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ABSTRACT: The crucial role of the metalxide interface in
the catalysts of the watgas shift (WGS) reaction has bed
recognized, while the precise illustration of the intri RN __________]
reaction at the interfacial site has scarcely been pres :
Here, two kinds of golderia catalysts with totally disting A \

in-situ DRIFTS

gold species, <2 nm clusters and 3 to 4 nm particles, ‘oo
synthesized as catalysts for the WGS reaction. We found -
the gold cluster catalyst exhibited a superiority in reacii _

compared to gold nanoparticles. With the aid of com: T ihew <0

hensive in situ characterization techniques, the bridged brtiont O

groups that formed on the surface oxygen vacancies Qs
ceria support are directly determined to be the sole active
con guration among various surface hydroxyls in thecgahd catalysts. The isotopic tracing results further proved that the
reaction between bridged surfa@# groups and CO molecules adsorbed on interfacial Au atoms contributes dominantly to

the WGS reactivity. Thus, the abundant interfacial sites in gold clusters on the ceria surface induced superior reactivity
compared to that of supported gold nanoparticles in catalyzing the WGS reaction. On the basis of direct and solid experimental
evidence, we have obtained a very clear image of the surface reaction for the WGS reaction catalyzeerizydatltystd

INTRODUCTION respect to (Au,Pt)/Cepowder catalysts, Flytzani-Stephano-

The watergas shift (WGS) reaction (CO +® H, + !ooulos .and co-workers elugildated that aed? M OH,

CO,) is crucial in the K puri cation process for practical interfacial structure could facilitate WGS reactivity and proved
proton-exchange membrane (PEM) fuel cells and othdhat OH groups were directly involved in the surface
industrial applications in which the residual CO harms thegactiorf:** Also, the role of surfac®H groups in the WGS
electrode and catalyst.Gold supported on reducible metal reaction were also discussed in some other catalyst systems,
oxides, such as cérid and titaniunf, has received such as CeQ® Au/MgO® and Cu‘’ These studies all
considerable attention for its excellent WGS reaction activiiyiplied the participation ofOH groups in the WGS surface

at low temperatures (<300). The importance of the metal  reaction. However, limited by the complexity of a practical
omdmntggfa&e has been recognized momentously for the W@éalyst surface in which dry 3Gind multiple kinds of
reactiori.®” **However, because of the structural complexity, droxyl species (terminal, bridged, and three-coordinate
of supported gold catalysts, understanding the actual surfa H) were found? there is still a lot of uncertainty and

reaction at metabxide interfaces is sigrant deepened. bate in revealing the precise role of surface hvdroxvl
On the basis of experimental and theoretical investigatioﬂs 61719 9 P . . y y
groups®'° In particularly, the authentic cgaration and

on the inverse Ti@Au(111) model catalyst, Rodriguez et al. ] ) - )
concluded that the metalupport interface was critical for €Xact contribution of activeOH groups in catalyzing the
water activation in producing active hydra)w,ch was WGS reaction has not yet been Clearly determined.
considered to be the rate-limiting step for the WGS réeéction.
However, the exact role of dissociat€iH derived from Received: August 29, 2018
water activation in the WGS reaction is still unclear. WitlPublished: February 26, 2019

i i © 2019 American Chemical Society 4613 DOI:10.1021/jacs.8b09306
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Besides the limited understandings of the exact role of theCharacterization of Catalysts.Surface Area of Catalysfshe
surface hydroxyls, the active site for CO adsorption in thgtrogen sorption measurements were made in a Builder SSA-4200
WGS reaction on catalysts is also unclear and under deb&t#face area analyzer at 77 K after a degassing proce¥s frz0

Using Au/CeQ catalyst as an example, Flytzani-Stephand: under vacuum. The pore size distribution of each replica was
poulos et al. concluded that oxidic Au acts as the active spef@é%u'ated by applying the BJH method. The surface area of each

! 27 0 ca was calculated by using the BET method.
in the low-temperature WGS reactfohKim et af’ and X-ray Diraction (XRD)The X-ray diraction (XRD) pattern of

