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ABSTRACT:CeQ, is an excellent potential material for, @@dro- '  Cryota fcet and tenfoces dependont O formation 0
genation attributed to the highly tunable properties including metal| ® . o, formation eneray dependent reactivity to co, | 250
support interaction and abundant oxygen vacancy. In this work; four Heoor |

CeG0, supports with structurally well-ded di erent shapes and crystg? 101 c(?;on f \ @& 2%
facets are hydrothermally prepared, and thesitseon the compositiore \Qasssel, | 150
of Pd species and oxygen vacancy over Pgt2e¢dlysts have beeid Pd/CeO,
intensively investigated in the reduction of t@@ethanol. The 2Pd/§ *1
CeO-R (rods) shows the highest concentration and number of oX/ggn
vacancies, where the (110) facet with high surface oxygen mobilly gnc
low oxygen vacancy formation energy is exposed over thR CeQ® — © -0
surface. The oxygen mobility at the interface of (111) and (100) facetsiis 7 1?31‘4 ) g
mainly observed on 2Pd/CgP (polyhedrons) is higher than the single Co0; morphology and exposs d erystal facets

(111) and (100) facets mainly observed on 2Pdf@e®ctahedrons) ’
and 2Pd/Ce@C (cubs), respectively. The presence of Pd highly promotes the formation of oxygen vacancies by providir
dissociated H atoms to facilitate the removal of surface O in ceria support yraderosgiere. Both the B& ,O solid

solution dominated on Ce® and the PdO species dominated on,{Ce@re reduced to metallic Pd after reduction witld 6

nm average particle size. As revealed by density functional theory (DFT) calculations, in contrast to’tamsingyeCRe)

and the thermodynamically most unstablédPdO solid solution, the Peanoparticles are the most stable species under the
realistic reaction conditions. The 2Pd/€BOshows the highest catalytic activity as the abundantly available oxygen vacancie:
function as C@adsorption and activation sites. Moreover, oxygen vacancy reactivity is correlated with its formation energy. T
lower formation energy facilitates the formation of oxygen vacancy; however, the reactivity of each oxygen vacancy is lower :
TOF;xygen vacan®f 2Pd/CeQ-0O is 15 times as that of 2Pd/GeR. Thus, a suitable oxygen vacancy formation energy is likely
favorable for enhancing £@activity. DFT calculations indicate that thgGEHformation is most probably from the formate
(HCOO*) pathway via the GO bond cleavage in,&OOH*, with the reduction of HCOOto HCOOH* as the rate-limiting

step. These results would provide experimental and theoretical insights into the rational deggtivef Gaiatyst for GO
hydrogenation.

KEYWORDS:CO, crystal facet, Ge@orphology, oxygen vacancy, methanol synthesis
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1. INTRODUCTION compounds, COhydrogenation to methanol (gbH) has

CO, emissions have emerged as a major concern ascribeobﬁ’fn \(/jwdely mvest_lgateddals methanolo;s_ an Tportar;t cf;)emmal
the negative and sigrant eects on global climate chahge. [© Produce aromatics and lowerweand it itself can also be

CO, is an alternative, sustainable, and renewable carbdffed as a fuel.’® . .
containing resource; thus, utilization of, @@atly helps The catalysts of converting £@ methanol typically
alleviate C@emissions and improves the independence of¢dUireé two steps as follows: (1) Ladsorption and
conventional sources including coal, petroleum, and natufftivation and stabilizing the activated intermediates for
gas Owing to the thermodynamic stability and chemicafUrther hydrogenation to methanol; and (2) dissociation of
inertness of CQIits utilization as a single reactant is energyt"® H H bond in H and facilitating reactions with the
demandingWhen a reductant, e.g., hydroges, (dhich can
be generated by water splitting from geothermal, solar, aReceived: July 30, 2020

wind power, as well as a photovoltai¢ sedpfed with CQ Revised: September 9, 2020
the reaction is more feasible. Therefore, the reduction (i.&ublished: September 10, 2020
hydrogenation) of COhas been applied to produce various

valuable chemicals, including lower nsle liquid fuels,

aromatics, and ether/alcohol oxygenatésAmong these
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activated intermediates to generate methanol instead of otlpathway of CEDH formation over the Pd/CeQratalyst,
byproducts such as methane (ClDxide supported metal which indicates a preferred methanol formation from the
catalysts are promising candidates for this reaction due to tteemate route.

