wash away the gold. As a result of not washing, an adverse chloride effect
was evident in the WGS reaction tests of the Au-Na/[Si]MCM41 catalyst whose high
initial activity dropped quickly between 150 and 200 °C, due to the well-known chloride
facilitation of gold sintering [6, 20]. Because of the residual chlorides, I could not extend
the operation of these gold catalysts to higher temperatures.
Kinetics measurements were conducted in a packed-bed flow microreactor,
keeping the CO conversion below 15 %. The samples were first heated in He from RT to
100 °C, then the gas was switched to a reformate-type fuel gas (11 % CO- 26 % H2O- 7%
CO2- 26 % H2-He, flow rate 207 ml/min. 100-500 mg sample was used to change the
space velocity so that the CO conversion remained less than 15%.) Testing began at the
highest temperature and lasted for 4 h before cooling down to other temperatures to avoid
deactivation during the kinetic measurements. The feed and product gas streams were
analyzed using an HP-6890 GC equipped with a TCD detector. To measure the H2O
reaction order, H2O concentrations were changed from 5 to 50 %, while other reactant
concentrations and contact times were kept constant. The kinetics measurement error was
<10 %. The product-free WGS experiments were run in a Micromeritics AutoChem II
2920 instrument equipped with a mass spectrometer. The catalysts were stabilized in a 10
% CO- 3 % H2O- He gas mixture for 30 min at 50 oC before being heated at 5 oC/min.
The samples were stabilized at each targeted temperature for 2 h. CO-TPR was run in a
Micromeritics AutoChem II 2920 instrument equipped with a mass spectrometer. For
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each experiment, the sample was purged in He at 5 °C/min up to 350 °C to remove
physically adsorbed CO2 and H2O molecules, and was then cooled down to 50 °C in He.
The sample was stabilized in 10 % CO-He for 20 min. Rehydration with 3 % H2O-He for
1 h was used when ramping down to RT between consecutive cycles. The sample did not
contact air at any temperature during the cyclic tests.
The BET surface area and porosity were measured by multiple-point N2
adsorption and desorption cycles in a Quantachrome AutoSorb iQ instrument. A typical
physisorption analysis started with degassing the sample in vacuum at 200 °C overnight.
A classical helium void volume method was used.
XRD analysis was performed on a Rigaku RU300 Cu-source powder
diffractometer. Cu Kα radiation was used with a power setting of 50 kV and 250 mA.
Scan rate of 2°/min with a 0.02° step size was used. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Scientific Al Kα-XPS. C 1s peak is calibrated at
284.8 eV.
Transmission electron microscopy (TEM) was conducted on a JEOL 2010
electron microscope, operated at 200 kV for the alumina-based samples. Aberrationcorrected high-angle annular dark-field (HAADF) images for the gold-zeolite samples
were obtained at the Advanced Microscopy Laboratory at Oak Ridge National
Laboratory, using a JEOL 2200FS instrument equipped with a hexapole corrector (CEOS
GmbH, Heidelberg, Germany) on the illuminating lenses, for scanning transmission
(STEM) imaging. The corrector permits imaging in HAADF mode at a nominal
resolution of 0.07 nm, with a collection semi-angle of 26.5 mr and a beam current of ~30
pA. Images to easily reveal single Au atoms were typically recorded at 10Mx direct
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magnification, at 512×512 px with a 32 or 64 microsecond dwell time, to give 8.5 or 17
sec scan times. Because the nanoparticles and sub-nm species have almost equal chance
to be imaged on the thin and flat support surfaces, the various gold species (> 150 total
counts) near the edge of the samples in different regions were counted and analyzed.
The XAS spectra were collected in the fluorescence mode with a 13-channel Ge
detector at the12-BM APS beamline of the Argonne National Lab. The X-ray absorption
edge energy for Au LIII edge was calibrated to 11919 eV. For each data collection point,
five consecutive scans were conducted after the sample had been stabilized in 10 % CO-3
% H2O-He at reaction temperatures for 2 h (contact time: 0.04 ml/g s). The reference
spectra were collected at RT in static air. The Feff models of gold foil, KAuO2, NaAuO2,
NaAuSi alloy, and Au2O3 were used to fit the Au-Au, Au-K, Au-Na, Au-Si, and Au-O
coordination in EXAFS results.

5.3	
  Results	
  and	
  discussion	
  
5.3.1	
  Kinetics	
  studies	
  of	
  the	
  alkali-‐stabilized	
  gold	
  catalysts	
  
Compared with platinum, it is not straightforward to produce the active alkalistabilized gold centers on the inert supports, as the alkali ions must interact with the gold
prior to the formation of Au(0) that quickly sinters into Au NPs. The preparation
protocols show that the requirement for an active catalyst is that the alkali ions are linked
to the atomic gold through –O ligands, and not merely be present on the support. Notably,
the KLTL-zeolites that were used in this work have an abundance of potassium ions (16.8
wt%), but gold addition from a typical precursor (e.g. HAuCl4) by IWI or DP fails to
prepare an active catalyst. Differently, using IWI of KAu(CN)2 on the KLTL-zeolites
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followed by solid-state impregnation of KOH (Au:K=1:10) did make an active AuK/KLTL catalyst after careful heating. In another preparation, a gold sol formed from
HAuCl4 with NaOH (Au:Na=1:10) at pH~14 was used to prepare an active AuNa/[Si]MCM41 catalyst. In this work, I was able to develop the alkali-stabilized gold
catalysts on inert support oxides that show WGS catalytic activity comparable to that of
Au on reducible oxide supports, and with good stability up to 200 oC (Table 5-2). The
apparent activation energy Ea values measured for the reaction over alkali-stabilized gold
on the inert supports are all 45 ± 5 kJ/mol, similar to those on the Au-CeOx, Au-FeOx,
and Au-TiOx systems [21], indicating that the gold active sites are of similar structure on
all support types. Using the same KLTL and [Si]MCM41 support oxides, the 0.25/KLTL
and 0.25Au/[Si]MCM41 samples without additional alkali ions been loaded have much
poorer low-temperature WGS activity as shown in Table 5-2. However, according to the
insensitivity of the apparent activation energy (49.0 kJ/mol for 0.25Au/KLTL), there is
an indication that the drastic difference in terms of the catalytic activity is merely due to
the total availability of the same active species.

Table 5-2. Composition and reaction activity of supported gold catalysts
Sample
wt% Au/support

Alkali : Gold
atomic ratio
Na
K

Ea for WGS
Reaction
(kJ/mol)

Surface –OH
(µmol/gcat,
b
50-350 °C)

Average
Gold Size
c
(nm)

1.0
d
11.0

WGS Reaction
Rate at 150 °C
-7
(10 mol H2/gcat
a
s)
1.0
8.2

0.25 Au/KLTL
0.25 Au-K/KLTL

---

46.5
49.0

34 ± 5
174 ± 10

0.0

--

0.0

20 ± 5

10.0

--

7.9

Inactive below 300
o
C
43.6

> 10
Atomically
dispersed
> 10

0.25 Au/[Si]MCM41
0.25 AuNa/[Si]MCM41

164 ± 10

Atomically
dispersed

[a] The kinetics were measured in a simulated reformate gas mixture 11 % CO- 26 % H2O- 7%
CO2- 26 % H2-He (100-500 mg sample, steady state CO conversion < 15 %). [b] The total
amount of –OH species was titrated by CO TPR (10 % CO-He, 30 ml/min, 100 mg, 5 °C/min,
from 50 to 350 °C). [c] Gold nanoparticles larger than 1 nm were determined by HRTEM. The
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atomically dispersed gold species were imaged by STEM and also fitted by EXAFS. [d] Value is
the difference between the total and ion-exchanged potassium in the zeolite KLTL.

For the active 0.25 wt.% Au-K/KLTL catalyst, good stability at 200 oC over 100 h
was found in the full reformate-type gas mixture (11 % CO- 26 % H2O- 7% CO2- 26 %
H2-He), as shown in Figure 5-2. Thus, these catalysts have good resistance to sintering
during the WGS operation at 200 oC. The same was not true for the Au-Na/[Si]MCM41
catalysts, where residual chlorides from the method of preparation limited the stability up
to 150 oC.

Figure 5-2. WGS reaction rates of 0.25Au-K/KLTL measured in full reformate-type gas (11 %
CO- 26 % H2O- 7% CO2- 26 % H2-He, 207 ml/min, 100 mg sample, CO conversion < 10 %) at
200 °C for 100 h.

It has been widely reported that the support plays a crucial role in the WGS
reaction, providing facile dissociation of water molecules to supply –OH species to the
vicinal gold sites where CO is adsorbed [27], but the active sites were not resolved. The
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lack of sensitivity of Ea for the WGS reaction on the type of support is a strong first
indication of a structurally similar gold active site present on all supports. Corroborating
this finding, kinetics measurements found that the reaction order for H2O is 0.7 to 0.8 for
all the catalysts (with or without alkali) used in this work (Figure 5-3), demonstrating
that the role of water is common on all the gold catalysts. Of course, the alkali addition
modifies the support properties at higher temperatures; for example after a thermal
treatment to 600 °C, Amenomiya and co-workers found that alkalized alumina was
activated for the WGS reaction above 400 °C with Ea of ~ 80 kJ/mol [28, 29].

	
  
Figure 5-3. Reaction rate order in H2O measured in full reformate-type gas (11 % CO- 5~50%
o

H2O- 7% CO2- 26 % H2-He, CO conversion < 15 %) at 150 C. The reaction order is 0.7-0.8 for
all the samples. The data of the 4.1Au-Na/Al2O3-OH and 4.1Au/Al2O3-OH are from Ref. 30.

In Figure 5-4, we scaled the steady-state reaction rates by the amount of gold
loading for the atomically dispersed gold catalysts studied here (discuss the evidence in
the following sections), and for other gold catalysts reported to comprise only atomic
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gold on other supports, e.g. after leaching of weakly bound gold particles, and cast them
in terms of a TOF in an Arrhenius plot. In addition to the similar Ea values
aforementioned, the closeness of the TOFs over gold catalysts prepared on different
supports, from different precursors, and subjected to different treatment methods is
remarkable. With these findings I infer that, being structurally similar as on CeOx, FeOx
and TiOx, where the Au-O(OH)x species attached to the support through –O-support
bonds, the single-site gold active species stabilized by a number of alkali ions in the form
of AuOy(OH)x(Na or K)z clusters, may be formed in appreciable amounts on inert
supports. These species are highly active for the WGS reaction, the single gold atom
maximizing the catalyst efficiency.

Figure 5-4. TOF plot for the WGS reaction over samples with atomically dispersed gold in a
reformate-type gas mixture 11% CO- 26% H2O- 7% CO2- 26% H2-He. The data for the
1.16Au/TiO2 (G5, UV) sample are from Ref. 5, for the 0.50Au/CeO2 (La doped CeO2, DP) sample
from Ref. 8, and for the 0.12Au/Fe2O3 (DP) sample from Ref. 31. The experimental error for the
reaction rate measurements is less than 10 %. The R-square for the linear fit is 0.9927.
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The WGS chemistry is unique to the gold sites, not to sodium, as shown by the
similar Ea and TOFs of gold catalysts on any support whether the Au-O(OH)x species is
stabilized through -O-Ce, -O-Ti, -O-Fe, or -O-Na(K) bonds (Figure 5-4) [5, 8, 31].
Similar findings were reported for the alkali-stabilized Pt(II)-(OH)x- species, with similar
Ea (~ 75 kJ/mol for Pt-catalysts, higher than ~45 kJ/mol of Au-catalysts) specific to the
less-coordinated platinum single atoms via –O linkages, and similar on a wide choices of
support oxides (e.g. SiO2, [Si]MCM41, KLTL, and TiO2), with or without alkali addition
[4].