Behm et &’ concluded that reduced Au fppresents the  spent catalysts was carried out on the X7B beanies(196 A) of
active Au species. In fact, the status of gold is directly relatedrie National Synchrotron Light Source (NSLS) at Brookhaven
the positions (at the interfacial site or on the surface of goldational Laboratory (BNL). Two-dimensional XRD patterns were
particles) of gold atoms on the surface of the support. Toollected with an image-plate detector (PerkinElmer), and the powder
precisely identify the real active gold site for CO adsorption lings were integrated using the FIT2D code. Thaction angles
the WGS reaction, both the electronic structure and positiog*bévfe%%‘??egongfted to the wavelength of C(1K5406 A) in all of
of the gold species must be considered. Therefore, compar €d paterns. .
catalyst systems which contain distinct gold-support interfac'éallﬁzﬁ/lns.m'ss'on Electron Microscopy (TEMTEM and HAADF-
structures are signant in design and preparation =M images were recorded on a JEOL ARM200F microscope
. goan g prep T quipped with a probe-forming spherical-aberration corrector. Owing
In this work, two kinds of gold species (<2 nm disordereg, the highz (58) of the Ce atoms, the contrast of Zu=(79) in
clusters (Au_Cluster) and 3 to 4 nm crystalline particle$iAADF images is not clear, particularly for the thick region. Here, to
(Au_Particle)) were supported on the same ceria nanorods ashance the contrast elience between Au and Ce, we set the inner
catalysts for the WGS reaction. To reveal the intrinsic role ahd outer angles of the HAADF detector to 90 and 370 mrad,
the metal oxide interface in the WGS reaction, we performedespectively, and the convergence angle to ca. 30 mrad. The spherical
in situ X-ray absorptiome structure (XAFS), in situ dise aberration coecient was set to 0.5 mm.

i i Inductively Coupled Plasm&tomic Emission Spectroscopy
;engcﬁﬁn%?thnfrggerﬂ;,?urr:]eer;;ir;:frg;mntzpicr:ro,iﬁo%LSEtFélngi P AES).For both catalysts, the ICRES measurements were

. . . ied out IRIS Intrepid Il XSP inst t (Th Elect
Au_Particle catalysts. Correlations between the WGS reacti rrr;ra?iL(l)nT an IRIS Intrepid Il XSP instrument (Thermo Electron

ar!d in situ characterizatio_n results veri_tably revee_1| that theTemperatUIre Program Reduction by Hydroges-TAR)The
bridged surfaceOH group in the goldceria catalyst is the reduction evolution prte of both catalysts was conducted on a
sole active coguration that is favorable to reaction with the Builder PCSA-1000 instrument equipped with a thermal conductivity
adsorbed active CO-A{0 < < 1) molecules, which results detector (TCD) to detect jtonsumption. The sieved catalysts (20
in superior WGS performance for Au_Cluster. 40 mesh, ca. 30 mg) were heat€d(fin) from room temperature
to 300°C in a 5% HAr, (30 mL/min) gas mixture. Before each
measurement, the fresh sample was pretreated in, ptir@00°C
EXPERIMENTAL METHODS for 30 min to outgas the physically adsorbed species on the surface of
Catalyst Preparation.Preparation of Ceria Nanorodghe ceria the catalyst. To get the real reduction behavior of Au_Cluster, the
nanorods were synthesized according to the hydrothermal%ethoopro le was collected for the second round without any reoxidation.
Ce(NOy)36H,0 (4.5 mmol) was added to an aqueous NaOH (6 M,  X-ray Absorption Fine Structure (XAFB)e ex situ XAFS
60 mL) solution under vigorous stirring. After the precipitationmeasurements on the fresh samples were performed on the BL14W1
process was completed (ca. 10 min), the stock solution wdeamline of the Shanghai Synchrotron Radiation Facility (SSRF),
transferred to a Ten bottle and then tightly sealed in a stainless-operated at 3.5 GeV'itop-ug mode with a constant current of 220
steel autoclave. The hydrothermal procedure was carried out inm#. The XAFS spectra were collectediarescence mode with a
temperature-controlled electric oven at A00for 24 h. The 32-element solid-state detector (SSD). The in situ XAFS experiments
precipitates were separated by centrifugation and then washed witgre conducted at the X18B beamline of NSLS at BNL, operated at
distilled water four times and with ethanol once. The ceria produc&8 GeV irfdecay mode with currents of 16800 mA. The powder
were obtained by drying the as-washed product in air°& 70 sample (25 mg) was loaded into a Kapton tube (0.d. = 0.125 in.)
overnight. which was attached to an in sibw cell. All of the catalysts were in
Preparation of the Au_Particle CatalyShe Au_Particle sample ~ Situ taken under similar pretreatment with a catalytic test in the
was prepared by a colloidal deposition (CD) méthwith 2 mL of reaction cell: kept at 30C in synthetic air (99.997%, 30 mL/min)
a 0.0125 mol/L HAuGlsolution and 0.675 mL of a 0.5 wt % for 0.5 h and followed under WGS reactions (1% G®/HO in
poly(vinyl alcohol) (PVAM,, = 10,000 from Aldrich, 80% He, 20 mL/min) at 300C for 1 h. Two small resistance heating wires
hydrolyzed) added to 48 mL of ultrapure water (18.2% &1 were installed above and below the tube, and the temperature was
room temperature under vigorous stirring. After 10 min, the rapithonitored with a 0.5 mm chromalumel thermocouple that was
injection of 1.30 mL of a fresh 0.1 mol/L NaBHueous solution led  placed inside the tube near the sample. Each XAFS spectrum (ca. 15
to the formation of a wine-red solution. Then, 0.5 g of the cerianin collection) was taken imorescence mode with a four-element
support was added to the above colloidal gold solution immediateortex Silicon Drift Detector (SDD). The energy was calibrated for
After stirring for 0.5 h, the sample was washed with ultrapure wateach scan with thest in ection point of the Au L-lll edge in Au
several times in order to remove the dissolved impurities. The goldnetal foil. The X-ray absorption near-edge spectroscopy (XANES)
ceria sample was obtained after drying@6an air, for 12 h) and  and extended X-ray absorptina structure (EXAFS) data have been
further calcination at 40C for 4 h in air. analyzed using the Athena and Artemis programs. For the XANES
Preparation of the Au_Cluster CatalyBhe Au_Cluster catalysts part, the experimental absorption @ents as a function of energy
were prepared by a deposition-precipitation niesinodgenerated (E) were processed by background subtraction and normalization
under the WGS reaction conditions. The ceria support (1 g) wagrocedures, and reported “asrmalized absorptibiwith E, =
dispersed in 50 mL of ultrapure water by vigorous stirring for abodtl 919.0 eV for all of the golwkria samples. For the EXAFS part, the
10 min. Then, an ammonium carbonate solution (25 mL, 1 M) wa&ourier-transformed (FT) dataRspace were analyzed by applying
added to keep the pH value at 9. HAGELO (25 mL, 2.32 mM) rst-shell approximate and metallic Au models f@ Aad Au Au
was added to the stock solution dropwise. After the sample was agedtributions. The passive electron facgtsyere determined by