favorable activation of €®n oxide supports and the

activation of bl on supported metals. Various metals (Rh,2. EXPERIMENTAL SECTION

Re, Pt, Au, Pd, and Cu) and oxide supportsINICr,O;, 2.1. Catalyst Preparation.2.1.1. Synthesis of CeRods
MgO, Ga0;, CeQ, TiO,, SiQ, Zr0,, ALO;, and ZnO) have  (Remarked as CeR) and Cubes (Remarked as GE)°
been studied for this reactidnThese catalysts generally Generally, a solution composed of 3.472 g of Gp{EIB0
function via the formed alloy at the oxietal interfaces  (Aladdin) and 20 mL of deionized (DI) water was mixed with
and/or the strong metasupport interaction (SMSf}*°The  another solution composed of 38.4 g of NaOH and 140 mL of
oxide support exhibits a crucial role in governing the catalyli§) water. After the obtained solution was continually stirred
act|v|_ty1,3 since it helps in increasing the metal dispersiorfor 0.5 h, it was moved to a 250 mL stainless steel autoclave
creating the suppornetal interfacial sites, and modifying theyith a Teon liner, followed by being hydrothermally treated
surface properties via oxygen vacancy concentrations, basigity.0c°C for 24 h to obtain CefR and at 186C for 24 h to
or acidity, etc. _ _ obtain Ce@C. The precipitation was then ped by
Known as a stable, abundant, and inexpensive rare-eag#htrifugation. After it was rinsed using DI water (until pH
material, Ce©contains abundant surface oxygen vacancies,7) and pure ethanol for an additional three timesndie
leading to its_potentially promotional role for converting theeria samples were obtained by drying 3€&6r 8 h and
CO, moleculé’ In addition to the intrinsic properties of calcining in air at 40T for 4 h.
CeQ, its morphology with dérent preferentially exposed  2.1.2. Synthesis of Ce@ctahedrons (Remarked as
crystal faces has been found to be a critical factor in a serie@gg-o)_simnar to a previous stuﬁ?;a solution composed of
reactions, such as C@nethanation;*® CO oxidatio,”  1.716 g of Ce(N@y6H,0 and 20 mL of DI water was mixed
reverse water gas shift (RW&a)nd CH, combustiori? The with another solution composed of 0.015 g #f®and 140
origin of the ceria crystal facee&@ on the catalytic mL of DI water. After the obtained solution was continually
performance originates from theedknce of the surface stirred for half an hour, it was moved into a 250 mL autoclave
atomic arrangement and the electronic properties of CeQand hydrothermally treated at FZfor 10 h. Finally, the
which inuences the oxygen vacancy formation éfldrgy. formed solids were separated, dried, and calcined the same way
these reactions, the catalytic activity is highly correlated wigls for Ce@R.
the number of oxygen vacancies, especially for CO 2.1.3. Preparation of Ceria Polyhedrons (ER" In a
methanation, in which the number of oxygen vacancies 4gandard preparation process of f&®.208 g of Ce(Ng;:
linearly correlated with activity. The oxygen vacancies at tge,0 and 60 mL of DI water were mixed under magnetic
CeQ, surface function as ¢@dsorption and activation sites. stirring, followed by adding 1.5 g of poly(vinyl pyrrolidone)
Density functional theory (DFT) calculations reveal that COunder stirring for an additional 20 min. After a clear solution
can readily be adsorbed on the L&) surface, and the was formed, 12 mL of,N,-H,O (85%) was added slowly
surface carbonate is formed near the oxygen vacaticy sitander stirring for 15 min. The resulting solution was then
Moreover, the number of oxygen vacancies couhd®  moved into the 250 mL reactor and treated at@36r 12 h.
CO;, activation via lower reaction barriers of di€sociation  Finally, the precipitation was separated, dried, and calcined
on a divacancy as compared with a single isolated oxyg@ing the same steps as for £RO
vacancy over the Cg®D10) plane? Nevertheless, the 2.1.4. Preparation of Pd/CeQCatalysts.The CeG-
reactivity of oxygen vacancy orewint crystal facets has supported Pd catalysts were prepared using an incipient
been rarely discussed. The Pd/Cedalyst and its ability in  wetness impregnation method as described in our previous
catalyzing COto methanol have been revealed by severaksearcf? Particularly, the loadings of Pd metal for these
studie$™ *° However, the crystal faceeet of the Ce®  catalysts were the same and designed as 2.0 wt %. The real Pd
support is poorly understood. Therefore, a systemic invesantents in these samples were analyzed by inductively
tigation needs to be carried out to make a comprehensigeupled plasma (ICP) spectroscopy (TJA IRIS 1000), which
understanding of the crystal facedce of Ce@ on CG, were 1.96 wt % for 2Pd/Ce®, 1.92 wt % for 2Pd/Ce®,
conversion to CKDH over Pd/CeQ catalysts. 1.91 wt % for 2Pd/Ce&C, and 2.03 wt % for 2Pd/CgO0.
Considering that the crystal facet of Leighly related  All of the calcined catalysts were pressed into pills and crushed,
to its morphologies, we have synthesized, G&d four and the 280450 m particles were sieved for their catalytic
di erent morphologies including rods, cubes, polyhedrons, atusts.
octahedrons as the support of Pd metal. The Pd/CeO 2.2, Catalyst Characterization.In general, the calcined
catalysts exhibit remarkable dependence of catalytic actidgmples were characterized as obtained, while the reduced
on support morphology in G@onversion to methanol. The catalysts were initially reduced at 5@0in H, at an
Pd/CeO-R material displays the highest activity among thatmospheric pressure for 1 h and then characterized after their
four catalysts, which possesses the highest density and plhssivation for 2 h in 1%/, at room temperature. The
highest amount of oxygen vacancies, originating from PHrunauerEmmett Teller (BET) surface areas of Pd/GeO
promoted formation of surface oxygen vacancies and the higdtalysts were tested on an automated surface area analyzer
oxygen mobility in the (110) facet of G#O The reactivity of ~ (Quantachrome Autosorb iQ) from the, lddsorption/
each oxygen vacancy is crystal-facet-dependent as well thatifeorption isotherms afl96 °C. The pretreatment of these
oxygen vacancy with a lower formation energy is prone samples was degassed at@d0r 4 h. Conventional powder
giving a lower reactivity, which is contrary to the relationshig-ray diraction (XRD, Bruker AXS D2 PHASER) was
between the number of oxygen vacancies and their formatiparformed at 40 kV and 40 mA using Cu) (ladiation ( =
energy. DFT calculations were applied to reveal the possitilé&406 A). The scan was from 5 t6 @@h a speed of°3
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min 1. Raman spectra were performed on a Renishaw MicfloO g was packed into the reactor to eliminate the temperature
Raman spectrometer with an excitation laser of 532 nm. Higyradient. The catalyst was initially in situ reduced in a 30 mL
angle annular darleld scanning transmission electronmin ! H, ow at 500°C for 1 h and atmospheric pressure.
microscopy (HAADF-STEM) was performed on an FEITecnadubsequently, the reactant gas mixture of 7222%8Pb
G2 microscope operated at 200 kV. Scanning electrd®O,/3%N, was introduced into the reactor and then the
microscopy (SEM) images of the ceria octahedrons wereaction pressure was raised to the designed value followed by
obtained on a HITACHI S-4800 microscope. Before théneating the reactor to the designed reaction temperature. The
measurement, the samples were treated with Au sputterisigindard reaction conditions are#CB, ratio of 3.0, 240
rst. °C, 3 MPa, and a gas-hourly space velocity (GHSV) of 2 L
The CO-diuse reectance infrared Fourier transform g *h 1. The online gas chromatograph (Agilent GC-7820A)
spectroscopy (DRIFTS) of the reduced sample was obtaineduipped with an autosampler and two detectors of TCD and a
using a Nicolet Model Nexus 670 FT-IR. A high-temperatureame ionization detector (FID) was applied to analyze the
heating chamber and a merceadmium telluride (MCT) e uent products including GAH,, CH,, CO, CHOH, and
detector were equipped, and the spectra were recorded ahigher hydrocarbons with, Nas the internal standard
resolution of 4 cm and 64 scans. The sample was$ substance. Reported values are given after 5 h of reaction
reduced in pure Hat 500°C for 1 h. After the sample was under the steady state.
cooled to 25C, the adsorption gas of 0.3% CO/He (15 mL  The conversion of GdXco,) Was calculated usiag 1

min ) was fed through the chamber for 10 min and then N [COJ,, & [CO
(20 mL mint) was purged instead of 0.3% CO/He. Xco, (%) = n ot x 100%
In situ X-ray photoelectron spectroscopy (XPS) spectra of [COi, (1)

reduced catalysts were conducted via an EnviroES%ere [CQl,, and [COJ,, mean the COmolar concen-
. . . . out n
(SPECS) equipped with a efentially pumped energy aiions in the outlet and inlet gases, respectively.

analyzer connected to an exchangeable sample environme . o
and a monochromatic Al Kradiation (1486.8 eV). The O selectivity §o0) and CH, selectivity &) were

sample was in situ reduced in,adW of 30 mL mintat500  calculated usingys 2ands, respectively.
°C for 1 h to obtain the XPS data for the reduced sample. The [COlut

XPS spectra of calcined samples were recorded as obtained orco (%) = [CoJ. & [CO] x 100%
an X-ray photoelectron spectrometer of Thermo Fisher in out

@)

ESCALAB 250xi. The carbonaceous C 1s peak at 284.8 eV [CHJ out
was used to calibrate the binding energies. Son, (%) = c Srcol > 100%
H, temperature-programmed reductiog-THR) proles [COLin S [COJ o ®3)

of Pd/CeQ and CeQ supports were recorded in an auto- where [CO},, and [CHy,, represent the molar concen-
controlled ow reactor system (TP-5076). The sample of 5Qrations of CO and CHn the outlet gas, respectively.