5.3.2	
  Importance	
  of	
  the	
  vicinal	
  –OH	
  groups	
  to	
  the	
  gold	
  atom	
  	
  
CO-TPR tests were conducted to titrate the WGS-active hydroxyls on the alkalistabilized gold sites up to 350 oC. CO-TPR profiles for the KLTL-zeolites series are
shown in Figure 5-5. The most striking feature is that only Au-K/KLTL catalyzes the
water-gas shift reaction— as seen by the corresponding H2 and CO2 formation from 150
to 350 °C with a ratio of 1:2. This means that the –OH species associated with the active
gold sites react with the adsorbed CO to produce CO2 and H2 at the stoichiometric ratio.
Without the extra alkali addition, even with the same amount of gold loaded as in
Au/KLTL, negligible active hydroxyls were found by the CO-TPR measurement. In
addition, a “dry” [O] reduction to make CO2 without H2 formation is clear in K/LTL
profiles (79 µmol [O]/gcat), and a lower amount (18 µmol [O]/gcat) but a similar trend is
seen for the Au-K/KLTL sample. Therefore these [O] species must be associated with the
potassium. The [O]:K ratio is 0.6 in K/LTL, close to 1:2. Stork and Pott [32] have
reported that the K+ ions in the form of K2O and K2CO3 are capable of reacting with
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surface –OH to form surface –OK by substituting the H. Such proton replacement can
happen during the rehydration of the catalysts between consecutive CO-TPR cycles.
Upon mild reduction in the CO stream to higher temperatures, every two –OK linkages
combine to form K2O species by giving away one [O]. In the Au-K/KLTL sample, the
amount of metastable –OK species that release dry [O] decreases significantly and gives
rise to the –OH species associated with the gold. Clearly, the interaction between K-OAu must take place with the introduction of gold in the sample. The amount of available
oxygen mentioned above further indicates that the effective (and minimum) atomic ratio
of Au:K to provide WGS-active -OH groups on the cluster is about 1:8 (the remaining
~20 % of K+ still only provides dry [O]).

rd

Figure 5-5. The 3 consecutive cycle of CO-TPR profiles (10 % CO-He, 30 ml/min, 100 mg, 5
°C/min) for the gold/zeolites samples with and without alkali addition. Rehydration with 3 % H2OHe for 1 h was used after cooling down to RT between consecutive cycles. Before ramping up in
10 % CO-He, the sample was purged in He at 5 °C/min up to 350 °C to remove physically
adsorbed CO2 and H2O molecules.
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The presence of alkali dramatically increased the amount of these –OH groups,
and correspondingly the overall WGS activity of the catalyst within the same temperature
window. These hydroxyls are regenerable, as shown by consecutive CO-TPR cycles with
intermittent rehydration of the catalyst at 25 oC. The integrated amounts of regenerable –
OH groups for the KLTL and [Si]MCM41 supported catalysts with and without alkali
loading are listed in Table 5-2. In Figure 5-6, the amount of the –OH species that is
active to react with CO below 350 °C, as measured by the CO-TPR tests, is shown to
correlate with the low-temperature WGS reaction rates for various gold catalysts, and is
invariant to the type of support used. For the 1.16Au/TiO2 (UV, DP) [5], 0.25AuK/KLTL and 0.25Au-Na/[Si]MCM41 catalysts where the gold is atomically dispersed,
their surface –OH amount and reaction rates are both proportional to the gold loading
amount. This is another strong evidence that the Au-O(OH)x species catalyze the lowtemperature WGS reaction, and the alkali ions stabilize these species on inert supports,
the gold displaying similar intrinsic activity to that on active supports such as titania [5].
Notably, from the samples with fully dispersed gold (0.25Au-K/KLTL and 0.25AuNa/[Si]MCM41) and the 1.16Au/TiO2 (UV, DP) from earlier reports [5], it is found that
the number of the surface -OH species correlate (linearly) with the total activity, while
the activity per gold atom (TOF) is also similar for all gold catalysts irrespective of the
support oxides (Figure 5-4). At this point, I can claim that the same single-site AuO(OH)x species stabilized on the various catalysts’ surface catalyze the low-temperature
WGS reaction.
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Figure 5-6. Linear correlation between the WGS reaction rates for various samples at 150 °C in
reformate gas condition (11 % CO- 26 % H2O- 7% CO2- 26 % H2-He, steady state CO conversion
< 15 %) and the amount of the surface –OH species associated with the gold active centers
(based on CO-TPR results). The data for 1.16Au/TiO2 (G5, UV) sample is from Ref. 5. The data
of the 4.1Au-Na/Al2O3-OH and 4.1Au/Al2O3-OH are from Ref. 31.

5.3.3	
  Atomic	
  structure	
  of	
  the	
  single-‐site	
  Au-‐O(OH)x-‐	
  species	
  
As aforementioned, the Au-O(OH)x species bound to the catalysts’ surface is the
center to catalyze the reaction. In this section, I am going to show the evidence that the
cationic single-atom gold is stabilized through the –O-alkali linkages. The choice of the
supporting surface (e.g. zeolite, silica, and titania—discuss in Chapter 6) is then
indirectly relating to the chemistry.
Electron microscopy studies revealed that alkali ion addition dramatically
increased the dispersion of gold on all the inert KLTL and [Si]MCM41 investigated in
this work. Figure 5-7 shows the HAADF-STEM images of a typical dispersion of Au
species on the 0.25 wt.% Au-Na/[Si]MCM41 catalyst, recorded at magnifications of
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3M×, 5M×, 5M× and 8M×, respectively. The image of Figure 5-7a serves to illustrate
that any discrete Au NPs, say of a size above 0.9 nm, were rarely seen on this sample.
Only a few nanoclusters smaller than 0.7 nm and single atoms are visible, as seen more
clearly in the 5M× images of Figure 5-7b and c. At the very thin edge of the support,
Figure 5-7d shows primarily single-atom species with the possibility of a couple of the
spots of brighter contrast being the result of two atoms bound to a step on the surface so
that one is above the other. It is noticed that the single gold atoms tended to move around
slowly in the frame, but were not swept away as “free” atoms, which indicates that the
atomically dispersed gold tends to bind stably to the surrounding support atoms. The light
alkali elements are invisible by HAADF-STEM due to the low Z contrast.
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Figure 5-7. A typical series of “zoom-in” images of the Au-Na/[Si]MCM41 showing a few ~1 nm
clusters and abundance of atomically dispersed gold species.

The size distribution of the gold species in the 0.25Au-Na/[Si]MCM41 sample is
summarized in Figure 5-8. About 72 % of the gold counted in the images was present as
isolated atoms away from each other on the surface of the 0.25Au-Na/[Si]MCM41
sample. A minority of sub-nm gold clusters present on the same sample did not have the
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packed gold atom structure of Au NPs. These species appear to comprise a few atoms of
gold being anchored close to each other but non-aggregated.

Figure 5-8. The size distribution the gold species in the 0.25Au-Na/[Si]MCM41 sample, which is
based on over 150 observed gold species counted from the high-magnification images (recorded
at 8-10M× original magnification).

Atomic gold species on the KLTL-zeolites are extremely difficult to be captured
due to rapid electron beam damage effects on the high alumina content zeolite crystal.
Additionally, the bulky rod shape of the KLTL-zeolites provides few thin crystal flakes
that might allow a view along channels in the crystal structure. [Si]MCM41support has
better stability under the beam (~5 min), and provides a good contrast of gold on the
amorphous silica substrate. Therefore, we were only able to image the L-zeolite
supported samples at lower magnifications.
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Figure 5-9. HAADF-STEM images and the corresponding EDS elemental map for the Au/KLTL
catalyst after WGS reaction. The reaction was performed in 10 % CO-3 % H2O- He at 200 °C for
2 h.

In contrast to the Au/KLTL sample (Figure 5-9), where numerous gold particles
(> 10 nm) can be readily imaged at the lower magnification, the Au-K/KLTL sample
does not show any noticeable gold particles as bright spots on the well-focused zeolite
surface (Figure 5-10). When further analyzing the areas by EDS, we found that both gold
and potassium were highly dispersed over the zeolite support.

Figure 5-10. HAADF-STEM images and the corresponding EDS elemental map for the used AuK/KLTL catalyst after the WGS reaction. The reaction was performed in 10 % CO-3 % H2O- He,
30 ml/min, 100 mg. ramping rate from RT to 200 °C: 5 °C/min, held at 200 °C for 2 h.
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The presence of the surrounding alkali atoms could not be determined by imaging
because of the low contrast of these light elements. EXAFS analysis under in situ
conditions for the working catalysts further confirmed that the gold species were
atomically dispersed and associated with alkali ions before and after reaction. Au-C and
Au-N coordination was not detected (Figure 5-11).
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Figure 5-11. EXAFS functions and the fittings of alkali-loaded gold catalysts (as-prepared and
3

used) for the Au LIII filtered k -weighted χ(k) and the Fourier Transform function in the k range of
-1

3-13 Å .

As summarized in Table 5-3, for both the KLTL-zeolite and [Si]MCM41supported samples, the –O-Na linkages to gold effectively reduced the Au-Au
coordination number from 11-12 to 3-4 range. According to Miller et al. [20] on SiO2,
Al2O3, TiO2, CeO2, ZrO2 and Nb2O5, 100% dispersion of gold atoms can be achieved
when the measured Au-Au coordination number is around 4, which corresponds to a-fewatom-clusters with a monolayer of gold. Guzman and Gates [33, 34] have estimated that
there are on average about 6 gold atoms per cluster when the Au-Au coordination number
is around 4. The excess –O and –OH groups associated with the alkali ions act as the
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“chemical glue” to build the Au-O(OH)x- linkages on various supports. Since the contact
between the gold and the support has been maximized, the Au-Si shell should not be
ignored. Gates and co-workers applied a similar approach to analyze the small clusters on
various zeolites, such as a Au shell analysis on an Au-NaY system [34] and an Ir shell
analysis on an Ir-HY system [35], and similar values of the coordination numbers and the
distances between the atoms have been reported.
3

Table 5-3. Fitting parameters of the curve fitted k -weighted EXAFS analysis of the samples
before and during the WGS reaction
Sample
Au/KLTL as-prepared

a

2

Shell
N
R(Å)
ΔE0 (eV)
S0
R-factor
Au-Au
10.56
2.85
9.76
0.76
0.0018
Au-O
0.64
2.04
0.99
b
Au/KLTL used
Au-Au
11.41
2.86
3.73
0.76
0.0012
Au-K/KLTL as-prepared
Au-Au
2.82
2.88
-9.27
0.76
0.0180
Au-O
1.99
2.08
0.99
Au-K
2.73
3.43
0.8
Au-Si
1.66
2.39
0.8
b
Au-K/KLTL used
Au-Au
3.48
2.88
10.03
0.76
0.0200
Au-O
1.32
2.08
0.99
Au-K
0.20
3.43
0.8
Au-Si
0.88
2.38
0.8
Au/[Si]MCM41 as-prepared
Au-Au
12.00
2.85
4.47
0.76
0.0028
c
Au/[Si]MCM41 used
Au-Au
12.00
2.85
3.74
0.76
0.0022
Au-Na/[Si]MCM41 as-prepared Au-Au
4.62
2.88
5.81
0.76
0.0170
Au-O
2.21
2.04
0.99
Au-Na
1.63
3.12
0.80
Au-Si
3.20
2.39
0.80
c
Au-Na/[Si]MCM41 used
Au-Au
4.70
2.88
4.67
0.76
0.0255
Au-O
1.26
2.04
0.99
Au-Na
0.88
3.12
0.80
Au-Si
2.32
2.39
0.80
Note: [a] N, coordination number; R, distance between absorber and backscattered atoms; ΔE0, inner
potential correction; R-factor, closeness of the fit, if < 0.05, consistent with broadly correct models.
Estimated error: N: ±20 %, R: ± 0.02; ΔE0: ± 30 %. The errors were also brought by the lack of proper Au-Al
shell model and the number of freedom limits ~15. Fitting curves are illustrated in Fig. S10. [b] The sample
was in situ treated in 10 % CO-3 % H2O-He for 2 h at 200 °C (10 mg sample, 10 ml/min flow). [c] The
sample was in situ treated in 10 % CO-3 % H2O-He for 2 h at 150 °C (10 mg sample, 10 ml/min flow) due to
the quick deactivation above 150 °C observed in kinetics tests.