for 1 h, 70°C water was used to wash it. After dryingC75n air, tting the experimental data on Au foils afidg the coordination

for 12 h) and further calcination (40D, in air, for 4 h), the yellow  number (CN) of AuAu to be 12 and thernxing CN for further

gold ceria sample was obtained. analysis of the measured samples. The parameters describing the
4614 DOI:10.1021/jacs.8b09306
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Figure 1.HRTEM image and aberration-corrected HAADF-STEM images of (a and b) the Au_Atom catalysts before WGS and (c and d) the
Au_Cluster catalysts after the WGS test at@5@r 10 h, with gold atoms and clusters marked in yellow circles. (e and f) Au_Particle catalysts
before the WGS reaction (after activation under a synthetic air fe€€CaeB@0(g and h) Au_Particle catalysts after the WGS test°& 250

10 h, with gold particles marked in dashed red circles.

electronic properties (e.g., correction to the photoelectron energyedried through a cold well at 77 Kelvin) at 2DQo remove
origin,Ey) and local structural environment including the CN, bondresidual molecular water on the surface.
distance ), and DebyeWaller factor around the absorbing atoms  In Situ Raman TesAll of the in situ Raman spectra were collected
were allowed to vary during thiéng process. Theted ranges fde by using a LabRAM HR800 spectrometer (HORIBA JY) with laser
andR spaces were selected tikbe3 11 AtwithR=1 3 A (- excitation at 473 nm. The micro-Raman reaction cell (Xiamen TOPS)
weighted). equipped with a quartz window has a heating module that allowed
In Situ Di use Reectance Infrared Fourier Transform Spectros- samples to be heated controllably. Similarly, for an ultrabit dead
copy (DRIFTSA of the in situ DRIFTS spectra were collected by volume during operation, one six-way valve was used to rapidly switch
using a Bruker Vertex 70 FTIR spectrometer equipped with a mercune various gases. Before the test, about 30 mg of all of the catalysts
cadmium telluride (MCT) detector. The DRIFTS reaction cellwere in situ pretreated similarly with a catalytic test in the reaction
(Harrick) equipped with calciunuoride windows has a heating cell: held at 306C in synthetic air (99.997%, 30 mL/min) for 0.5 h,
cartridge that allowed samples to be heated controllably. To get fillowed by WGS reactions (2% CG% HO in He, 30 mL/min)
ultrabit dead volume during operation, the electro-control quickt 300°C for 1 h. After outgassing by pure He gas, two kinds of
switching system was used to rapidly change the various gases. hieasurements were conducted as follows.
intensities of IR bands were evaluated in Kutdélkd units, which First mode: For all catalysts (Au_Cluster, Au_Particle, and CeO
were linearly proportional to the coverage of adsorbed surfageference), three kinds of feeds (2% CO/H8p HO/He, and 2%
specie$! About 20 mg of all the catalysts were pretreated in situ iCO/ 3% HO/He) with a ow rate of 30 mL/min were induced into
the reaction cell before the test in a manner similar to that used fee reaction chamber at 180 in turn. Second mode: Switch
the catalytic test: kept at 3TD in synthetic air (99.997%, 30 mL/  experiments for the Au_Cluster catalyst between 2%3@040/
min) for 0.5 h, following under WGS reactions (2% G@&/HO in He (30 mL/min) and 5% KW 3% HO/He (30 mL/min) were
He, 30 mL/min) at 300C for 1 h. Steady-state mode for all of the performed to further identify the role of surface oxygen vacancies. To
catalysts was used in the gas mixture (2% HO in He, 30 obtain more precise information, all of the Raman spectra were
mL/min) at 150 or 250°C. For all of the in situ DRIFTS obtained with a prolonged collection time of 15 min. For all of the in
measurements with water injection, a certain num®#r K0 in situ Raman measurements with water injection, a certain number
molar) of gaseous water molecules were carried into the reactipn3% HO by mole) of the gaseous water molecules were carried into
chamber by the mixed gas passing through the liquid water at roahe reaction chamber by the mixed gas passing through the liquid
temperature, and the saturated vapor of water is pres8riRa. water at room temperature such that the saturated vapor of water is
The CO adsorption mode under various temperatures was conducie@sent at 3 kPa.
in a 2% CO/He atmosphere, in which the CO gas (99.997% ) was Catalytic Tests and Kinetics Measurements.Catalytic
further predried through a liquid nitrogen trap. Typically, anPerformanceThe watergas shift (WGS) reactivity of goteria
acquisition time of 30 s with a resolution of 4'amas used for ~ samples was measured ireal-bed reactor at atmospheric pressure.
all spectrum collection. On one hand, to detect CO and COThe reactor is a stainless-steel tube with an inner diameter of 8 mm,
adsorption information, the background Ipso were separately and the thermocouple ixed on the catalyst bed inside. Sieved
subtracted using a spectrum recorded in pure He (further driedatalyst (2040 mesh, 100 mg) was used in a gas mixture of 2% CO/
through a cold well at 77 Kelvin) at the same temperature as abod®% HO/N, (99.997% purity), and the space velocity is 42 000 mL