mg was put into a tube reactor of quartz followed by a cH,OH selectivity $p.0n) Was calculated usiag 4
pretreatment at 20C for 1 h in a N stream and then cooling

to 30°C. Then, it was heated from 30 to 70t a ramping S (%) = [CHOH] o x (15 $o)

rate of 10°C min *in a ow of 5%HN ,. At the same time, FLOH [CH:OH] o0+ [ CH}, out °

the thermal conductivity detector (TCD) signals were 0 4

recorded to get the,HPR proles. x 100% )
The oxygen storage capacity (OSC) tests were carried outwthere [CHOH],,: represents the molar concentration of

guantitatively determine the density and amount of surfac@H,;OH in the outlet gas.

oxygen vacancies of these Pd/Qstalysts using an oxygen  The reaction raterds, mmol g, * h ') was calculated

pulse injection method. First, 150 mg of the sample was dri‘ﬁgingeq 5

at 200°C for 1 h in a He stream, and then, it was reduced in

10%H/Ar ow at 500°C for 1 h. The ow rate of all gas _

streams used in this measurement was 50 mL fie co, — q

surface-adsorbed, Bn the sample was removed by purging aualyst ®)

He at 500°C for 10 min. After the catalyst was cooled to L‘_)(:)\/\/here)(co2 is CG Con\/ersiori\/co2 is the molar ow rate of

°C, a stream of 10%@e was injected periodically into the CO, (mol h 1), andgysis the grams of catalyst loaded.

reduced catalyst until saturation. Finally, the OSC of the The t § T 1 T
catalyst was derived from the consumption of oxygen. (h 1)ewirr20¥:|rCJ;?g§ nucslﬁasés O(%%a%‘f‘ca”‘@ ) and TOkeq

Dispersion of PdDy was determined using the-@,
titration method. Typically, a sample of 100 mg was pretreated Ry = Xco, X Veo,
and reduced as the OSC test. Then, it was cooled to room TORyg (1) = Qe [P x Dot M
temperature followed by injecting 1g%® pulses to the atalyst content™ =kd- TPd
sample until saturation. Subsequengychdmisorption was 5
performed by injecting 10%Ar pulses at the same TOR,ygen Vacam(ﬁl) =
temperature. The adsorption stoichiometry factor of,Pd/H @)
can be assumed to be 2/3The average particle size of Pd .
(dbg) Was calculated using the fornsbjgnm) = 1.12Dp4>"  WhereXco, Vco, and Gaaysthave the same meaning as
2.3. Catalyst Tests.All catalyst evaluations were carried described above, [Rgl.n:iS the content of Pd in the catalyst
out in a stainless steeled-bed reactor with a diameter of 8 measured by ICP (wt %), is the Pd dispersion based on
mm. Typically, a catalyst of 0.3 g diluted with quartz sand &f, O, titration, Mpy is the relative atomic mass (106.4 ¢

Xco, X Veo,

(6)

gca\talyst>< OsC
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Figure 1.XRD patterns of Pd/Ceatalysts for (a) calcined, (b) reduced, and (€ct®ns of Pd peaks between 38 afid 42

mol 1), and OSC is the amount of surface oxygen vacancy supported on CeQwhich was calculated accordingo® 8
the catalyst (mol O.g %). and9.>*

2.4. Computational Details. The Vienna ab initio
sm_1u|at|on_ package (VASP)_was used to carry out_all of the (system)= Erqceq* N (CeQ )CeQ T.P)
spin-polarized DFT calculatiéf§. A plane-wave basis was ] . 3
employed to describe the valence electdggs.5.0 eV was SNO) (T, P S Bog S Bea 8)
applied to the Ce 4f states to accurately calculate the highly
localized Ce 4f orbitals. The coralence interactions were
represented by the projector-augmented wave (PAW) olT. P l[ B + o T Pl
method'® The energy cutowas set to 400 eV. The electronic 2 2
correlation and exchange was modeled by generalized gradient _ }EO " (T, P
approximation (GGA) with the PerdeBurke Ernzerhof 2 2 ot
(PBE) functional! The Gaussian smearing method was
employed to calculate the electron smearing with a smeariwfereEpyc.q, is the total energy of the RO, systemizceo,
W|dth Of 0.05 eV. The Bri”ouin Zone was Sampled at the is the tota' energy Of the bare gmrface, anEPdl is the
point. The geometry optimization for all of the structures w Sital f the bulk Pd at T T P and T
performed using the conjugate gradient algorithm. Th ptal energy ot the u_ a om_. beo(T. P) and o(T,
convergence criterion for force was set to 0.03 ek P) represent the chemical potentials of the bulk Ge@®the
climbing-image nudged elastic band (CI-NEB) method wa@Xygen atom, respectively. Fhealues are set to balance the
used to search the transition state (TS) for each elementa${Pichiometry relative to a standargCR@, system, namely,
reactiorf®° The searched transition state was furtherthe CeQ slab surface and the bulk Bgl.is the total energy
conrmed by having only one imaginary frequency. Thefthe gas-phase Molecule, and (T, P) is the free energy
activation barrier)) was dened as the energy dience  contribution to (T, P).
between the TS and the initial stte. The chemical potential of oxygen is related to the gas-phase

The calculated lattice parameter of Qe 5.437 A. The  reservoirs? Thus, for catalysts under reaction conditions, the
Ce(Qy(110) surface was modeled by & 3 supercell slab chemical potential of oxygen was calculated using
model with ve layers, which contains 9(')& atoms. The L
neighboring slabs were separated by a 15 A vacuum gap to - & & &
avoid their interactions. Three-coordinated O atoms and six- oT. P) 2{3 co,t 4 1S o> ond CHso}*
coordinated Ce atoms were exposed on(CE®. During (10)
geometry optimization, the atoms in the bottom layer were . . .

xed, while the rest of the atoms were allowed to relax. TH®! catalysts under redocti conditions, the chemical
CeOysupported Pd catalyst was modeled through adding Rotential of oxygen was calculated using
Pd, cluster on the top of the Cg®10) surface. The side and _ =
top views of PACeO,(110) are shown ifrigure S1 olT, P) = H,0 S H, (12)

To identify the most stable Pd structure under realistic
reaction conditions, we carried out ab initio thermodynamickhe chemical potentials for each gas species were estimated
calculations. The chemical potential of theCe@), system  usingegs 1Zand13
( (system)), as a function of the O chemical potential, was
calculated to evaluate the stability f@ped Ce@and Pd (T.p=E+ (TR (12)
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Table 1. Textural Property of As-Prepared Pd/Ge&amples

grain size (nn) Ser (M2 g HP lattice parameter (nm)  Dp° by (NnM)<
sample exposed plane calcined reduced calcined reduced calcined reduced
2Pd/CeQ-R CeQ(110), (111) 8.8 10.1 106.3 86.3 0.5405 0.5411 0.19 5.9
2Pd/CeG-P CeQ(100), (111) 18.1 20.2 41.1 39.5 0.5405 0.5417 0.14 8.0
2Pd/CeG-C CeQ(100) 40.7 45.2 22.1 17.8 0.5394 0.5407 0.13 8.6
2Pd/CeG-O CeQ(111) 434 46.4 13.9 11.8 0.5409 0.5428 0.11 10.2

3Calculated by the Scherrer equation, based on #utioe of CeQusing the (111) peak at 2 28.6. PBET specic surface arefPd
dispersion calculated by-@, titration. “Average particle size of Pd calculated from Pd dispersion.