While microscopic analysis (TEM and STEM) provides a number-weighted
particle distribution, the volume-weighted distribution provided by EXAFS can be
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heavily skewed by a few large particles. The EXAFS goodness for the KLTL-zeolites
system can be limited by the minor contribution from the Au-Al shell on the KLTLzeolite (Si:Al=3:1), which we could not account for due to the limit of freedom numbers
(13/15 been used) and the lack of Au-Al compound Feff reference options. Furthermore,
we did not observe any effect of exchange sites on the support on the stabilization of the
gold cations. This is different from the recent work by Kistler et al. [36] who analyzed
the single Pt(II) on the KLTL, where the Pt cations were stabilized exclusively on the AlO- sites by ion exchange. For the actual atomic active sites, the Au-Au shell coordination
number could be even smaller than 3-4 due to the distortion (towards higher Au-Au
coordination numbers) caused by the presence of a small percentage of nanoclusters in
our samples. Typically, gold nanoclusters of ~1 nm size have an Au-Au coordination
number above 5 [6, 20]. By applying the volumetric packing density of Au (~59
atoms/nm3), where the interatomic distance for the bulk gold is 0.288 nm (46), there are
about 13-15 atoms per ~1 nm semi-spherical gold particle. The weighting factor for such
a group of gold atoms with higher coordination numbers is then quite significant for the
“all-species” averaging results. As estimation, the average coordination number of gold
according to the atomic-resolution HAADF-STEM images in Figure 5-7 and the thus
summarized gold size distribution in Figure 5-8 would be:
!"#$%&'

𝐶𝑜𝑢𝑛𝑡𝑠  𝑜𝑓  𝑆𝑝𝑒𝑐𝑖𝑒𝑠 ×   𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝐴𝑡𝑜𝑚𝑠  𝑖𝑛  𝑒𝑎𝑐ℎ  𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
!"#$

×  

	
  

𝐴𝑢 − 𝐴𝑢  𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑖𝑜𝑛  𝑁𝑢𝑚𝑏𝑒𝑟
≈ 3.2
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This matches closely with the EXAFS fitting results of Au-Au coordination
number for the Au-Na/[Si]MCM41 sample (Table 5-3).
Along with the EXAFS results showing an enrichment of the Au-O shell for the
alkali-containing samples, Au4f XPS data (Figure 5-12) and in situ XANES spectra for
Au LIII edge (Figure 5-13) show the cationic nature of the active gold species, while the
alkali-free, catalytically inactive samples contain metallic Au NPs exclusively.

Figure 5-12. XP spectra of Au4f of the KLTL support gold catalysts (with and without alkali
promotion), after use. The working catalysts were used in 10% CO-3% H2O-He, contact time: 5
mL/g s, ramping rate from RT to 200 °C: 5 °C/min, held at 200 °C for 2 h.

Along with the XPS data in Figure 5-12, the analysis of the Au LIII edge XANES
data in Figure 5-13 corroborates the finding that the extra K-containing Au-K/KLTL
retains a stable cationic state of gold up to 200 °C in the reaction conditions, while the
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Au/KLTL sample does not. The sodium-loaded gold on [Si]MCM41 shows a similar
effect but with lower stability, and the gold remains cationic up to 150 °C under the
reaction conditions.

Figure 5-13. In situ XANES spectra for Au LIII edge (~11919 eV) collected in 10 % CO-3 % H2OHe. The spectra were collected after the catalysts were stabilized at the aimed temperature for 2
h. The reference spectra were collected at RT in static air.

The K+ ions stabilizing the Au-O- site in the Au-K/KLTL sample are different
from the ion exchanged K-O-Al sites in the as-received KLTL zeolite, but are associated
with –O [37], –OH, and H2O in vicinity [38] as indicated by the K2p XP spectra (Figure
5-14). These results demonstrate the substantial interaction between gold and potassium
through oxygen bond.
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Figure 5-14. XP spectra of K2p of the KLTL support gold catalysts (with and without alkali
promotion), after use. The working catalysts were used in 10% CO-3% H2O-He, contact time: 5
mL/g s, ramping rate from RT to 200 °C: 5 °C/min, held at 200 °C for 2 h.

The XPS for K2p in Figure 5-14 identified the presence of K-O- bonds and
excluded the K-C bonds (from any residual KAu(CN)2 precursors and K2CO3 formation).
The K-O bond information could not be tracked by O1s in XPS, because the O1s peaks
for the dominating components such as Al-O, Si-O, and K-O are all overlapped and
impossible to deconvolute. The KLTL zeolite used in this work has all its -H protons
been exchanged to -K as K-O-Al, and the corresponding K-O bond is confirmed by the
XPS of the Au/KLTL sample. The Au-K/KLTL sample with extra potassium ions on the
catalyst surface has similar but slightly shifted K2p peaks. The peak assignments are
from reports [37, 38] on well-defined crystal surfaces, which state that the range of 293 to
294 eV is the most relevant to K2O and water dissociated K+[(H2O)(OH)-] species. This
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work therefore suggests that the enrichment of –O-, -OH, and H2O species binding to the
additional alkali ions is the key for stabilizing the cationic gold on these samples.
To theoretically support the experimental results of defining the single-site AuO(OH)x- species stabilized by alkali metals, a DFT analysis has been done by Dr. Manos
Mavrikakis’ group [39]. Based on both the Bader charge and the thermochemical
analysis, single-gold-atom AuO7(OH)2Na9, AuO6(OH)2Na9, AuO3(OH)7Na9 and
AuO2(OH)9Na9 were identified as promising candidates for the active WGS reaction site.
These clusters share some common geometric features: the -O ligands bind directly to the
central gold atom; -OH groups are primarily bound on the many three-fold “Na3” sites
that surround the Au atom; and Na atoms are linked to the Au atom through -O ligands.
As indicated by in situ EXAFS (Table 5-3), depending on the local environment of the
Au atom, the active site may expose the Au atom if there are insufficient O atoms
available to link the Na atoms to the Au core. Moreover, since -OH groups tend to bind in
Na3-type sites, when many OH groups are present, the Na atoms aggregate to maximize
the availability of these sites, leaving the central Au atom partially exposed.

5.4	
  Summary	
  
This chapter reports that the addition of alkali ions (sodium or potassium) to gold
on KLTL-zeolite and mesoporous MCM-41 silica stabilizes mononuclear gold in AuO(OH)x-(Na or K) ensembles. This single-site gold species is active for the lowtemperature (< 200 °C) WGS reaction. Unexpectedly, gold is thus similar to platinum in
bounding through –O and –OH linkages with more than eight alkali ions and establishing
an active site on various supports. The intrinsic activity of the single-site gold species is
the same on irreducible supports as on reducible ceria, iron oxide, and titania supports;
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apparently all sharing a common, similarly structured gold active site. Moreover, while
the supported gold species holds a high dispersion, gold is a better choice than platinum
for low-temperature WGS due to its lower apparent activation energy for this reaction (~
45 kJ/mol for Au-catalysts vs. ~ 75 kJ/mol for Pt-catalysts). Low-temperature activity is
important to avoid multiple-treatment units in practical low-temperature PEM fuel cell
systems, whereby the deleterious CO should be totally removed for stable, long-term
operation. These atomically dispersed Au-O(OH)x- species are highly active for the WGS
reaction, the single gold atom maximizing the catalyst efficiency. This finding paves the
way for using earth-abundant supports to disperse and stabilize precious metal atoms with
alkali additives for the WGS and potentially other fuel processing reactions. Another
final fundamental question is, since the creating of the WGS catalytic active Au-O(OH)xspecies is not sensitive to the support oxide substrates, there might be a possibility to
build these sites without the direct involvement of the support. If this concept meets with
success, the preparation can be significant simplified, preferably in a green chemistry
fashion.
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Chapter	
  6	
  	
  Au-‐O-‐Na(OH)x	
  solutions	
  as	
  precursors	
  to	
  prepare	
  
stable	
  single-‐site	
  gold-‐titania	
  catalysts	
  
6.1	
  Introduction	
  
Recent advances in heterogeneous single-site catalysis have demonstrated that it
is possible to stabilize single atoms of precious metals as cations bound to the support
surfaces by -O- linkages [1-3] and use them as catalysts for a number of reactions under
realistic conditions. Such preparations offer 100 % atomic catalyst efficiency and
different selectivity than their metallic nanoparticle counterparts [4]. Atomically
dispersed cations of the PGM can be prepared by facile impregnation methods on various
supports, as has been shown for Pt- [5-10], Pd- [11], and Rh- [12] catalysts.
However, similar approaches for gold on open supports typically fail because of
the propensity of gold to sinter. With a simple analogy to PG metals, supported gold
catalysts prepared through IWI method of the most common gold precursors (e.g.
HAuCl4 [13, 14], Au(OAc)3 [15], and KAu(CN)2 [16]) resulted in making bulky Au NPs,
which translate into very low catalytic activity for many reactions [17]. Abandoning the
simplicity of the IWI method, a careful ammonia stream treatment after the HAuCl4
impregnation on titania was able to substitute the strong-protecting –Cl ligands from the
cationic gold precursor, and the thus prepared catalysts comprised Au NPs around 2-4
nm, showing similar NP size distribution and CO oxidation activity as the samples made
by the DP method [18, 19]. Of couse, the DP method is the well-accepted route to anchor
gold on oxide supports, particularly on TiO2 [20], with controlled loading amount and
average NP size (< 5 nm). The fraction of the dispersed gold atoms on titania is still very
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low, less than 20 % with the DP technique, and mixed structures, i.e. NPs, clusters, and
atoms are always present [21-23].
Carefully prepared, atomically dispersed gold on ceria was demonstrated more
than a decade ago by a two-step method, involving a deposition/precipitation or coprecipitation first step, followed by cyanide leaching of weakly bound gold species after
heat treatment [24, 25]; and on iron oxide [26, 27]. As discussed in Chapter 3, a UVassisted deposition/precipitation method can be used to better disperse gold on titania,
and after leaching and heat-treating the material, a large amount of gold (1 wt%) remains
as atomically-bound species to the titania surface Au-TiOx [21]. The latter technique is
applicable to the semiconducting titania, but not to insulator surfaces. Moreover, the
second step of leaching (at pH>12) is not applicable to some supports, such as ZnO,
silica, zeolites, etc. that are not stable in highly alkaline media.
There is always a complexity in multi-step catalyst preparations that can be
prohibitive to scale-up. A few Au1-O-support catalytic platforms, such as Au-zeolites [16,
28], Au-TiOx [21], Au-CeOx [24], Au-FeOx [26], and Au-ZnZrOx [29] have been
successfully developed, and are active for CO oxidation [26, 28], WGS [16, 21], and
SRM reactions [29, 30]. However, these single-atom platforms all require complex
synthesis methods, either involving organometallic precursors [28, 29], removal of strong
ligands [16], or cyanide leaching steps to remove the excess gold [21, 24, 26]. For
potential industrial development, a simple and green synthesis route for stable supported
Au1-catalysts is desired.
As discussed in Chapter 5, gold can be stabilized as single-site Au-O(OH)xspecies on various support oxides. This is true even for inert support oxides such as
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alumina, silica, and zeolites, as long as alkali ions (9-10 per gold atom) are bound to the
gold cation through –O linkages [16]. These species (up to 0.25 wt. % Au on KLTL
zeolites) were produced by solid state impregnation of NaOH with KAu(CN)2 loaded
zeolites under nitrogen atmosphere, followed with careful vacuum and heat treatment.
The thus formed Au-Oy-Na(OH)x clusters, predicted by DFT, catalyze the lowtemperature WGS reaction similarly on the inert and reducible oxide supports (e.g. CeOx,
FeOx, and TiOx). While stable and intact under realistic conditions in simulated fuel gas
streams up to 200 oC, the clusters are easily removed from the zeolite or mesoporous
silica supports by washing in DI water at pH= 7. The Na:Au ratios in the solutions were
the same as on the support.
An obvious question then arises as to whether this inorganic gold species formed
on support oxides retain their integrity in aqueous solutions. Reversely, can one make
them in solution and simply use these solutions to impregnate the supports? And how
active and stable would the heterogeneous catalysts be if prepared in that fashion? In this
chapter, this hypothesis is checked by preparing alkaline solutions of Au(OH)3 and
NaOH at pH= 14. The use of Au(OH)3 was inspired by two 1938 reports [31, 32],
wherein the authors by visual observation identified the dissolution of Au(OH)3 in
alkaline solutions as gold sols or hydrous aurates associated with the sodium.
This chapter reports that by mixing Au(OH)3 plus NaOH (Au:Na molar ratio=
1:10) powders in water at 80 oC, the single-gold-atom centric Au1Na10Ox(OH)y clusters
were formed in solution. Simple IWI of titania with this solution was done to prepare
active (probed by the WGS and SRM reactions) and stable gold sites on the surface of the
anatase oxide support without any noticeable modification of the latter. After this step,
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no further treatment was needed to remove ligands or to activate the catalysts. Therefore,
this synthesis route is green and very simple. It also affords the single-step preparation of
a large amount (1 wt.%) of gold species exclusively as isolated atoms on titania, a new
finding for this otherwise extensivelystudied catalyst system.