On the other hand, for the surface information in @i region, h Lo, L Prior to the measurement, the catalyst was pretreated in air
the raw spectra weraally illustrated. For all of the tests, the (300°C, 30 min) and then under WGS reactions (2% CO/12% H
prehydroxylation procedure was achieved by ind®&8%tdO/He in He, 30 mL/min) at 300C for 1 h. The stability tests were carried

into the reaction chamber, followed by pure He purging (furtheout at 250°C for over 80 h. The unreacted water in the exhaust line

4615 DOI:10.1021/jacs.8b09306
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was condensed with an ice trap after the reactor tube. The outlet gas
compositions of CO and G@&vere measured with an infrared gas
analyzer (Gasboard-3100, Wuhan Sifang Corp.).

Apparent Activation Energy JEand Apparent Kinetic Orders.
For both catalysts, thg was measured with the same reactor for
catalytic performance above. Appropriate amounts of both Au_Clus-
ter and Au_Particle catalysts diluted with, §i@ corresponding
height was less than 8 mm) were used in the kinetics experiments.
The experiments were carried out by changing the temperature and
the gasow rate, with conversion not exceeding 15%. The product gas
was measured with the infrared gas analyzer (Gasboard-3100, Wuhan
Sifang Corp.). To determine the CO ary Heaction order, the
concentration of CO was changed from 3 to 18%; the concentration
of H,O was changed from 4 to 20% during measurements,
respectively.

Temperature Programed Surface Reaction (TPS#R).both
catalysts, the activation steps were the same as for the catalytic tests
above. After activation, samples were prehydroxylated with 30 mL/
min 3% HO/He for 5 min and then purged with pure He gas at
200 °C for another 30 min to purge adsorbed water molecules. A
certain number (3% HO by mole) of the gaseous water molecules
were carried into the reaction chamber by the dde passing
through the liquid water at room temperature. For an ultrabit dead
volume during operation, one six-way valve was used to rapidly switch
the various gases, and the catalysts were not exposed to air after the
activation step. To monitor the surface reaction with CO moleculeEjgure 2.(a) In situ XANES spectra and (b) in situ EXAFS spectra
after activation, the gas was switched to 30 mL/min 2% CO/He foeollected under pretreatment at 3W in synthetic air for
20 min at 25C and then ramped to 600 at a heating rate of&/ Au_Cluster and Au_Particle catalysts. (c) In situ XANES spectra;
min. For the comparison test, after the prehydroxylation proce§$e shadowed illustrations are the enlarged area. (d) In situ EXAFS
described above, the Au_Cluster catalyst was then exposed to 30 rapgectra of Au_Cluster and Au_Particle under WGS reaction
min pure He andnally ramped to 60TC to observe the surface conditions at 250C and the spectral intensity of Au_Cluster
reaction without a CO feed. For the measurements of an isotopigagnied at % for better comparison. Reaction condition for the in
tracer (HO®) to probe the CQorigin during the stage, the same  situ XAFS measurements: 1% C&% HO/He, 20 mL/min, 250
as above, after prehydroxylation wike HO'¥He and purging °C, time on stream (TOS) =1 h.
with pure He gas at 20Q, the samples were exposed to 30 mL/min