Consequently, the BET surface areas of these reduced samples
are smaller than those of the corresponding calcined samples,
which vary in a wide range of 188.3 M g 1. However, the

(T,P=[ HT, PS5 HOK P

STIIT. P)S @ K Bl + E;<rﬁP3
(13)

whereE is the DFT-calculated total energy of the gas species
is the partial pressure of the gas spétiés,the standard
pressureT is the temperature of the systdq,is the
Boltzmann constant, and enth&dy, P ) and entropy§T,

P) of the gas species were obtained from the JANA
thermochemical tabfs.

dispersion of Pd changes in a relatively small range of 0.11
0.19 {Table ) indicating that the unique characters of £eO
such as strong CeCPd interaction and rich in oxygen
vacancy, could promote Pd dispersion. The mean Pd particle
size could be calculated from the dispersion data, which is in
the range of 610 nm (Table ).

F After reduction, the lattice parameters of,@Ge@© slightly
increased Table ), which can be mainly related to the

The chemical potential of Pd nanoparticles (NPs) on théncrease in the quantity of oxygen vacancies and partly due to

ceria surface was calculated based on the Tiloimsson
relatiom*°°

nedR =2 (pLR

where is the molar volume of the bulk Pd metal aRi®,

the radius of supported Pd NPs, qppdis the surface energy
of the Pd NPs on the ceria support. For Pd NPs on ceria, Su
al. proposed that the surface energy of Pd NPs is 0.1345
A 2, and thus the chemical potential of Pd NPs on the ceri
surface is 2.69/R V.

(14)

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Study. Figure 1
illustrates the XRD patterns for the calcined and reduced P
CeO, samples. For the calcined samptggu(e &), each
spectrum exhibits well-resolvedadition peaks with all of the

the reduction of R€e ,0, during the reduction process.

On the one hand, Ce@iill be partly reduced (2Ce®H,

Ce0; + H,0) to increase oxygen vacancies. THeé iGes

have a higher radius{1.034 A) than the Ctions (0.92 A).

The introduced oxygen vacancies accompanied'biprie
result in a distorted local symmetry, which leads to a changed
length of the CeO bond and thereby the lattice
&lpansior®® The reversible transformation betweeff Ce
&Nd Cé' is a special character of Gé&@sed catalysts, which

f crucial to improve the catalytic performance. On the other
hand, the Pd ions have a similar, but slightly smaller, ionic
radius (0.85 A) as the €don, which allows the Pd ions
entering the ceria lattice to form®a ,O, in the calcined
samples as camed by the XPS measurements in the
fpllowing part. After reduction, Pd atoms come out of the ceria
lattice, leading to an increased lattice parameter. As also
revealed by the XPS results in the following part, the Pd

characteristic peaks located at 28.6, 33.1, 47.5, 56.3, 59.1, Gpdcies shows its metallic status on the catalyst surface after the

and 77.0 attributed to Ce@crystals with the face-centered
cubic structure (PD#1-792):° Using the Scherrer equation
and the (111) peak at Z 28.6, the mean crystallite sizes of
CeO, are calculated and listed’able 1 which are 8.8 nm for
CeOrR, 18.1 nm for CefP, 40.7 nm for Ceg£L, and 43.4
nm for CeG-O. Consequently, the CeR supported catalyst
exhibits the largest surface area of 106.3) fn No

reduction process.

Figure 2represents the electron microscopy results (trans-
mission electron microscopy (TEM) and SEM) to explore the
exposed crystal facets okedént shaped CegQatalysts. For
CeO-R (Figure 3), it is composed of rods 560 nm in
length and 10 nm in diameter. The interplanar spacings
observed in CegR are 0.19 and 0.31 nm, indicating the

recognizable diactions of Pd species appear in the patterngresence of (110) and (111) lattice fringes, respectively
of all of the calcined samples, suggesting a highly dispersed Pdure B).°° Figure 2 reveals that Ce® is made up of

species or its incorporation into the gdftice for the
formation of the R€@e ,O, solid solutiori! Indeed, the
XPS results in the following part clearly monthat
PdCe ,O, is formed over the four kinds of catalysts.

For the reduced oneBiure b,c), the diraction peaks of
CeO, are well reserved, and theraition peak around 49.2
assigned to metallic Pd appears due to the agglomeration of
species during the reduction process. However, the

polyhedrons with size of about 20 nm, and (100) and (111)
lattice fringes can be observed with clear interplanar spacings
of 0.27 and 0.31 nm, respectivéligire @).°* Figure 2
displays that Ce£ is made up of cubes with a size of about
40 nm, which is a selectively exposed (100) fégetg ).

For CeQ-O (Figure B), the particles are made up of
dadahedrons with well-deed surfaces and with lengths of

46 60 nm, which is a selectively exposed (111) facet assigned

re ections are relatively weak, indicating the small size of Ralthe most thermodynamically stable crystal faget€ h).

particles. The mean particle sizes of,Ge@ports in these
reduced catalysts are also presentddhie 1 which are
slightly larger than the corresponding calcined ones owing

As summarized ifable 1 CeQ-R exhibits (110) and (111)
facets, while Ce@® exhibits (111) and (100) facets. The
@e0,-C and Ce@0 only exhibit on single facets of (100) and

the sintering during the high-temperature reduction treatmer(tL11), respectively.
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To further investigate the chemical states and Pd dispersion
on the reduced samples, CO adsorption on $treddced
samples was followed by DRIFF8jure 4shows the
corresponding spectra, and the dispersion of Pd species is
varied over derent CeQ@ supports. In general, the bands at
above 2100 crhbelong to the adsorption of CO on cationic
Pd*%? The bands in the range of 20@Q00 cm'® are
ascribed to the linearly adsorbed CO on Pd(111) and the Pd
corner sité*°* The bridged CO adsorption on step sites is
generally at 194@000 cm'.®® The bands in the range of
1800 1940 cm! are assigned to the threefold and bridged
CO adsorption on plane sité8’ For all of the catalysts, the
bands attributed to cationic Pdre relatively weak, suggesting
that most of the Pd species are metallic Pd on the reduced
catalysts. For the CeR and Ce@P supported catalysts,
three types of adsorbed CO can be observed at 2064, 1962
(1970), and 1932 crh which are related to the linear,
compressed bridged, and isolated bridged adsorption of CO,
respectively’. Compared with 2Pd/CegR, the proportion of
linearly adsorbed CO reduces owing to the less dispersion of
Pd species on 2Pd/Ce®. For the remaining two catalysts,
the linearly adsorbed CO disappears and the band at 1850
cm ! belonging to threefold adsorbed CO emerges, which
originates from the larger Pd particle cluster (above 8 nm).