6.2	
  Materials	
  and	
  methods	
  
In this work, an anatase titanium dioxide from Millennium (G5, 100 % anatase,
270 m2/g) has been used as the titania support for various gold-titania catalysts. Prior to
the preparation of any catalysts, the titania powder was calcined in air at 400 oC for 10 h,
and the obtained titania powder was stored in dark vacuum afterwards. All the other
chemicals, including Au(OH)3, HAuCl4, NaOH pellets, and (NH4)2CO3, were supplied by
Alfar Aesar.
The Au-TiO2 catalysts made by the DP method were used as the main reference
sample. Typically, 150 mL of HAuCl4 aqueous solution was added into a 250 mL water
suspension of 5 g titania. After stirring the slurry for 1 h, 1 mol/L of (NH4)2CO3 solution
was slowly added to keep the pH around 8. The slurry was heated to 70 oC and aged for
1 h. The fresh samples were obtained by filtering the slurry, continuous washing with 70
o

C water, and then drying in vacuum at RT overnight. The obtained powder catalysts

were calcined at 200 oC for 2 h (ramping rate: 2 oC/min) to obtain the fresh 4.8AuTiO2(DP) sample. ICP analysis confirmed the gold loading of the catalyst as 4.8 wt.%.
The prepared catalysts were stored in dark and vacuum before any activity tests and
characterization.
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The Au-Na-TiO2 catalysts were made by the IWI method with a new precursor
prepared through a simple technique. The gold loadings of 0.5, 1.0, and 1.5 wt. % have
been investigated in this work by one time IWI of the designed amount of the gold
solution. To prepare the alkaline solution gold precursor, typically, the designedamount
of Au(OH)3 powder was slurried in 30 ml of H2O with N2 sparging and heated up to 80
o

C. NaOH powder (molar ratio of Au:Na=1:10) was added into the slurry at the same

temperature. The mixture was refluxed at 80 oC overnight to get a transparent solution
(colorless at lower concentrations – light yellow at higher concentrations). The ratio of
the Au:Na was 1:10 in order to let –O-Na linkages to adequately stabilize the cationic
gold atom was determined by our experimental analysis and DFT calculations published
recently [16]. The precursor solution doesn’t precipitate at 80 oC with continued stirring
during two weeks of observation. The Au-O-Na-TiO2 catalysts were prepared by the IWI
of the solid with the precursor solution at RT in air exposure. After drying in vacuum
overnight, the powder samples were stored in dark and vacuum before any activity tests
and characterization. The gold loading is checked with ICP as 0.5, 1.0, and 1.5 wt.% for
the 0.5, 1.0, and 1.5 Au-O-Na-TiO2 catalysts, respectively. Figure 6-1 shows the XRD
patterns of the gold-titania catalysts prepared by the two (DP and IWI) methods. Anatase
titanium dioxide is the only detectable crystal phases for all three samples. The average
particle sizes of the anatase determined by XRD in 4.8Au-TiO2(DP), 0.5Au-O-Na-TiO2,
and 1.0Au-O-Na-TiO2 are 9.8, 10.1, and 9.7 nm respectively, being consistent with the
data reported in Chapter 4.
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Figure 6-1. XRD patterns of the titania-supported catalysts. Anatase titanium dioxide is the only
detected crystal structure matching the diffraction peaks.

Figure 6-2 shows the XPS spectra of Ti2p for the samples made by DP and IWI.
Regardless of the methods been employed, the TiIV in anatase TiO2 is the only chemical
state of the titanium element we observed. Therefore, we can conclude that the different
preparation methods do not introduce any significant modification to the support oxides,
and instead, any different catalytic performance of these samples will be attributed to the
different states of the supported gold species.
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Figure 6-2. Ti2p XPS results of the different gold-titania catalysts prepared in this work. The
IV

featuring peaks correspond to the typical Ti -O bond in TiO2 anatase.

The important physical properties of the representative samples discussed in this
chapter are summarized in Table 6-1 as a convenient reference. More detailed
explanation about the chemistry of the catalytic sites and reactivity of these samples will
be given in the following sections.

Table 6-1. Important physical and catalytic properties of the key samples
Samples

TiO2
4.8AuTiO2(DP)
0.5Au-O-NaTiO2
1.0Au-O-NaTiO2
1.5Au-O-NaTiO2

BET
Surface
2 Area (m g
1
)
250
197

Gold
Species
b
Sizes

Gold
Chemical
c
State

Reaction Rate
-1 -1
(µmol H2 gcat s )
d
e
WGS
SRM

Anatase,
10.0 nm
Anatase, 9.8
nm
Anatase,
10.1 nm
Anatase, 9.7
nm
Anatase, 9.9
nm

--

--

0

0

~6.2 nm NPs

Metallic Au-Au

4.0

0.1

Atomically
Cationic Au-O 6.2
0.4
Dispersed
208
Atomically
Cationic Au-O 11.7
0.8
Dispersed
183
~3.0 nm NPs
Metallic Au-Au 7.7
0.5
and
Cationic Au-O
Atomcally
Dispersed Au
Atoms
Note: [a] Determined by XRD and XPS. [b] The particle sizes were estimated by ac-HAADF-STEM and
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Support
Oxide
a
Phases
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EXAFS fitting results. [c] Determined by XPS and XAS of the fresh and used samples. [d] WGS reaction
o
rates measured at 200 C steady state in a simulated reformate gas mixture (11% CO, 26% H2O, 7% CO2,
and 26% H2, balance He; CO Conversion< 20 %, 207 ml/min, 100-200 mg sample). e) SRM reaction rates
measured at 240˚C steady state in reactant gas mixture (2%CH3OH, 2.6%H2O, balance He; CH3OH
conversion < 20 %, 20 ml/min, 100 mg catalyst).

The BET surface areas of the samples were measured by single-point N2
adsorption/desorption cycles in a Micromeritics AutoChem II 2920 apparatus. Each
sample was degassed in He at 250 oC for 30 min before the adsorption. A 30 % N2-He
gas mixture was used in the BET measurement. XRD analysis was performed on a
Rigaku RU300 Cu-source powder diffractometer. Cu Kα radiation was used with a
power setting of 50 kV and 250 mA. A scan rate of 2°/min with a 0.02° step size was
used. Aberration-corrected high-angle annular dark-field scanning transmission electron
microscopy (ac-HAADF-STEM) images of the gold catalysts were collected at the
Advanced Microscopy Laboratory at Oak Ridge National Laboratory, using a JEOL
2200FS instrument equipped with a hexapole corrector (CEOS GmbH, Heidelberg,
Germany) on the illuminating lenses, for scanning transmission (STEM) imaging. The
corrector permits imaging in HAADF mode at a nominal resolution of 0.07 nm, with a
collection semi-angle of 26.5 mr and a beam current of ~30 pA. Images to easily reveal
single gold atoms were typically recorded at 10Mx direct magnification, at 512×512 px
with a 32 or 64 microsecond dwell time, to give 8.5 or 17 sec scan times. Because the
NPs and sub-nm species have almost equal chance to be imaged on the thin and flat
support surfaces, the gold species (> 150 total counts) near the edge of the samples in
different regions were counted and analyzed.
Kinetics measurements for WGS reaction were conducted in a packed-bed flow
microreactor. The samples were first heated in He from RT to 100 °C, then the gas was
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switched to a reformate-type fuel gas (11 % CO- 26 % H2O- 7% CO2- 26 % H2-He, flow
rate 207 ml/min. 100-200 mg sample was used to change the contact time such that the
conversion remained <15 %). Testing began at the highest temperature and lasted for 4 h
before cooling down to other temperatures to avoid deactivation during the kinetic
measurements. The feed and product gas streams were analyzed using an HP-6890 GC
equipped with a TCD detector. The kinetics measurement error was <10 %. The productfree WGS experiments were run in a Micromeritics AutoChem II 2920 instrument
equipped with a mass spectrometer. The catalysts were stabilized in a 10 % CO- 3 %
H2O- He gas mixture for 30 min at 50 oC before being heated at 5 oC/min (100 mg
sample, 30 ml/min). CO-TPR tests were run in a Micromeritics AutoChem II 2920
instrument equipped with a mass spectrometer. For each experiment, the sample was
purged in He at 50 °C to remove any physically adsorbed CO2 and H2O. The sample was
stabilized in 10 % CO-He for 20 min at 50 oC, and then been heated up to 300 oC (5
o

C/min). The regeneration of the surface –OH species is by rehydrating the catalysts with