2% CO/He and then ramped to 18D at a ramping rate of°&/ . i L i
min. 3.3,Figure B). This was well in line with the structural feature

of gold single atoms. Under WGS reaction conditions, gold
single atoms transformed into gold clusters. Correspondingly, a
RESULTS AND DISCUSSION slightly positive state of gold was detected for Au_Cluster from
Structure and Catalytic Performance. The gold ceria the in situ XANES spectraigure 2), which was consistent
catalysts werest characterized by XRD and HRTEM. For the with the XPS result§igure SR The in situ EXAFS spectra
catalyst prepared by the deposition precipitation method, frofFigure @), together with the correspondiriting results
the XRD patternsF{gure S)i uorite cubic ceria was the (Table ), revealed that the pure A contribution R =
major phase, and no discernible peak of gold was detected. D@5 A, CN = 11.5) was determined for Au_Particle. The peak
aberration-corrected HAADF-STEM images showed thaplitting of AuAu is due to Ramsaudownsend resonance
isolated gold single atoms were anchored to thende@od  at a single energy in the backscattering amplitude of Au.
surface (Au_Atonfigure &,b). However, these gold single Au_Cluster catalyst showed a highly disordered structure and
atoms were unstable and easily transformed into gold clusteshibited only about 1/5 EXAFS intensity of that for
with diameters of <2 nm (Au_Cluster) under WGS reactiomAu_Particle. Both A shell R = 2.02 A, CN = 0.8) and
conditions, as shownfigure &,d. Therefore, the gold cluster Au Au shells R = 2.85 A, CN = 0.9) were observed for
catalyst was obtained in situ during the WGS reaction withu_Cluster.
supported gold single atoms as precursors. As a contrast, golthe catalytic properties of Au_Cluster and Au_Particle for
nanoparticles with an average siz& &b 4 nm (Au_Particle, the WGS reaction were evaluated. Compared to Au_Particle
Figure &,f)) supported on Ceanorods were prepared by that had very low WGS activity, the Au_Cluster exhibited
the colloid deposition method. From the HAADF-STEMgreatly enhanced reactivity especially at temperatures below
images, a negligible change could be detected for the as-forr8ed°C, which was shown ffigure &. Au_Particle exhibited
gold nanoparticles after the WGS tesgfufe @,h). very stable catalytic performance with a CO conversion of ca.
To get the electronic structure and coordination environ20% at 250C within the reaction time o0 h (Figure B).
ment of the gold species in these gmeda catalysts, XAFS The HRTEM results of the spent catalysts showed that no
measurements were conducted. In situ XANES spectra dbvious growth or agglomeration of gold nanoparticles was
Figure 2 showed that the oxidation state of gold forobservedHigure SB For the Au_Cluster catalyst, a slight and
Au_Particle was invariably maintained d&s IAucontrast,  gradual deactivation (from 83 to 51% in CO conversion) was
for Au_Atom, the precursor of the Au_Cluster, in situ XANESound in the long term tesFigure B), which might be
spectra collected under pretreatment conditions revealed timeluced by the agglomeration of Au speEigsres S4 and
fully oxidized state of gold (Am > 1) and coupling with a S5 and blocking reaction sites by the accumulation of surface
sole Au O coordination in therst shell R= 1.96 A, CN = carbonaceous mateti&’ To determine the intrinsic reason

4616 DOI:10.1021/jacs.8b09306
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Table 1. In Situ EXAFS Fitting Results of Golferia Catalysts

Au O Au Au
sample R (A) CN R (A) CN 2 (A? E, (eV)
Au_Atom (G, 300°C) 1.96+ 0.01 3.3 03 0.004 0.001 12.¢ 1.3
Au_Cluster (WGS, 25T) 2.02+ 0.03 0.8 0.2 2.85 0.04 0.9- 0.5 0.00& 0.002(0) 7.0t 1.9
0.013+ 0.006(Au)
Au_Particle (@ 300°C) 2.85+ 0.01 10.G: 0.9 0.00& 0.001 5.6 0.6
Au_Particle (WGS, 25C) 2.85+ 0.01 11.5% 2.1 0.01& 0.002 52 1.1

@R, distance; CN, coordination number.