The chemical states of Pd species are further investigated by
XPS over both reduced and calcined samples. As illustrated in
Figure &, all of the calcined samples display two types of Pd
3d;,, peak at 337.8 and 336.8 eV, which are ascribed o Pd
PdCe ,O, and in PdO particles, respectiveBased on
the peak areas of these two species, the proportion of
PdCe ,O, is calculated, which is 0.84 for 2Pd/EBO
0.77 for 2Pd/Ce@P, 0.48 for 2Pd/CeLC, and 0.39 for

Figure 2. TEM and high-resolution TEM (HRTEM) images of 2Pd/CeQ-O (Table S). For the 2Pd/Ce@R and 2Pd/
CeOrR (a, b), Ce@P (c, d), and CeeC (e, f). (9, h) SEM and  CeQ-P samples, the b ,O, solid solution dominates
HRTEM images of Ce@. The insets schematically illustrate the o the ceria surface with thePcP* O? Cé"* ) linkages
CorySta' planes exposed on the AR(CeQ-P, CeQ-C, and Ce® indicating atomically dispersed Pd ions in the ceria thatrix.

) For the remaining two samples, the PdO patrticles are located
on the support surface. It is noted that the surface
concentration of Pd species and the Pd/Ce ratio are quite

The HAADF-STEM scans and energy-dispersive X-rdgw over 2Pd/Ce®R, which also conrms the embedding of

spectrometry (EDX) elemental mappings are used to revdadl atoms into the ceria matrixable SR After the catalyst is

the presence of Pd species and its spatial distribution on bagtduced, in situ XPS was carried out. As illustrakeglire
calcined and reduced sampfésifes Sand3). As shownin  5b, all of the samples exhibit only &kcies on the catalyst
Figure 3the morphologies of these supports are well reservedrface with a 335.6 eV binding energy of Bg°3Y It

on the reduced catalysts. Compared with the correspondisgggests that PdO and,®g ,O, solid solution at the
calcined sample&igure SR obvious agglomeration of Pd catalyst surface are reduced to metallic Pd after reduction.
species occurs and Pd clusters can be observed in all redudedeover, the surface concentration of Pd species and the Pd/
samples except for the Ge® supported one. The Ce ratio decrease after the reduction prodesse( Sp
agglomeration of Pd species can also be deduced from #wggesting the agglomeration of Pd species, which is consistent
decreased surface Pd concentration and the decreased Pdv@ifa the TEM results.

ratio after the reduction process, as shown by the XPS results3.2. Characterization of Oxygen VacancyConsidering
Besides, Pd nanoparticles withi4inm can be observed on the important role of oxygen vacancy in activating t®©

the ceria surface, and the lattice fringe is 0.23 nm, belongingtemation process of oxygen vacancy and its dependence on
the Pd(111) facetHigure SB It should be noted th&tigure the crystal facets have been investigated in this part using XPS,
S3displays not the mean size of Pd particles but the size of oRaman, and OSC characterizatiéigsire Gshows the in situ
particle. We intended to make the size distribution of P&XPS spectra of Ce 3d and O 1s over the reduced catalysts. As
particles from TEM images. However, only the distribution aghown inFigure @, the Ce 3d spectra can be resolved into 10
2Pd/CeQ-0 can be obtained, attributed to the fact that it isgroups for the electron structure of Ce 3d orbitals is severely
di cult to distinguish Pd species from Ce species for thi@ uenced by the hybridization of Ce 4f orbitals with the O 2p
remaining three samples. On §&0most Pd particles locate valence barid.The ve peaks labele®l(880.8 eV), v (882.4

at the edges of Ce@ with a large average Pd patrticle size okV), v (885.3 eV), v(889.0 eV), and v(898.4 eV) belong

9.7 nm Figure Sy which is similar to the Pd particle size to Ce 3d,,, whereas theve peaks labeled (899.1 eV), u

(10.2 nm,Table ) derived from Pd dispersion. (900.7 eV), u(903.6 eV), u(907.3 eV), and u(916.7 eV)
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Figure 3.HAADF-STEM images and corresponding EDX elemental mappings of reduced catalysts: (aR2B3)/2e@CeG-P, (c) 2Pd/
CeO-C, and (d) 2Pd/Ce@O0.
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are assigned to Ce;3dAmong the ten peak$,w, P, and u
originate from the Cespecies (GO;), while the rest of the
six peaks correspond td"Gapecies (CeQ?’ The density of
surface Cé can be calculated by the relatiod*/Q@e®* +
Cé") based on C% and Cé* peak areas, and the results are
exhibited inTable S3 The Cé&' concentration can be
correlated with the surface oxygen vacancies due to which
the oxygen vacancy formation is always accompanied by Ce
formation. Among these catalysts, 2Pdf&elas the highest
Cée* proportion (0.49), followed by 2Pd/CeP (0.43), 2Pd/
CeO,-C (0.38), and 2Pd/CefB0 (0.31). The 2Pd/CeSR is
assumed to have the highest density of surface oxygen
vacancies due to the highesf"Cgensity among these
catalysts.

The density of oxygen vacancy on these catalysts can also be

Figure 4 DRIFT spectra of CO adsorption for the reduced Pd/CeO deduced from O 1s spectra. As showigime 6, three peaks

catalysts.

can be deconvoluted from the O 1slp The peak at 529.4
eV is ascribed to lattice oxygen: @ ), the peak at 531.3 eV
belongs to surface oxygen:(@ , O, or O ), and the peak
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Figure 5.Pd 3d XPS curves of the (a) calcined Pd/iGsttalysts and (b) in situ-reduced Pd/gCe&alysts.
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Figure 6.In situ XPS curves of (a) Ce 3d and (b) O 1s for the reduced Pdé@slysts.
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Figure 7.Raman spectra of (a) Cg@b) calcined 2Pd/CeQand (c) reduced 2Pd/CeQ(d) Correspondingied | 45, Values.

above 532.0 eV is ascribed to other weakly bound oxygem !, a second-order transverse acoustic mode (2TA) at 260
species (Q such as carbonate (G0, adsorbed molecular cm i, and a second-order longitudinal optical (2LO) mode at
water, and hydroxyl (OM°®’® The density of oxygen 1174 cm® (Figure a)°®’* The 140 cm?® di erence in
vacancies ((pcould be assumed as/@ + O + O). As wavenumber is observed betwegrarkd the defect bands,
shown inFigure ® andTable S4the density of Oranks in indicating that Qof these samples arise from the intrinsic
the following order: 2Pd/Ce@® (0.48) > 2Pd/Ce®P defects from Géto Ce*.”* The ratio of the peak intensities at
(0.31) > 2Pd/Ce®-C (0.28) > 2Pd/Ce@0 (0.24), whichis 598 and 462 cm (lsed |4y is a quantitative measurement of
consistent with the result of the Ce 3d spectra. It suggests thidygen vacancy den$ityyhich decreases in the sequence
the number of surface oxygen vacancies is proportional to thetiow Ce@R (0.08) > Ce@P CeO-C (0.05) > Ce@-O
of Cé" sites, which can activate and transfer oxygen. W6.03) (Figure d). After the loading of Pd and calcination
conclude that derent shaped Ce@xposed distinct crystal (Figure B), a new peak at 650 chis observed in all samples.
facets, which thereby exhibits variation in the density of O Moreover, one more new intense peak at 834 isnalso
Figure 7illustrates Raman spectra of the pristine,CeO found in the 2Pd/Ce©R sample. The peak at 650 tim
calcined, and reduced Pd/Gefatalysts, respectively. All four assigned to Pd bond vibratiori! while the peak at 834
CeO, supports display a strong peak at 462 betongingto  c¢cm ! is ascribed to P Ce bonds arising from the Pd
the vibration model of octahedral local symmetry from th€eQ, interactiorf” This is in accordance with the XPS
CeQ, lattice (Ry, a weak defect-induced mode (D) at 598 measurements that the PdO angCBd,O, coexist on the
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Table 2. Summary of the Raman, XPS, and OSC Results of the Reduced P&&ufles