3 % H2O-He for 1 h after ramping down to RT between consecutive cycles. The sample
did not contact air at any temperature during the cyclic tests.
The temperature-programmed and steady state SRM reaction tests were carried
out in a fixed-bed quartz microreactor (6mm OD, 4mm ID) at atmospheric pressure. A
gaseous mixture of 2 % CH3OH, 2.6 % H2O balanced in He was passed through the
fixed-bed of 100 mg catalyst and 400 mg of inert quartz sand. The quartz sand was
calcined in air at 800 ˚C for 2 h prior to use. The total flow rate of the SRM-steady state
reaction was set to be 20 ml/min. Reaction temperature was first increased to 300 ˚C at 5
˚C/min ramping rate, and decreased down to 220 ˚C stepwise with isothermal holding at
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each set temperature for 75 min to fully reach the steady states. The methanol conversion
was limited below 20 % in order to obtain the reaction rates in the kinetics control region.
Total flow rate of the temperature-programmed SRM was set at 10 mL/min. Reaction
temperature was increased from 30 to 300 ˚C with ramping rate of 2 ˚C/min. The feed
and the product gases were analyzed online by a residual gas analyzer (RGA, MKS
model RS-1). The RGA was calibrated by monitoring multi-components gas and vapor
carried by ultra high purity He at different concentrations. The calibrated components for
SRM include: CH3OH (m/e=31), H2O (m/e=18), CO (m/e=28), CO2 (m/e=44), H2
(m/e=2). The CO signal (m/e=28) was corrected for the contribution of methanol and
CO2 at m/e=28. Methanol-TPSR was employed to capture the intermediate species
during when the methanol molecules interacting with the catalytic sites during the
ramping tests. After the He purge at 50 oC for 30 min, the catalysts (100 mg) were
exposed to 10 % CH3OH-He (10 ml/min) and stabilized for 30 min before the
temperature was ramped up to 300˚C at 2˚C/min. The monitored gases by mass
spectrometer include H2, CO, CO2, He, H2O, formaldehyde (HCHO), formic acid
(HCOOH), dimethyl ether (CH3OCH3), and methyl formate (HCOOCH3).
The XAS spectra were collected in the fluorescence mode with a 13-channel Ge
detector at the 12-BM APS beamline at Argonne National Laboratory. The X-ray
absorption edge energy for Au LIII edge was calibrated to 11919 eV by a gold foil. For
each data collection point, three consecutive scans (each lasting ~ 30 min) were acquired
after the sample were treated in reaction conditions (10 mg sample, 15 ml/min) to reach a
steady state as indicated by a mass spectrometer connected to the gas outlet for 1 h, and
then cooled to liquid N2 temperature in He flow to freeze the structure and formal charge
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of the gold. The reference spectra of AuIII and Au0 (i.e. Au(OH)3, and gold foil) were
collected at RT in static air. The Feff models of gold foil, Au2O3, NaAuO2, AuTi3, were
used to fit the 1st shell Au-Au, Au-O, and Au-Ti coordination in the EXAFS data. XPS
experiments were performed on a Thermo Scientific Al Kα-XPS. The C1s peak was
calibrated at 284.8 eV.

6.3	
  Results	
  and	
  discussion	
  
6.3.1	
  Characterization	
  of	
  gold	
  and	
  sodium	
  in	
  the	
  precursor	
  solution	
  and	
  in	
  
supported	
  form	
  
UV-vis spectra of the gold-sodium precursor synthesized by this new route are
shown in Figure 6-3. Different from the HAuCl4 solution that shows strong LMCT
(logKAu-Cl~ 5.09) band centered at 310 nm, the hydrous aurates associated with the
sodium do not have the strong LMCT band but a strong shoulder below 300 nm,
indicating the cationic gold center is protected with soft ligands, only –OH and –Opossible in this case [33]. The gold-sodium species do not precipitate in solution with
continued stirring at 80 oC. The absence of the typical absorption peak in 380-390 nm and
480-540 nm wavelength indicated that the suspended Aunδ+ clusters and metallic Au NPs
do not exist in the precursor solution [34, 35]. Adding NaBH4 (200 % in excess) fully
reduced the gold into metal precipitates, and the cationic gold species were no longer
detected in solution by UV-vis.
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Figure 6-3. Single-atom gold cluster stabilized in solution and on anatase titania. (a) UV-vis
spectra of the Au-O-Na(OH)x precursor in solution in comparison with the HAuCl4 solution and
NaBH4- reduced gold slurry.

XRD, XPS, and XAS analysis (Figure 6-4, 6-5, 6-6, 6-7 and Table 6-2) of the
vacuum dried gold-sodium precursor solution revealed that the sodium-stabilized gold
clusters are a new compound rather than the mixture of Au(OH)3 and NaOH, and the –ONa linkages to the AuIII center is the featuring structure. The gold-sodium precursor
solution was dried in vacuum into a yellow powder in order to be analyzed by XRD and
XPS. As shown in Figure 6-4, the powder does not show any of the featuring peaks of
either NaOH or Au(OH)3 which were the raw materials in the preparation. The XRD
pattern of the gold-sodium powder indicates that the precursor is distributed as fine
clusters rather than forming highly organized crystals. A closer examination at the inset
figure showed that the gold-sodium powder was composed of sodium gold oxide species.
Any possible carbonates structure, such as NaCO3 and NaHCO3 were not detected upon
air exposure, indicating a mutual stabilization of the gold and sodium.
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Figure 6-4. XRD patterns of Au(OH)3, NaOH, and the gold-sodium powder that was obtained by
the reflux of Au(OH)3 and NaOH aqueous solution. Inset: The gold-sodium fine powder shows the
presence of sodium gold oxides.

XPS experiments were conducted to show the chemical sate of the gold and
sodium elements in the dried precursor. As shown in Figure 6-5, the gold species was
mainly AuIII, corroborating the formation of the sodium gold oxides indicated by the
XRD results.
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Figure 6-5. XPS of Au4f for the dried sodium-gold powder.

Figure 6-6 shows the XPS binding energy in the Na1s region. The narrow
featuring peak at 1071.0 eV indicates that the sodium ions were distributed in the new
gold precursor with a specific chemical composition. The value of that binding energy
further corroborated that the sodium is stabilized through a –O-Na linkages in this new
precursor, agreeing with our previous reports to create the Pt-O-Na and Au-O-Na
linkages by various more complex preparation methods [10, 16, 36].
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Figure 6-6. XPS of Na1s for the dried gold-sodium precursor in powder form.

The gold-sodium precursors in both the solution and powder forms were analyzed
by XAS. As illustrated by the Au LIII edge white lines in Figure 6-7, the gold species
clearly has a cationic nature. While the R-space profile for the gold-sodium solution was
too noisy to be analyzed due to the low concentration, EXAFS analysis for the dried
gold-sodium precursor powder showed zero contributions from Au-Au coordination,
while the gold is coordinated with the surrounding oxygen atoms as NAu-O= 2.9.
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Figure 6-7. Au LIII XANES spectra of the gold-sodium precursors (in solution and dried powder)
and the gold-titania catalysts made by different methods. Au(OH)3 and gold foil data was used as
III

0

st

the reference for Au and Au . The 1 shell coordination numbers listed with each sample were
extracted from the EXAFS fitting results (Table 6-2).

In agreement with the XRD results, the XAS data showed that the gold-sodium
precursor is in the form of non-crystallized clusters with the single-atom gold stabilized
by nearby oxygen. Applying Feff models for EXAFS fitting, it was found that the
precursor is composed of fine sodium gold oxides clusters without having gold atoms
located near each other as in a typical crystallized gold oxide or sodium gold oxide
structures. It is noteworthy that even in “oxidized gold” crystal models such as Au2O3
and NaAuO2, due to the presence of long distance organized unit cells, the contribution of
Au-Au coordination can range from 1 to 2. Therefore, combining the UV-vis, XRD, XPS,
and XAS data, this work concludes that the new gold precursors are composed of fine
clusters featuring a single gold atom stabilized by –O-Na linkages, with abundant vicinal
–OH species. Suggested by the experimental results of alkali (Na and K) stabilized
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atomic gold on inert supports (Al2O3, KLTL zeolites, and mesoporous silica MCM-41),
we have reported the possible stable structures of such Au1Na9Ox(OH)y clusters recently
by DFT calculations [16]. In each of these clusters, the single-atom gold has direct bonds
with oxygen that connects to the neighboring sodium, and the –OH groups are associated
primarily with the sodium sites. In this previous work, we found such structures are
highly active for the WGS reaction, same as those Au-O- species stabilized on “active”
support oxides, such as CeOx and FeOx.
3

Table 6-2. Fitting parameters of the curve fitted k -weighted EXAFS analysis of the fresh
samples

a

Sample
Gold-Sodium precursor
powder
0.5Au-O-Na-TiO2

2

Shell
N
R(Å)
ΔE0 (eV)
S0
R-factor
Au-O
2.9
1.95
9.3
0.8
0.05
Au-Au
--Au-O
2.5
1.99
9.5
0.8
0.05
Au-Au
--Au-Ti
0.6
3.08
1.0Au-O-Na-TiO2
Au-O
2.3
1.98
7.3
0.8
0.04
Au-Au
--Au-Ti
0.6
3.02
4.8Au-TiO2(DP)
Au-O
--4.6
0.8
0.02
Au-Au
9.4
2.83
Au-Ti
--Note: [a] N, coordination number; R, distance between absorber and backscattered atoms; ΔE0, inner
potential correction; R-factor, closeness of the fit, if < 0.05, consistent with broadly correct models.
Estimated error: N: ±20 %, R: ± 0.02; ΔE0: ± 30 %. The errors were mainly brought by the lack of Au-Na
shell models to fit, and the distinctive scattering patterns/ peaks above 3.1 Å in R-space to show.

The chemical valence and bonding structure of the gold loaded on the titania by
the new IWI and the standard DP methods are also indicated by the shape of the spectra
in Figure 6-7. Both Au-O-Na-TiO2 catalysts (0.5 and 1.0 wt.% loading) present the gold
as cationic species. EXAFS fitting of the 1st shell atoms assignst the major contribution
for the 1st shell of the gold atom to oxygen. The coordination number of Au-O is very
close to the unsupported gold-sodium precursor, clear evidence that the cluster structure
of the single-atom gold stabilized by sodium ions through –O- linkages has not been
modified on the titania support. There is only a minor contribution of Au-Ti coordination
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(NAu-Ti=0.6) for both 0.5Au-O-Na-TiO2 and 1.0Au-O-Na-TiO2 as expected when the gold
species are highly dispersed on the titania surface. Such a type of gold species bound
loosely on the support surfaces, and can be completely washed off by liquid water at RT.
In the case of these sodium-stabilized samples made by the new IWI method, the cationic
gold is stabilized by the surrounding –O, and has a low total coordination number, which
is a strong indication that these gold sites can be catalytically active. In contrast, the
4.8Au-TiO2(DP) has the supported gold all as metallic according the to XANES spectra,
and the 1st shell EXAFS fitting results confirm that the big metallic Au NPs have
exclusively Au-Au bond (NAu-Au=9.4).
As shown in Figures 6-8 and 6-9 for the 0.5Au-O-Na-TiO2 and 1.0Au-O-Na-TiO2
samples, more than 90 % of the gold is clearly in the single-atom form, which is very
different from the gold size distribution of the A.8Au-TiO2(DP) sample (Figures 6-10
and 11). Two sets of ac-HAADF-STEM micrographs at different areas and scales were
provided for the Au-O-Na-TiO2 samples. The contrast of the atomic species in HAADFSTEM is approximately in proportion to the square of the atomic numbers for various
elements, and the sodium atoms are indeed too “light” relative to the average atomic
numbers of the various supports to be shown in these materials.
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Figure 6-8. HAADF-STEM images of the 0.5Au-O-Na-TiO2 sample. The circles are drawn around
isolated gold atoms, except in the last image (bottom right) to show the atomically dispersed gold
at a larger scale bar.
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Figure 6-9. HAADF-STEM images of the 1.0Au-O-Na-TiO2 sample. The circles are drawn around
isolated gold atoms, except in the last image (bottom right) to show the dispersed gold at a larger
scale bar.