Figure 3.(a) Temperature-dependent CO conversion (hollow circles,
left axis) and WGS reaction rate per molar Au (solid circles, right
axis). The dotted line shows the thermodynamic equilibrium limit.
(b) Long-term catalytic evaluation at 280for Au_Cluster and
Au_Particle. Reaction conditions: 2% CO/12%/N,, GHSV =
42000 mkh Lg, L

for the large derence in activity for WGS between gold Figure 4.(a and b) In situ DRIFTS spectra of Au_Cluster and
clusters and particles, we have done comprehensive in giu Particle catalysts under WGS reaction conditiors B0 and

spectroscopic characterizations combining kinetics studi@sQ °C. Reaction condition: 2% C8% HO/He, 30 mL/min,

which will be discussed in detail below. TOS =1 h. Azure shadow illustrations are the enlarged area. (c and d)
Surface Site for CO Adsorption. E cient CO CO adsorption tests by in situ DRIFTS for Au_Cluster and

adsorption, as thest step in catalyzing the WGS reaction,Au—Part'Cle at various temperatures. Reaction condition: 2% CO/

. : He, 30 mL/min, TOS = 10 min.

is curial to subsequent procedures on the catalyst surface. fr

situ DRIFTS measurements under WGS reaction conditions

(2% CO/ 3% HO/He, 150 250 °C) were conducted to  observed. At 25T, the CO-Afiband disappeared and only

detect the adsorbed CO species on the gelih catalyst the CO-Au" band was visiblé€igure b).

surface. For Au_Cluster, adsorbed CO on the unsaturatedTo reveal the species evolution in CO adsorption, additional

interface AG”® (0 < < 1) sites at 2120 cm* (CO-Au*, in situ DRIFTS measurements aedknt temperatures were

Figure 4) was observed, coupling with the obvious CO further performed by using 2% CO/He as the adsorbent

signal. For Au_Particle, at T8 besides the interfacial CO- (Figure 4,d). For the Au_Cluster catalyst, the initial status of

Au* band, the CO-Aband at 2110 cm*?® 2 for which  the gold species was fully oxidized Au single atoms those are

CO was adsorbed on these surface atoms of gold particles, satsiration coordinated with oxygen atoms, thus the adsorbed

4617 DOI:10.1021/jacs.8b09306
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signal was extremely weak andult to dete¢t in the initial
stage at 30C (Figure 4). Along with the temperature
increasing, fully oxidized gold atoms were gradually reduced by
CO, and some of the oxygen atoms that were coordinated with
the gold atom were removed. Then these single gold atoms
transformed into gold clusters coupled with the lower
oxidation state of Au(0 < < 1). Thus, the CO adsorption
on interfacial gold atoms (CO-Aln a gold cluster gradually
prevailed with increasing temperature.
For the Au_Particle catalyst, owing to the large size of Au
nanoparticles, only a small population of interfacial atoms
anchored to the matrix are positively charged, as schematically
illustrated irFigure S6Therefore, CO adsorption on the large
number of surface gold atom£113 cm?, CO-AW) in the
gold nanoparticles dominated at a low temperature®6f 30
The vibrational DRIFTS band corresponding to COaf\u
around 2113 crm promptly faded away with the increase in
the adsorption temperaturgiqure d) because of its low
stability’**° In contrast, the CO adsorption on interfacial gold
sites (2121 cm?) in Au_Particle became dominant. The
evolution from CO-Auto CO-Au* was further proven for
Au_Particle during consecutive ramping procedures (from 30
to 300°C, 10°C/min, Figure S}
The above results revealed that, on one hand, the CO
molecules that adsorbed on noninterfacial Au atoms in
Au_Particle catalyst were hardly preserved under the WGS
reaction condition (>158C). On the other hand, although
CO adsorbed stably on the surface gold atoms in Au_Particle
(Figure d) at relatively low temperatures of 1T8D°C, the
WGS reaction rate on Au_Particle was only ftimée one-
third of that on Au_Cluster (188 vs 49240 moboQa, -
s Y. This fact implied that CO-Awas intrinsically inactive
for the WGS reaction. Interestingly, the superior COrigure 5(a and b) Kinetic orders of the reactants (CO a/@) ffor
adsorption on metallic Au_Particle was considered to be tha Cluster and Au_Particle at low (150 or @) and high
induction of its excellent catalytic performance in CQemperatures (25C), respectively.
oxidation at room temperatarehowever, these surface Au
atoms in gold particles were spectators in the WGS reactioaiter introducing trace moisture at 16Q(Figure @, left) is
The above results from CO adsorption measurements ag@ributed to the terminalOH singly bonded with the €e
well in line with the kinetics studi€sg(ire 3. The apparent  jon!#333* Another stretching band a3650 cm® is assigned
reaction orders of CO for Au_Particle are 0.97 &t@%0d  to the bridged OH groups® °° These two types ofOH
0.75 at 250°C, respectively, implying insient CO  groups can be easily exchanged with isote@ic(FFgure
adsorption in the WGS reaction. Au_Cluster showed obvious§§9a c), thus their formation was strongly related to the
smallencg values that are 0.51 at &0and 0.59 at 25TC, dissociation of moleculas®* When 2% CO/He feed was
indicating advanced CO adsorption at the interfacial Au sitdajected into these prehydroxylated samples, these two types of
On account of the distinctly drent congurations of cluster surface OH groups were partially consumédgre @,
and particle, various CO adsorption behaviors were performgght). Specically, the elimination of terminaDH groups at
on the dierently polarized atoms of Au_Cluster and 3705 cm! was detected for both Au_Cluster and
Au_Particle catalysts, $hunducing superior apparent Au_Particle catalysts at 18D. Thus, this terminal surface
activation energyE{ of Au_Cluster compared to that of  OH group was much less irrelevant to the catalytic reactivity
Au_Particle Eigure SBin the low-temperature range. So far, since Au_Particle had a very low reactivity48f mo}y:
the identication of active Au sites in the WGS reaction is stily,, *-s * at 150°C (Figure 3, right). Notably, bridgedOH
under debate”?%*3%3+3% Here, we have precisely idesdi  groups centered aB653 cm! were abundantly consumed for
the inactive nature of the Aspecies with AtAu Au_Cluster after the introduction of CRdure @), coupling
coordination in gold nanoparticles due to its inferior COwith a much higher WGS activity @40 maloga, s L. As
adsorption ability under the WGS reaction conditions. Onlg sharp contrast, negligible changes in bridgedgroups
the CO-AU" species that adsorbed on the gold atoms at thevere observed for inactive Au_Particle. This distinct
gold ceria interfaces make real contributions to the reactivitphenomenon was also aoned from the similar evolution
Active Con guration of Surface Hydroxyls. After of bridged OD groups at 2690 cm! after CO injection
determining the active sites of adsorbed CO molecules, \{€igure 6).
then tried to identify the role of hydroxyl group©H) Subsequently, G@vas produced with the consumption of
dissociated fromJ 8 activation, which was regarded to be thehydroxyls as shown figure S10alo gain insight into the
rate-determining step for the WGS reattiBy. using the in  origin of the C@product, the hydroxyls of both catalysts were
situ DRIFTS technique, the band &705 cm! observed already isotope-labeledd*®H, as seen in thexperimental
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Figure 6.Determination of the role of bridge®H groups in catalyzing the WGS reaction. @ region IR spectra of Au_Cluster and
Au_Particle after prehydroxylation and tlwem into CO at 150C (red, Au_Cluster; blue, Au_Particle from He to 2% CO/He, 30 mL/min,