XPS OSC surface
sample Cel/(Ce* + Ce™) (oM Raman lggd |46 ( mol O gy Y ( mol O my d
2Pd/CeQ-R 0.49 0.48 0.21 257 3.0
2Pd/CeQG-P 0.43 0.31 0.18 79 2.0
2Pd/CeQ-C 0.38 0.28 0.14 27 1.5
2Pd/CeG-O 0.31 0.24 0.08 4 0.3
a b
8 a.u.l 70 a.u.I
3 3
8 [ ceO2-R 8
c c
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E |ceozp £
g @ “ 2Pd/CeO2-P
8 8
£ Ce02-C T —/k 2Pd/Ce0O2-C
Ce02-0 2Pd/Ce02-0
N
100 200 300 400 500 600 700 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 8.H,-TPR proles of (a) Ce@supports with derent morphologies and (b) the corresponding calcined Pdi@eysts.

ceria surface for calcined catalysts agdeP@, is the only the highest density of Qut also the highest amount of

dominant phase for 2Pd/Ce®. Moreover, thésed |46, O, attributed to its largest surface area. In general, the density
ratios of these calcined Pd/Geshow no obvious change of Q, highly relies on the exposed crystal facet, the existence of
compared with the corresponding Cedpport Eigure @). Pd species, and the activated atmosphere. According to the

As the Pd/Ce® samples are further reduced in the H DFT calculations, the,Qormation energy increases in the

atmosphere Higure €), the peaks at 650 and 834 tm order (110) < (100) < (111), which is in accordance with the

disappear, meaning the reduction of PdO species and thequence of the oxygen mobility of Ce@stal facef§’®

PdCe ,O, solid solution, which is also consistent with theThe ceria rods exposed with (110) and (111) crystal facets

XPS results. As showrkrigure @, a signicant increase inthe have a high surface oxygen mobility and a Jdari@ation

Isod 462 Value occurs, suggesting that the reduction processeBergy, giving the highest, ©@oncentration, which is

critical in the formation of OThis increase in,Gan be  consistent with previous researéf’’ The presence of Pd

ascribed to the promoted partial reduction of,G@Qe0, could eectively increase the removal of the surface O atom in

by the hydrogen spillover from the Pd atom to the, CeOthe CeQ support under the Hatmosphere by the hydrogen

surface, which is also consistent with the lattice expansionsadllover from the Pd metal to the Gesdpport, which

indicated by the XRD results above. The highgsts, value thereby creates more. @ is interesting that the 2Pd/CeP

is obtained for 2Pd/CefR (0.21), and then 2Pd/Ce® exposed (111) and (100) facets show much higher OSC than

(0.18), 2Pd/Ce®@C (0.14), and 2Pd/Ce£D (0.08). In both 2Pd/CeQ-C exposed only (100) facet and 2Pd/&€0

summary, although the pristine gdtas some oxygen exposed only (111) facet, which is ascribed to the fact that

vacancies, the density is relatively low. Both Pd.,aa H 2Pd/CeQ-P has a number of interfacial sites of (100) and

crucial in promoting the partial reduction of Cte@orm Q. (111) facets and the oxygen vacancy is easier to be formed at

Further, the Qamount is highly related to the crystal facet:these interfacial sites.

the 2Pd/CeQR exposed (110) and (111) facets show the 3.3. H-TPR Analysis.The reducibility of various CgO

highest density of Owhile the 2Pd/Ce0 exposed (111) supports and Pd/CeCatalysts was explored usinglr PR

facet shows the opposite. The order,@b@centration is well  (Figure 8 Figure & shows two types of reduction peaks in

in accordance with that indicated by the XPS results of O 1ke H-TPR proles of the ceria support with elient

and Ce 3d spectra. morphologies. It is accepted that the reduction of surface
The amount of surface, @r these reduced 2Pd/CeO oxygen in ceria occurs below 8D0and the reduction of bulk

samples is measured by OSC tests. The OSC, as well as XBf$a generally occurs above 08%'® We have tried to

and Raman results, is summarizédhiie 2 In addition to calculate the amount of, Honsumption over bare Ceky

the total amount of surface, Per gram of catalyst, the integrating the TPR prie between 150 and 600, but that

concentration of (per unit surface area is also calculated. It i®f CeQ-R can be obtained only because theoHsumption

clear that both the total amount and the concentratiop of Oof the remaining samples is too low to get accurate values. It is

vary in the same order as the concentration measured bivious that the amount of Ebnsumption of surface oxygen

Raman and XPS. The amounts are 257, 79, 27, arud @ decreases in the following sequence:,-Re(®.36 mmol

Ot 1, and the concentrations are 3.0, 2.0, 1.5, anchoL.® Gat ) > CeO-P > CeQ-C > CeQ-0, which is in accordance

Mo 2 for 2Pd/CeQ-R, 2Pd/Ce@P, 2Pd/Ce@C, and 2Pd/  with the sequence of,@oncentration as revealed by the

CeO-0, respectively. The ceria-rod-supported catalyst has ieaman, XPS, and OSC results.
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Table 3. Catalytic Performance of Various Pd/GeCatalysts in C@ Hydrogenatioft

methanol STY

fco,
catalyst mmolg *h * mol mg ?h * mg ge *h * mg Mg *h* TOFoxygen vacand! *) TOFpq (h )
2Pd/ICeQ-R 13 15.1 12.0 0.14 5.1 37.0
2Pd/CeQ-P 11 27.8 95 0.24 13.9 43.4
2Pd/CeQ-C 07 39.3 5.0 0.28 25.9 29.9
2Pd/CeQ-O 03 25.4 25 0.21 75.0 14.2

®Reaction conditions: catalyst = 0.3 4CB, =3; GHSV=2Lg,'h % 3 MPa; 10 h; 246C.
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Figure 9.(a) Reaction rate and STY methanol over various Pgfaedlysts. (b) Reaction rate as a function of the number of surface oxygen
vacancies (OSCs). (¢) TQen vacan@Ver various Pd/Cef@atalysts. Reaction conditions: catalyst = 082 bi= 3; GHSV = 2 L g; th L
3 MPa; 10 h; 240C.