A few pseudo sub-nm gold clusters with random shapes and no clear facets have
been observed in these sodium-stabilized gold catalysts. Similar to earlier reports on
platinum by us and others [10, 37], EXAFS analysis (Figure 6-7 and Table 6-2) confirms
that these pseudo sub-nm clusters are actually isolated gold atoms located close to each
other without the direct Au-Au metallic bond typically observed in Au NPs. To stably
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anchor the cationic gold on titania, absent sodium, –O- linkages directly bound to the
gold is required [21]. Interestingly, such a Au-O coordination was already established
here in the precursor, without showing significant change upon loading on the titania
(Figure 6-7 and Table 6-2). As a counterpart, in the case of the sodium-free 4.8AuTiO2(DP) sample made by the DP method, an abundance of Au NPs (~ 6.2 nm) were
found (Figure 6-10 and 6-11), and only the Au-Au 1st shell feature was observed in
EXAFS.

Figure 6-10. HAADF-STEM images of the 4.8Au-TiO2(DP) sample.
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The particle size distributions of the gold species in the different catalysts are
displayed in Figure 6-11. The sodium-stabilized gold catalysts up to 1.0 wt.% Au loading
have the gold atomically dispersed, either as clear single-gold atoms isolated from each
other, or as pseudo sub-nm clusters which are actually single-gold atoms located very
close to each other. The catalyst made by the DP method has an average Au NPs size of
6.2 nm, consistent with the coordination number of Au-Au as 9.4 from EXAFS fittings
[23].

Figure 6-11. Gold species size distribution for the sodium-stabilized gold-titania catalysts made
by IWI and the standard gold-titania catalyst made by DP method. The average Au particle size of
the 4.8Au-TiO2(DP) catalyst is shown on the figure.

It was recently reported that by adding excess sodium base into HAuCl4 [14]
(pH~ 12) and Au(OAc)3 [15] (pH~ 10-11) aqueous solutions, fine Au NPs as small as 1
nm can be made on ceria-zirconia and titania by IWI. These catalysts are active for CO
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oxidation [14] and glucose oxidation [15], respectively. Equilibrium speciation of
[Au(OH)n]3-n (n=1-4) to high pH without other Au-ligands was proposed as the reason
behind the improvement in dispersion of the gold species after deposition. We can argue
against this in view of our findings here, and because for bare gold hydroxide it is crucial
to avoid the local rise of [Au(OH)n]3-n and base concentrations that cause rapid Au(OH)3
nucleation in both the liquid phase and on the support surfaces [38]. On the other hand,
there have been reports of activity of gold in highly alkaline solutions (pH=14) for the
CO oxidation reaction both for unsupported gold [39] and TiO2- or carbon-supported
gold [40], the latter also for the glycerol oxidation. The gold can be leached into the
highly alkaline solution from Au/TiO2 or Au/Carbon preparations, thus we may surmise
that the Au-O-Na(OH)x clusters in solution were the active sites in those systems,
unbeknownst to the researchers at the time. Of course, by filtering out the solutions and
testing their activity, this could be determined unambiguously.

6.3.2	
  Probe	
  the	
  Au-‐O(OH)x-‐	
  single-‐site	
  with	
  WGS	
  reaction	
  
The WGS reaction is a well-understood probe reaction to “titrate” the catalytic
single-site Au (or Pt)-O(OH)x- species on various support oxides [10, 16]. As shown in
Figure 2a, with much lower gold loading than the 4.8Au-TiO2(DP) catalyst, the sodiumstabilized Au-O-Na-TiO2 catalysts showed significantly higher performance, where the
low-temperature H2 generation onset was at as low as 60 oC in a product-free condition.
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I

Figure 6-12. The Au -O(OH)x- species stabilized by the sodium ions catalyzes the WGS reaction.
o

o

Low-temperature WGS-TPSR with holds of 1 hr at 120, 150, and 180 C (heating rate: 5 C/min,
10 % CO-3 % H2O- He, 30 mL/min; 100 mg sample). The consumption of CO and the production
of CO2 and H2 fit the stoichiometry of the WGS reaction.

Kinetics analysis (Figure 6-13) in a simulated reformate gas mixture (11 % CO26 % H2O- 7 % CO2- 26 % H2- He) confirms that the apparent activation energy of this
reaction on gold (45±5 kJ/mol) is insensitive to the presence of alkali stabilizers and the
types of support oxides (e.g. titania, KLTL zeolites, ceria, iron oxide) employed. For
those ideal catalytic materials platforms with mostly atomically dispersed gold (100 %
dispersion) on the catalyst surface, we can cast the TOF per catalytic active site by
normalizing the overall reaction rates with the amount of the atomically dispersed gold.
The relevant catalysts to apply this normalization include the 1.16Au-TiO2 UV-L catalyst
made through enhanced Au-TiO2 interface interaction of the deposited gold hydroxide by
UV irradiation, air calcination at 200 oC for 2 h, followed by Au NPs removal by cyanide
leaching, as discussed in Chapter 3, as well as the alkali ions stabilized gold catalysts on
the inert KLTL zeolites (0.25Au-K-KLTL), Chapter 5. Figure 6-13 shows the Arrhenius
plot of the thus calculated TOF. The results clearly show that the intrinsic activity of the
gold atom catalytic centers is similar on different support oxides, with (on inert supports)
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or without (on active supports) alkali stabilization. Thus, the active sites of Au-O- species
on reducible active supports (e.g. CeOx and FeOx) [3, 24, 25] are stabilized on -Ox-CeOH or -Ox-Fe-OH sites, providing the vicinal (OH) groups to gold; while a similar role is
played by -Ox-Na(or K)-OH on inert supports . As a new one-step Au1-O-support
preparation, the new generation of Au-O-Na-TiO2 catalysts provides an extremely simple
route to realize such the maximum atom efficiency of the catalyst at appreciable loadings
of single-gold atoms on any support.

Figure 6-13. Arrhenius TOF plot of the closely relevant catalyst platforms with stable atomically
dispersed gold as the center of the catalytic sites. The data of 1.16Au-TiO2 UV-L is from Ref. 21,
and the data of 0.25Au-K-KLTL is from Ref. 16.

Due to the high amount of the atomically dispersed gold in the 1.0Au-O-Na-TiO2
sample, this catalyst shows very high overall activity for the low-temperature WGS
reaction. Its activity remains stable up to 200 oC during two cycles of 10 h-each testing
with intermittent shutdown of the reaction in 3 % steam to RT (Figure 6-14).
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Figure 6-14. Stability test for the sodium stabilized 1.0Au-O-Na-TiO2 catalyst in two cycles of 10
o

h-each WGS reaction at 200 C in a product-free gas mixture (10 % CO- 3 % H2O-He; shutdown
o

to RT in 3 % H2O-He; ramping rate: 5 C/min).

The chemical states of the gold were investigated before and after the WGS
reaction (10 % CO- 3 % H2O- He, 200 oC, 1 h steady state, 100 mg sample). No gold
particle formation was found and the sample maintained 100 % dispersion through AuIO-Na linkages according to XPS and EXAFS results (Figure 6-15, 6-16, and Table 6-3).
In agreement with the XPS and XANES findings for the unsupported gold-sodium
precursor, the gold remains as AuIII cations in the fresh sodium-stabilized supported
catalysts, as the XPS data of Figure 6-15 shows. In the used catalysts, most of the gold
species is reduced to AuI with minor contribution of metallic Au0 that originates from the
formation of a few Au NPs (Figure 6-15). While the active gold cations are stabilized by
the sodium in the samples made by the new IWI method, the much less active 4.8AuTiO2(DP) sample features all metallic gold in both the fresh and used catalyst samples
(Figure 6-15).
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Figure 6-15. Au4f XPS for the samples having sodium loaded on different support oxides. All the
o

samples were treated in 10 % CO- 3 % H2O-He condition at 200 C for 1 h.

EXAFS analysis (Table 6-3) of the used catalysts further corroborated the above
findings. In the case of the sodium stabilized fresh gold catalysts, the gold atoms were
fully dispersed as isolated atoms in the form of Au-O-Na clusters on the support surface
(Table 6-2). After the steady state WGS reaction at 200 oC for 1 h, a partial opening of
the Au-O 1st shell was found. A ~52 % decrease of the Au-O coordination number in the
used sodium-stabilized catalysts (up to 1.0 wt. % Au loading) compared with that of the
fresh catalysts matches the shift of AuIII to AuI dominant state identified by XPS in Fig.
6-15. No appreciable increases of the Au-Au coordination number were observed as
would be expected from Au NP formation. To further examine the effect of loading, an
“overloaded” 1.5Au-O-Na-TiO2 sample was prepared for in situ EXAFS analysis (Table
6-3). The fresh 1.5Au-O-Na-TiO2 sample was able to hold all the supported gold as
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isolated Au-O- sites on the surface, but a much larger number of Au-Au coordination
(NAu-Au=8.1) was found after the reaction, while a small portion of Au-O (NAu-O=0.6) was
preserved, indicating a significant effect of Au NP growth from the “overloaded” gold
species. The overloaded extra gold atoms sintered into NPs with an average size of ~3
nm, which typically have 60-80 gold atoms within the particle strcture [23, 40]. For the
0.5Au-O-Na-TiO2 and 1.0Au-O-Na-TiO2 samples with lower gold loadings, the
dispersion of the gold remains 100 % in the used catalysts with the NAu-O=1.1~1.2 and
NAu-Au=3.2. Miller et al. [41] estimated that 100 % dispersion would be reached on AuAl2O3 until the NAu-Au becomes larger than 4. Typically, gold nanoclusters of ~1 nm size
have an Au-Au coordination number above 5 [23, 41]. Since there are about 13-15 atoms
per ~1 nm semi-spherical gold particle, the weighting factor for such structures of gold
with higher coordination numbers is then quite significant for the “all-species” averaging
results compared with single-gold atoms. Therefore, for the sodium-stabilized catalysts
without “overdesign” of gold (e.g. 0.5Au-O-Na-TiO2 and 1.0Au-O-Na-TiO2), the
catalytic active center is mostly preserved as single-gold atom centric AuI-O- species in
the working catalysts, and the metallic Au NP growth in these two samples was limited.
In their counterpart, the 4.8Au-TiO2(DP) catalyst has its gold showing exclusively Au-Au
bonding, and the slight increase of the NAu-Au in the used catalyst indicates further
sintering of the dominating metallic Au NPs.
3

Table 6-3. Fitting parameters of the curve fitted k -weighted EXAFS analysis of the used samples
for the WGS reaction

a

Sample
b
0.5Au-O-Na-TiO2 used

1.0Au-O-Na-TiO2 used

	
  

Shell
Au-O
Au-Au
Au-Ti
Au-O
Au-Au

N
1.2
3.2
1.2
1.1
3.2

R(Å)
2.03
2.80
2.81
2.03
2.78

2

ΔE0 (eV)
4.7

S0
0.8

R-factor
0.05

3.6

0.8

0.04

193	
  

Au-Ti
1.3
2.81
Au-O
2.3
1.96
6.2
0.8
0.03
Au-Au
--Au-Ti
0.8
3.11
1.5Au-O-Na-TiO2 used
Au-O
0.6
2.00
5.4
0.8
0.03
Au-Au
8.1
2.85
Au-Ti
0.4
3.13
4.8Au-TiO2(DP) used
Au-O
--5.1
0.8
0.02
Au-Au
10.0
2.85
Au-Ti
--Note: [a] N, coordination number; R, distance between absorber and backscattered atoms; ΔE0, inner
potential correction; R-factor, closeness of the fit, if < 0.05, consistent with broadly correct models.
Estimated error: N: ±20 %, R: ± 0.02; ΔE0: ± 30 %. The errors were mainly brought by the lack of Au-Na
shell models to fit, and the distinctive scattering patterns/ peaks above 3.1 Å in R-space to show. [b] All the
used catalysts were treated in 10 % CO-3 % H2O-He for 1 h at 200 °C (10 mg sample, 15 ml/min flow).
1.5Au-O-Na-TiO2