TOS =1 h). The solid lines are the corresponding spectra before CO injections. For more accoatitnidbetDRIFTS spectra of theH

region are the raw data (negative peak). @) region IR spectra of Au_Cluster and Au_Particle after hydroxylati@hdryddhen ow into

CO under the same conditions a&igure &. Time-sequencingOH region and C O region IR spectra collected under CO injection for
catalysts isotopically prelabeled by usji®d®Hc) Au_Cluster and (d) Au_Particle. The dashed lines are the reference spectra collected after
prehydroxylation with J9.

Methodssection). As expected, abundant®0& products OH at 3710 cm! as shown irFigure S12Thus, the
were generated for Au_Cluster once CO was injédteolg consumption of residually dry f@Figure S1Band terminal
6¢), directly proving that theOH groups were involved in  OH groups induced the initial gfdrmation, which was less
producing C@exactly while an inferior amount of ‘&8 relevant to WGS reactivity. In thestage, for Au_Cluster
was generated for inactive Au_Particle as shé&iguie @. (Figure @), the coproduction of GOand H with a
These results strongly proved a hydroxyl-involved reactistoichiometric ratio of2:1 started around 12C after CO
pathway for WGS catalyzed by the gmida catalyst. It is introduction, which was in good agreement with the
noticed that, for both catalysts, the tricoordinafdd groups temperature range (10060 °C) of the consumption of
at 3520 cm! were scarcely consumed after injecting CObridged OH groups Figure S13a This proves that the
moleculesKigure S10bindicating the spectator role of this surface reaction between bridggdH groups and CO
overcoordinated OH group. molecules exactly led to the formation of WGS products of
Temperature-programmed surface reaction (TPSR) tes®O, and H. Besides, as for Au_Particle, coproducts of CO
were conducted on the prehydroxylated gelih catalyststo and H, appeared at the higher temperature of @3Figure
further identify the roles of drent types of OH groups in 7b), which was also consistent with the fact that surface
the surface reaction. Generally, two stages were observedbfisiged OH groups were consumed at 2280°C as shown
the reaction between CO molecules and surface oxygenabedn situ DRIFTS measuremerfg(re S19bAdditionally,
speciesHigure J. In the low-reactivity stage (30 to 15TC) as shown irrigure S14no detectable tsignal (W z = 2)
in the TPSR prde of both catalystsFigure S1)1 the could be observed for the prehydroxylated Au_Cluster catalyst
appearance temperatures of labeled®£©@0 50 °C) were during the He-TPD test. This evolution clearly revealed that
consistent with the consumption temperatures of terminaurface OH groups cannot further decompose to genesate H
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Therefore, we concluded that the abundant interfacial sites
in Au_Cluster eectively promoted the reaction between CO-
Au* and bridged OH groups (CO + OH CO, + Y/ ,H,),
while the insucient CO adsorption caused by limited
interfacial gold sites drove the inferior ability to react with
bridged OH groups and correspondingly lower WGS activity
for Au_Particle. Even though it has been reported that
hydroxyl groups are involved in the WGS redcftohdirect
proof of the exact active cgaration is always lacking. Here,
all of the above experimental results explicitly demonstrated
that among all types 0OH groups on the goldteria catalyst
surface, only the bridged one acts as the key active species in
the WGS reaction.