The H,-TPR proles of the corresponding Pd/CeO per unit area are also calculated and listEabie S5They
catalysts are illustratedFigure ®, and H consumption is  are 20.9, 8.9, and 8.4nol m., ? for 2Pd/CeQ-R, 2Pd/
guantitatively summarizedTiable S5For the 2Pd/Ce®@R CeO-P, and 2Pd/CefC, respectively. The formation gf O
catalyst, therst peak occurs at 7C with 1.80 mmolg * H, is very di cult on 2Pd/Ce®O, which shows no reduction of
consumption. This peak is assigned to PdO reduction assitirface oxygen below 20D. This is consistent with the
strongly interacts with CgeONotably, the amount of,H  Raman, XPS, and OSC measurements. For all samples, some
consumption of this peak is much bigger than that needed {eak peaks are observed at 300°C, which are ascribed to
reducing PdO to Pd0.19 mmol g, *). The reduction of  the reduction of surface oxygen distant from Pd clusters. In
surface oxygen over Gafdse to the Pd cluster is assumed to general, the loading of Pd leads to surface oxygen species
account for the additiona} Eonsumption. It is noted that the equction at lower temperatures with a higher peak area,
values of bitaken up_(1.80_m_moggl) are also muclh bigger ingdicating the promotional ect of Pd species on, O
than the corresponding pristine ¢€@36 mmol g, °) plus formation at the ceria surface. Moreover, this promotional
reducing PdO to Pd (0.19 mmekd), which suggests that ¢ oct highly depends on the ceria morphology. The facile
the presence of Pd speciexcévely promotes the removal of g, cipjlity of 2Pd/Ce@R is supposed to be highly related to
o nice e shces o cwoarcaor st gl G iy o
200°C are ascrib{zd Eo the reductioel gf PdO having varie% 34 cQ Hydrogenat|on_Perf_ormances.As indicated by
interaction strengths with Ce@he rst peak can be ascribed revious re_search, metatide mterfaces commpnlyl Blzay a

. , . ; . crucial role in methanol formation from,@éductior:**
to the reduction of PdO with a strong interaction with,CeO _ - . : 2 .
gfrlor to evaluating the catalytic performance of varioys CeO

and the second peak might originate from the reduction ; e g
PdO embedded irF1)to the ngﬁThge H, consumption values sppported Pd materials, the pristine fou_rzee@ports with
di erent shapes were tested in this reaction. It turns out that all

of the two peaks are 0.35 m for 2Pd/CeQ-P and i . L .

0.15 mmolpgtl for zpd/Cle_Tgl Jrgespectively,qwhich are Of them show negligible catalytic activity with g C_:O
much lower than the 2Pd/Ce@ catalyst. However, the 2Pd/ conversion below 0.5%. Although the oxygen vacancies on
CeO-O catalyst exhibits a negative peak aC6due to - CeGO, supports faC|I|tate_Q01dsorpt|on and activation, the
PdH decompositioff. The PdO species weakly interacting C€C; alone cannot ectively catalyze Gydrogenation

with the CeQ support is reduced to metallic Pd in the dominantly for the lack of the ability of adsorbing and
hydrogen atmosphere at room temperature, and the formed Pefivating hydrogen. Moreover, the oxygen vacancy on pristine
can further interact with hydrogen to forRdH specieS. ~ CeQ, could not be recycled, and their amount is also
This also indicates a lower dispersion of PdO species on tgignicantly less than the corresponding Pd/Ceafalysts.
CeO-O support. The amount of,Heleased is only 0.03 The CG hydrogenation favors proceeding by the concerted
mmol g, %, indicating that only a small amount of Pd speciegeaction between the Ceéxtivated COand Pd-activated

has a weak interaction with the G@0support. Most Pd  H,. The presence of Pd not only provides the activated
species strongly interacting with £6Care reduced at about hydrogen for CQO hydrogenation but also promotes the
262°C. The H consumption values of the peak beloww @00 formation and recycling of oxygen vacancies to activate CO
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Figure 10.In uence of reaction temperature (a), reaction pressure (b), and GHSV (c) on the catalytic activity and STY methanol of the 2Pd
CeO-R catalyst. Standard reaction conditions: catalyst = Q/8@; kK 3; 10 h; 3 MPa; 240C; GHSV =2 L g, 'h %

As shown inTable 3 and Figure 9 the catalytic formed on Ce®R because the CgD10) facet has a high
performances of the Pd/Cg@atalysts are highly shape- oxygen mobility and low, @rmation energy. In contrast, the
dependent. The catalytic activity is closely correlated with tlexygen vacancy is much morecdit to be formed on Ce©
CeG, morphology, while the product distribution is not whereO, whose exposed (111) facet has the lowest density of oxygen
all of the samples show very close product seleétigitye(  vacancies. This @rence in the reactivity of oxygen vacancy is
SH. The CeQ rod supported catalyst gives the highest activitascribed to the balance between vacdlivay and vacancy
and the highest space time yield (STY) ofGFHamong formation based on DFT calculatibh&or the oxygen
these catalyst&igure @). The reaction rate of 2Pd/CeR vacancy with a low formation energy, it isult to Il these
is 1.3 mmol g 1 h %, which is 1.2, 1.9, and 4.0 times of 2Pd/ vacancies using the oxygen from a source such as the highly
CeO-P, 2Pd/Ce@C, and 2Pd/Ce®@O, respectively. The stable CQ In contrast, if the energy barrier to form the
catalytic activity is supposed to be highly correlatedith O oxygen vacancy is highdling the vacancy becomes more
the catalyst surface. Generally, the activatigroofftl metal ~ favorable, resulting in a stronger interaction between oxygen
is very easy, wherg &an dissociate spontaneously and formvacancy and GO
two adatoms on the supported Pd clu$térscontrast, the The values of TQh are also calculated and presented in
activation of C@Qis much harder and usually needs theTable 3 The values of TQfare similar and around 40th
assistance of dissociated H afdffiSherefore, the activation over the Ce@R and Ce@P supported catalysts with
of CG, is considered as one that decides the catalytic actividpundant oxygen vacancies. It slightly decreases over the
in CO, hydrogenation. The ,Oon the ceria surface are sample with poor oxygen vacancies, which are 29.9 and 14.2
generally accepted as the active sites fpa@®ation. On  h ! over Ce@-C and Ce@O supported ones, respectively.
the one hand, the oxygen vacancy can interact wit®n these two samples, especially,@Qhe number of
nonbonding electrons from the O atoms in, ®@ the oxygen vacancies highly limits the activation ¢f T@

Lewis acidbase interaction due to its Lewis acid n&t@a. methanol STY and the reaction rate per unit surface area have
the other hand, several DFT calculations have indicated théso been calculated and are listedainle 3 They are
assistance of surface @ CO, adsorption and activa- in uenced by two factors: one is the number of oxygen
tion3° 3282 85 On surface () a bent CQ intermediate is  vacancies per unit surface area and the other is the reactivity of
formed by inserting one of the two O atoms fropi@@the one single oxygen vacancy. As a result, the reaction rate and
oxygen vacancyMore deeply, the activation energy of CO the methanol STY follow the same order of 2Pd/Ce®
decomposition on a divacancy reduces nearly to half of that 8Rd/CeQ-P > 2Pd/CeG-O > 2Pd/CeQ-R.