XPS Na1s spectra were investigated, in order to identify the chemical
compositions of the sodium in the Au-O-Na-TiO2 catalysts. Without the presence of the
gold on the support surface, the sodium additives tend to be widely distributed as various
types NaOxCy (1073.5 and 1066.8 eV) on the titania surface as discussed in Chapter 4. In
this new preparation, the NaOH reacts with Au(OH)3 to create the –O-Na stabilized
single-atom gold, and a direct interaction between the gold and sodium has been
established. Surprisingly similar to the sodium-stabilized platinum catalysts discussed in
Chapter 4, the sodium element has a clear featuring peak at 1071.9 eV (Figure 6-16a),
which is a typical region (1071.5- 1072.5 eV) for the direct Na-O- bonding [39, 40]. This
means that the -O- linkages that stabilize the gold atoms in the new catalysts are coming
from the –O-Na bonding. Therefore, a direct interaction and mutual stabilization between
the gold and sodium is established through the –O- linkages between the two elements.
The small shoulder peak around 1067.0 eV is attributed to the NaOxCy species [10, 42].
DFT calculations based on the Au1Na9Ox(OH)y clusters also finds plausible binding of
CO2 on the sodium sites of the clusters [16], which will contribute to the minor Na1s
peak at 1067 eV without forming anysodium carbonates. The chemistry environment of
the sodium is stable during the WGS reaction up to 200 oC (~ 3 % CO2 generated in the
	
  

194	
  

gas stream). As shown in Figure 6-16b, the Na1s peak shape change of the Au-O-NaTiO2 samples is minimal after the WGS reaction. Possible chemical compounds that can
be generated under CO2 -rich stream, such as NaCO3 [43, 44] and NaHCO3 [44] in the
1071-1071.5 eV range were not observed, indicating the mutual stabilization of the gold
and sodium through the –O- bonding.

Figure 6-16. Na 1s XPS for the sodium-stabilized gold-titania catalysts, (a) as-prepared samples
o

(b) used sample. The catalysts were treated in 10 % CO- 3 % H2O-He condition at 200 C for 1 h.

Previously, we found that the amount of the regenerable –OH species (consumed
by CO to produce CO2 and H2) associated with the active metal center (e.g. Au in
Chapter 5 and Pt in Chapter 4) is in a linear correlation with the overall reaction rate. In
this work, it is noted that for the 0.5 and 1.0 wt.% Au-Na-TiO2 catalysts with all the gold
been atomically dispersed, when the amount of gold was doubled from 0.5 to 1.0 wt.%,
the amount –OH species doubled (Figure 6-17), and so did the reaction rate (Figure 618). The 3rd cycle CO-TPR profiles for sodium-stabilized gold-titania catalysts are shown
in Figure 6-17. The bare titania support does not have any reactive oxygen species for
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either CO2 or H2 production within the temperature range we investigated. The ratios of
the integrated H2 and CO2 profiles from 50 to 300 oC for all the samples investigated here
are close to 1:2, and thus correspond to the stoichiometric reduction of –OH by CO
molecules to produce CO2 and H2 simultaneously.

rd

Figure 6-17. The 3 consecutive cycle of CO-TPR profiles (10 % CO-He, 30 ml/min, 100 mg, 5
°C/min) to titrate the surface –OH species for the sodium-stabilized gold-titania catalysts made by
the new IWI method.

According to Figure 6-17, the light-off temperature for H2 matches well with the
reaction onset around 60 oC in product-free conditions (10 % CO- 3 % H2O- He, 30
ml/min, 100 mg sample, 5 oC/min) with the same CO inlet concentration. In Figure 6-18,
the steady-state WGS reaction rates are proportional to the integrated amount of the
regenrable –OH species measured from the cyclic CO-TPR profiles. The significantly
higher amount of the regenrable –OH species in the sodium-stabilized gold-titania
catalysts compared with the sample made by DP method results in the much improved
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WGS catalytic activity. As long as the gold species are being atomically dispersed on the
support, when the amount of single-gold atoms was doubled (from 0.5Au-O-Na-TiO2 to
1.0Au-O-Na-TiO2), the amount of rgenerable –OH and low-temperature WGS reaction
rate were doubled (Figure 6-17 and Figure 6-18). In agreement with our previous
findings , Chapter 3 and 5, the –OH vicinal to the atomic gold centers must initiate the
low-temperature WGS reaction. Accodring to the Au-O coordination structure extracted
from EXAFS data, these –OH species do not bind directly to the Au atom center,
otherwise the Au-O coordination will be as large as 10. Through DFT analysis, the
Mavrikakis group found the –OH groups preferentially on the three-fold sodium ions
which are connected to the gold through –O- linkages [16].

I

Figure 6-18. The Au -O(OH)x- species stabilized by the sodium ions catalyzes the WGS reaction.
Linear relationship between the WGS reaction rates (10 % CO-3 % H2O- He, H2O conversion <
o

20 %, 120 C) and the amount of the surface –OH species associated with the gold (based on
o

cyclic CO-TPR, 50-300 C, 10 % CO- He).

It is unclear why further increasing the gold loading to 1.5 wt.% resulted in
noticeable growth of Au NPs.

One could argue that the loss was due to lack of

anchoring sites for the “extra” 0.5 wt.% gold. But the observed loss was much higher that
this argument would justify. This needs further investigation. Notwithstanding this, the
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new single-step method of applying the Au-O-Na(OH)x clusters on titania offers a new
platform catalyst that may be good to probe other reactions that potentially take place on
these single-gold active sites. A brief study of the SRM reaction described below was
done to evaluate this possibility.

6.3.3	
  Probe	
  the	
  Au-‐O(OH)x-‐	
  single-‐site	
  with	
  the	
  SRM	
  reaction	
  
SRM is a hydrogen generation reaction that is catalyzed by various supported
gold catalysts. [29, 30, 45, 46]. The supports (e.g. CeOx, ZnO, and ZrO2) have different
capacity of anchoring gold as Au-O- species which results in different overall catalyst
activity, although a similar apparent activation energy for SRM (110 ±10 kJ/mol) was
measured on all gold-containing catalysts [29, 45, 46], indicative of the similarlystructured active sites. In this work, it is important to test if the atomically dispersed gold
is really the active center for the SRM reaction, and if an indirect support effect can be
established similarly as for the WGS reaction [16].
Previous studies of SRM on supported gold have demonstrated the unique gold
chemistry of catalyzing SRM through the methanol coupling mechanism without CO
production [29, 45, 47]. Methyl formate as the intermediate of methanol coupling
(2CH3OH!HCOOCH3+2H2) is readily hydrolyzed to formic acid in the presence of
water [48]. Dehydrogenation of formic acid to CO2 and H2 terminates the reaction cycle
without inclusion of the WGS reaction in the catalytic cycle [47]. Therefore, it is
important to capture methyl formate during the SRM reaction. To prove the coupling
mechanism, methanol-TPSR in absence of water was conducted on the three goldcontaining titania samples, namely 1.0Au-Na-TiO2, 0.5Au-Na-TiO2, and 4.8AuTiO2(DP) from 30 to 300˚C. Production of methyl formate (m/e=60), starting from 160
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˚C, and peaking at 210~ 220 ˚C for all three samples (Figure 6-19), was detected,
indicating that the gold atom chemistry for methanol coupling is similar to that of AuCeOx, Au-ZnO and Au/ZrO2 nanocatalysts [29, 30, 45, 47], the single-atom gold species,
bound as Au-O-, on support surfaces being the intrinsic catalytic center for methanol
steam reforming.

Figure 6-19. Methyl formate production on 1.0Au-O-Na-TiO2, 0.5Au-O-Na-TiO2 and 4.8AuTiO2(DP). 10 %CH3OH balance He, total flow rate=10 ml/min; 100 mg catalyst loading;
Temperature increases linearly from 50 to 300 ˚C with 2 ˚C/min ramping rate.

To investigate the role of water in methanol steam reforming, (CH3OH+H2O)TPSR was conducted on the three representative samples (Figure 6-20). Bare Na/TiO2
supports show no activity for SRM in the temperature range of 30-300˚C,while on 4.8AuTiO2 (DP) and 0.5Au-Na-TiO2, the SRM reaction lights off at 250 and 200˚C,
respectively, with simultaneous production of H2 and CO2 (H2:CO2 molar ratio= 3:1),
which is directly attributed to the number of active gold species on the support. No CO
production was detected up to 300 ˚C, providing a wide temperature window for the COfree methanol steam reforming. Superior activity was found on Au-O-Na-TiO2 catalysts
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compared with the 4.8Au-TiO2(DP). Specifically, with about 90 % lower gold loading,
0.5Au-O-Na-TiO2 shows superior SRM reactivity to 4.8Au-TiO2(DP), indicating that
most of the gold species in the latter are inactive, spectator species. Indeed as shown in
Figure 6-10, gold NPs comprise most of the gold on this catalyst with few atomically
dispersed gold species that lowers the activity drastically.

Figure 6-20. TPSR-SRM on Na-TiO2, 4.8Au-TiO2(DP), and 0.5Au-O-Na-TiO2. 2%CH3OH,
2.6%H2O, balance He, total flow rate = 20mL/min; 100mg catalyst loading; Temperature
increases linearly from 30˚C to 300˚C with 2˚C/min ramping rate.

The atomic dispersion of gold on Au-O-Na-TiO2 allows for quantitative reaction
turnover rate analysis of SRM per gold atom basis without performing cyanide leaching
as an extra step [21, 29]. An Arrhenius-type plot (Figure 6-21) of the SRM-TOF
normalized by the amount of gold atoms in 1.0Au-O-Na-TiO2 and 0.5Au-O-Na-TiO2
finds the two catalysts to have identical TOFs with the same apparent activation energy
of 110 ±8 kJ/mol. Compared with the NaCN-leached Au/ZnZrOx samples that contain
only isolated gold atoms on the ZnO-modified zirconia supports by ac-HAADF-STEM
[29], again similar Ea and TOF was measured (Figure 6-21). Same as for the WGS
reaction, such a similarity further corroborates that the isolated gold atoms stabilized by –
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O- linkages are intrinsically the same active centers, irrespective of the types of support
oxides employed.

Figure 6-21. Arrhenius plot of the TOF for SRM reaction by various supported gold catalysts with
atomically dispersed active sites. 2%CH3OH, 2.6%H2O, balance He, total flow rate=20 ml/min;
100 mg catalyst loading; Temperature between 220 -280˚C with 75min holds at set temperatures,
CH3OH conversion < 20 %. The data for the Au/ZnZrOx samples are from Ref. 29.

The AuI cationic state of gold was prominently maintained through the –O-Na
linkages after the SRM reaction on the used Au-O-Na-TiO2 catalysts, while all the gold
was metallic on the used DP sample. Au4f (Figure 6-22) and Na1s XPS (Figure 6-23) of
the used gold catalysts after 8 h on-stream steady state-SRM testing from 220 to 300˚C (2
% CH3OH, 2.6 % H2O, balance He) was used to investigate the oxidation state of Au and
Na in the working catalysts. Primarily AuI was found on both Au-O-Na-TiO2 samples
(0.5 and 1.0 wt.% gold), while only metallic gold was detected on the DP sample.
Correspondingly, the primary peak for Na was detected at ~1071.9 eV for the two Na-
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stabilized samples, corresponding to –O-Na bonding; hence to sodium and gold mutual
stabilization as discussed in Chapter 5.