Role of Surface Oxygen VacanciesThe role of oxygen
vacancies on reducible supports in catalyzing the WGS
reaction has been highlighted. It is reported that the
dissociation of 0 at oxygen vacancies is more thermody-
namically preferred over a perfect Ge@facé® “°Here, we
carried out in situ Raman tests to explore the role of oxygen
vacancies in water activatiéiggre S15* The vis-Raman
spectra of Ce{are dominated by the strong iode of the

uorite phase at 451 chand the defect-induced mode (D)
(surface defects at 560 énand intrinsic defects at 590
cm %).%2 The integral intensity ratio of D{fthat represents
the relative concentration of oxygen vacancies was determined
under three derent atmospheres (CO/He,®fHe, and
CO/H;,0/He). The statistical results of Dffare shown in
Figure &, and the value (D/FR,§CO/He D/F,;H,O/He)
Figure 7.TPSR proles for prehydroxylated (a) Au_Cluster and (b) followed a sequence of Au_Cluster (0.19) > Au_Particle
Au_Particle. Signals of, Wz = 2) and CQ (m/z = 44) were (0.14) > CeQ support (0.07), revealing theeatient abilities
detected. C®and H, were coproduced in a stoichiometric ratio of to consume surface oxygen vacancies undérfadd. This
2:1. The samples were pretreated v8# HO/He for 20 min at also implied that the golderia interface could enhance the
200°C and then purged with pure He at 2@Dto remove the  \ater activation ability in the catalf/s@urthermore, once
adsorbed §O. Flnall_y, the signal evoIL_ltlon was collected under 2%ne mixture of CO/HO was injected, distinct Q/d:values
CO/He at a ramping rate of 5C/min for all of the above  \ore getected. For Au_Cluster R/F 0.30 under the WGS
measurements. . L. —. . !
reaction condition was similar to that under the CO feed only,
indicating the easy recovery of oxygen vacancies in the
( OH O* + H*, H* + H*  H,) when the temperature reaction. On the other hand, the full regeneration of surface
was as high as 68D in the absence of CO molecules, provingoxygen vacancies under C@Hhlso indicates that the WGS
that the primary reaction pathway in WGS over thisagyld reaction rate was determined by the supply of acive
catalyst consisted of CO molecules reacted with sutfdce  species. Therefore, thgCHdissociation step plays a more
groups foIIowin% the associative patfiwaysather than the  crucial role in gold cluster catalyst at low temperatures, which
redox pathway:. is well in line with the high apparent reaction order,©f H

Figure 8.(a) Statistical results of the Q/tegral intensity ratio based on the in situ Raman results uadartdionditions as showrFigure
Sl15aRaman spectra of Au_Cluster, Au_Particle, and theet@®nce (Cehanorods) collected under various conditions (2% COB4é,
H,0/He, and 2% CO/ 3% HO/He) at 150°C. (b) In situ Raman spectra of Au_Cluster collected under various conditiorfCat B30
H,O/He 2% CO/ 3% HO/He 5%H/ 3% HO/MHe 2% CO/ 3% HO/He. The shadowed area is the enlarged spectra. (¢c) Schematic
illustration of the reaction mechanism on the interface of Au_Cluster catalysts: red, O; yellow, Au (dark yellow represahtauje inter
white, C&" gray, C#; blue, H; and black, C.
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(n,0 = 0.96) for Au_Cluster at 15€. Considering that surface hydroxyl as key reactive species in this work greatly
water dissociation is endothermic, the number of de@red  deepens the understandings of the reaction mechanism of the
groups on the catalyst surface increased with increasii>S reaction catalyzed by a supported gold catalyst at the
temperature, thus the apparent kinetic reaction ordg®of H atomic level.

decreased correspondingly at Z5Qn,,o = 0.53). ASSOCIATED CONTENT
In contrast, Au_Particle exhibited an ability to generatg . .
Supporting Information

surface oxygen vacancies in the WGS reaction, and fhe D/I%he Supporting Information is available free of charge on the

values were recovered only @22 in the CO/HO feed oo . . .
versus that of 0.30 in the CO/He feed. This means that ACS Publications websaeDOI: 10.1021/jacs.8b09306
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