Figure 6-22. Au4f XPS after steady state-SRM from 220 to 300 ˚C. 2 % CH3OH, 2.6%H2O,
balance He, inlet flow rate=20 ml/min; 100 mg catalyst loading; 8 h on-stream reaction.

Figure 6-23. Na1s XPS after steady state-SRM from 220 to 300 ˚C. 2 % CH3OH, 2.6 % H2O,
balance He, inlet flow rate=20 ml/min; 100 mg catalyst loading; 8 h on-stream reaction.
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The stable Au-O- active sites on Au-O-Na-TiO2 under reaction condition leads to
the stable overall catalyst performance during cyclic SRM tests up to 260 ˚C (Figure 624). Cyclic SRM tests on the 1.0Au-O-Na-TiO2 sample were performed by cooling the
catalyst fixed-bed back to RT after 75 min hold at 260 ˚C for each cycle. Stable methanol
conversion (~26 %) was observed for the total of three cycles, with CO2 as the only
carbon product.

Figure 6-24. Stability tests by performing three cycles of SRM with isothermal holding at 260˚C
for 75 min for each cycle with interval cooling to RT. 2 % CH3OH, 2.6 % H2O, balance He, inlet
o

flow rate=20 ml/min; 100 mg catalyst loading; ramping rate: 5 C/ min.

6.4	
  Summary	
  
This chapter reports a facile green route to synthesize abundant and stable singlegold atom catalytic sites on titania, using dissolved NaOH and Au(OH)3 to form the
precursor as Au-Oy-Na(OH)x clusters in solution. Incipient wetness impregnation of the
titania with these solutions is used to prepare the novel gold-titania catalysts. This green
synthesis involves no extra reagents or wastes, no organometallics, and requires no aftertreatment for catalytic activation since the essential catalytic active structure as Au-ONa(OH)x has already been formed in solution. Exclusively atomically dispersed gold up
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to 1.0 wt.% can be stabilized on the titania support by a simple IWI of the gold-sodium
precursor. The obtained Au-O-Na-TiO2 catalysts are highly active for both the WGS and
SRM reactions to produce H2 with 100 % selectivity at low temperatures. These materials
serve as an excellent platform to test the concept of single-site catalysis in supported
metal systems. Through this work, we unequivocally confirmed that the less-coordinated
single-atom AuI is the catalytic center for WGS (45 ±5 kJ/mol) and SRM (110 ±8
kJ/mol), with the support serving as a carrier of the active centers in both cases. These
findings may significantly facilitate the design and ation and development of single-site
heterogeneous catalysts for a number of important industrial reactions, not all of them
known at this time, in fuel-gas processing, pollution control technology, and fine
chemicals production.
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Chapter	
  7	
  Conclusions	
  and	
  Recommendations	
  
The focus of my PhD thesis was to investigate in more depth atomically dispersed
gold and platinum species on various supports as the catalytic sites for the lowtemperature WGS reaction. While strong evidence of these as the unique catalytic sites
for this and the methanol steam reforming reaction existed at the time this thesis work
began, most of the catalyst systems used had a low metal content in atomic dispersion
and/or had a mixture of metal structures (NPs, nanoclusters, sub-nm clusters, and atoms)
present on the support surfaces. A major challenge was how to increase the number of
atomically- anchored gold species on supports such as titania and both platinum and gold
species on earth-abundant oxide supports, such silica and alumina. This was successfully
addressed by a number of innovative approaches in the synthesis of these types catalysts.
UV-assisted anchoring of cationic gold on reduced Ti-Ox- sites was used to achieve a
little over 1 wt. % Au in isolated atom form on the titania, even after heating to 200 oC.
The stability at WGS reaction conditions up to 200 oC was also very good. The same
material catalyzed the SRM reaction, which was known to be catalyzed by Au-Ox sites on
ceria [1, 2]. Hence, a first conclusion from the thesis is that for a photoresponsive support
like titania, the UV-assisted synthesis of other reducible metal cations in atomic
dispersion will also work and allow for appreciable metal loadings towards practical
catalyst development.
Due to the different surface energy and metal-oxygen bonding strength of the
different oxides, various support oxides have different capacities (e.g. metal-O-support
interaction and surface area) to anchor and keep atomically dispersed the supported
precious metals with the right configuration for catalysis. This work showed that the less-
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reducible and even inert support oxides, such as titania, zeolites, and silica can serve as
carriers to disperse the platinum and gold catalytic centers, as well as on typical
reducible, “active” support oxides, such as ceria and iron oxide. More widely applicable,
for all the different support oxides investigated in this thesis work (TiO2, KLTL, and
MCM-41), it was found that the introduction of alkali ions from a suitable precursor
(NaOH or KOH) and in proper amounts was necessary to create the –O-Alkali linkages
with the gold or platinum cation centers. The Au(or Pt)-O-Na(K)(OH)x clusters thus
formed were active for the reactions of interest and stable to 200 oC for Au-catalysts and
400 oC for Pt-catalysts in realistic WGS gas compositions. Again, this synthesis approach
is concluded to be a general one, applicable to other metals and supports.
The presentation of the active metals in atomic configurations, for reactions that
take place on these single-metal site centers, allows one to convert rates to TOFs and
compare the latter on a variety of supports. A main conclusion is that for both the WGS
and the SRM reactions at low temperatures, the support is a mere carrier of the active
centers, the apparent activation energies are specific to the metal catalyst used, the same
on all supports. Thus, while the “active” support cation sites or the –O-Na sites for inert
supports bring close to the metal atom the -OH groups necessary for the key step of the
reaction,
－OH + CO ! －COOH
to occur, the dissociation of water to form the requisite –OH is not a limiting step in the
mechanism.
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In the course of trying to improve the synthesis techniques that build a higher
population of the Au-O(OH)x- single-metal site clusters, it was realized that a single-step
method that incorporates in solution all the components of the cluster may be possible.
Accordingly, a new facile, green route was developed, as described in Chapter 6, to
synthesize the clusters using Au(OH)3 and NaOH alkaline solutions, which were applied
to titania by incipient wetness impregnation. Good loadings of 1 wt.% gold on titania
were achieved by this simple, single-step technique. This green synthesis involves no
extra reagents or wastes, no organometallics, and requires no after-treatment for catalytic
activation. This approach to making stable, atomically dispersed gold catalysts may be
extended to any support.
As an overall conclusion, using the novel synthesis techniques developed in this
thesis work, several platform catalysts can be prepared with realistic loadings of gold,
platinum, or other metals, all in atomically dispersed form to probe reactions like the ones
investigated here, but also other reactions that may take place on such single-metal site
catalyst centers.
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Appendix	
  
A.1	
  SRM	
  activity	
  of	
  the	
  Au/TiO2	
  catalysts	
  made	
  by	
  UV-‐assited	
  deposition	
  
method	
  	
  
The active new Au/TiO2 catalysts, synthesized by the UV-assited gold deposition
and subsequent cyanide leaching to remove the weakly bound gold (Chapter 3), were
tested for SRM reaction up to 350 oC. Using both G5 (100 % anatase) and P25 (30 %
rutile + 70 % anatase) titanium oxides as the supports, the new catalysts with all
atomically dispersed gold in a small loading amount (1.16AuG5_UV_L in Figure A-1
and 0.73AuP25_UV_L in Figure A-2) show significantly improved CO-free hydrogen
production performance in comparison with the 4.87AuG5_DP (Figure A-1) and
1.22AuP25_DP (Figure A-2) samples made by the conventional DP method.
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Figure A-1. Steady-state SRM reaction (2.0 % CH3OH+ 2.6 % H2O+ 95.4 % He; 20 mL/min; 30
mg sample) results for the conventional Au-catalyst made by the DP method (4.87AuG5_DP) and
the active sample made by UV-assited gold deposition (1.16 AuG5_UV_L).
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Figure A-2. Steady State SRM reaction (2.0 % CH3OH+ 2.6 % H2O+ 95.4 % He; 20 mL/min; 30
mg sample) results for a Au-catalyst made by the DP method (1.22AuP25_DP) and the active
sample made by UV-assisted gold deposition (0.73AuP25_UV_L).

	
  

A.2	
  Improved	
  stability	
  of	
  Au/TiO2	
  catalysts	
  with	
  alumina	
  coated	
  layers	
  by	
  
the	
  ALD	
  technique	
  
Atomic layer deposition (ALD) is an emerging technique for the deposition of
thin and continuous films. This deposition method is closely related to chemical vapor
deposition by the use of binary reactions. A schematic representation of the binary ABreaction sequence is shown in Figure A-3. Reactant A is typically a metal precursor and
reactant B is an oxidative compound able to decompose the metal precursor in order to
form a binary compound (A-B). Exposures to reactants A and B are separated by inert
gas purging such as helium. The thickness of the deposited layer depends on the number
of A-B cycles. The self-limiting nature of the sequential reactions allows thickness
control at the monolayer level. Since precursors react exclusively with substrate surface
species such as hydroxyl groups, an excellent step coverage and conformal deposition on
high aspect ratio structures can be achieved.
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Figure A-3. Schematic representation of ALD using self-limiting surface chemistry and the A-B
binary reaction sequence. [Ultratech/ Cambridge Nanotech Atomic Layer Deposition.
http://www.cambridgenanotechald.com/atomic-layer-deposition-advantages.shtml]

Atomic layer deposition allows better control of the desired features/structures on
the surface. As a demonstration, the Au/P25 TiO2 with a gold loading 4.4 wt.% was
prepared by the DP method (Chapter 2). Forty layers of Al2O3 (total of ~ 4 nm) were
designed to be loaded onto this Au/TiO2 material. The dispersed gold precipitates in the
form of Au-O(OH)x- can thus be protected by the Al2O3 layers with increased barrier for
the sintering of gold atoms. 0.05 wt.% NaCN (pH~12 solution) was used to leach out the
weakly bound gold at RT. The sample was calcined at 473 K in air for 2 h before testing.
The alumina-“protected” Au-O(OH)x sites on the 40Al_0.73AuP25_4.44L sample had
stable activity at 150 oC, as can be seen in Figure A-4. With a similar gold loading of the
atomically dispersed gold, this ALD coated sample has comparable WGS activity as the
0.73AuP25_UVL sample reported in Chapter 3. In this ALD work, trimethylaluminum
(TMA, Al(CH3)3) and H2O were used as the precursors of A and B (Figure A-3)
respectively. The sequential reactions in the ALD cycle include (* represents surface
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species):
𝑂𝐻 ∗ +𝐴𝑙(𝐶𝐻! )! →   𝑂 − 𝐴𝑙(𝐶𝐻! )! ∗ +  𝐶𝐻!
∗ 𝑂 − 𝐴𝑙(𝐶𝐻! )! +   2𝐻! 𝑂   →   𝑂 − 𝐴𝑙 − (𝑂𝐻)! ∗ +  2𝐶𝐻!

Figure A-4. WGS- TPSR (10 % CO-3 % H2O- He, 30 ml/min; 100 mg sample) performance of 40
layers (~0.1 nm layer growth per cycle) of ALD-alumina “protected” AuP25_DP catalyst. The
parent catalyst has a gold loading of 4.44 wt. %, and the cyanide leached catalyst has residual
gold loading of 0.73 wt.% Consumption of CO, and the production of CO2 and H2 fit the
stoichiometric amounts in the WGS reaction. The commercial sample 1.0 wt.% Au/TiO2 (AURO
TM
lite , supplied by AuTEK) was used as the benchmark for activity comparison, and it has no
o
activity at 150 C.
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