a single isolated vacaifcyhus, the higher catalytic activity  In summary, the hydrogenation of ,(@Boceeds by the

over 2Pd/Ce@R is ascribed to the higher amount of surfacalissociation of jon Pd particles and the subsequent spillover
O,. As shown iirigure 8, the increase of OSC increases theof H atoms to adsorbed and activated, 6@ the oxygen
reaction rate attributed to the enhanced adsorption andacancies. The activation of ,G®related not only to the
activation of C®on the oxygen vacancies. However, thismmumber of oxygen vacancies but also to their reactivity. These
increase is not linear and it becomes slow at higher OSC. Two factors always vary in the opposite way. The 2PARCeO
study the intrinsic activity of oxygen vacancies on thesxposed (110) and (111) crystal facets exhibit the highest
catalysts, the TQFgen vacancyVhich represents the converted mobility of oxygen, but the reactivity of each oxygen vacancy is
CO, molecules per oxygen vacancy per houb, (is low. However, it still shows the highest reaction rate and
calculated and illustrated figure 8. The TOR,ygenvacancy ~Methanol STY owing to the much higher number of oxygen
varies in a wide range from 5.1 to 750 suggesting the vacancies than the remaining three samples.

distinctive reactivity of oxygen vacancies owreni shapes 3.5. In uence of Reaction Conditions and Catalyst

of CeQ. The 2Pd/Ce@R exposed (110) and (111) facets Stability. The catalytic performances of the most active 2Pd/
have the lowest value of TQFn vacancyVhile the 2Pd/Ced CeO-R catalyst are further investigated, and therine of

O exposed (111) facet has the highest value @f,JQF.cancy  reaction conditions including operating temperature, reaction
It seems that the easier the formation of oxygen vacancy, fhressure, and GHSV is determined and illustrafegiie 10

less reactivity it has. The oxygen vacancy is much easier toBmh methanol STY and G€bnversion linearly increase with
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Figure 11.(a) Chemical potential of Rdoped Ce@at di erent conditions. (b) Chemical potential ofdiped Ce@and Pd supported on
Ce0, models under reaction conditions in comparison to the chemical potentigisafpfpe@ed Pd metal nanoparticles (NPs) as a function of
their size.

temperature increase in the range of 280°C. At higher evaluated at this high GHSV. As illustratédgnre S8the
temperatures, more g@nolecules will be activated and conversion of COis maintained at 4%, and {CHH
subsequently converted to promote the conversion,oA€0O selectivity does not drop during the 100 h time on stream.
we know that the production of methanol from, @O  After the reaction, the cubic structure as well as the rod

exothermic (Hyggx = 49 kJ mol for COyg) + 3Hyg morphology of Cefcrystals is well reserved without the
CHzOH + Hy04), while the RWGS reaction is agglomeration of Pd species on theigufe SP The CeQ
endothermic (Hyggx = +41 kJ mof for COyq) + Hyg) rod supported Pd catalyst displays excellent catalytic activity

COy) + HO), higher temperature would lead more to the and long-time stability toward £@ydrogenation to C{OH.
formation of CO. However, the product selectivity is slightly The catalytic performances of other Pd-based catalysts in
a ected Figure SQaindicating the temperature insensitivity CO, hydrogenation to C{DH are also summarizedTiable

on the selectivity of this catalyst. In contrast, increasing ti&6 Clearly, the C¥DH selectivity over supported Pd-only
reaction pressure thermodynamically facilitates the formatioatalysts is mostly lower than 30% and the dominant product is
of methanol. As listed above, the formation of methanol is@0O. The formation of Pd alloy, such as PdzZn alloy, could
volume-reduced reaction, while RWGS is a volume-constamprove the methanol selectivity for stabilizing the key
one. Increasing pressure would drive the reaction equilibriumtermediate formate species, while the metallic Pd-only
toward methanol formation, while it has naence on the  nanoparticles more prefer the RWGS reaction to make
equilibrium of the RWGS reaction. As showfigare 18, CO:38%In our work, the methanol selectivity can be improved
methanol STY sharply increases as the reaction presstoea higher level of 47.7% by tuning the above-mentioned
increased from 1 to 5 MPa. However, the @@version is  reaction conditions, and the TQEan reach 79.8 h which
slightly inuenced probably because the concentration ab the highest value for Cesupported Pd-only catalysts
reactants on the catalyst surface is not the rate-limiting stepatiributed to the abundant oxygen vacancies in the PARCeO
the present reaction conditions. The increased methanol ST¥talyst.

originates from the highly promoted selectivity to methanol by 3.6. Possible Reaction Pathway Based on Exper-

higher pressuré-igure S6p imental and DFT Calculations.To investigate the reaction
The in uence of GHSV on the production of methanol pathway of methanol formation over the Pd/RR©atalyst,
shows a kind of volcano shape in the range2dfl2g,, 1 h * we carried out DFT calculations. Based on the above

(Figure 16). With the increase of GHSV, the contact timecharacterization results, most of the Pd species are reduced
between reactants and the catalyst reduces, leading tdoametallic Pd after the reduction process and the average Pd
decreased Gronversion. The selectivity to methanol alsoparticle size is about 5.9 nm. However, the existencg of Pd
decreases with an increase in CO selectivigyré S6¢ CeG0, is not ensured because linearly adsorbed CO can be
which suggests that the formation of CO is quicker than thebserved on this sample. To identify the most stable Pd
formation of methanol. As revealed by the DFT calculations structure under realistic reaction conditions, we carried out ab
the following part, the formation of CO and methanol is vianitio thermodynamic calculatiotSgure 1& shows the

di erent pathways. The CO can be formed by diregt COchemical potential of Pdoped Ce@at di erent conditions.
dissociation with a similar energy barrier as the formation 8bth the reduction and reaction conditions decrease the
methanol, which however neede steps. Thus, a longer stability of the Redoped Ce@structure. It is in agreement
contact time is favorable for the successive hydrogenationwgth our XPS results that PdO clusters ag@ddPdO, solid

CO, to CH;OH, and the high space velocity is kineticallysolution are reduced to metallic Pd upon reduEiigure 1t
detrimental for methanol formation. Moreover, this phenonshows the chemical potential of-&aped Ce® and Pd

enon is not shape-dependent, where similar variations spported on CeOmodels under reaction conditions in
conversion and selectivity can also be observed on the 2Ra/mparison to the chemical potential of £=Mported Pd
CeO-0 catalyst, which exposes a totallgreint crystal facet metal nanoparticles (NPs) as a function of their size. It can be
of CeQ(111) (Figure S) The highest methanol STY of 22.8 seen that RBedoped Ce@and Pd supported on Cefare less
MGnethanoGeat - N * iS obtained at a GHSV of 6 L,d h ! stable under reaction conditions compared to ceria-supported
over 2Pd/Ce@R. Thus, the catalyst stability is further Pd NPs, indicating that ceria-supported Pd NPs are the
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Figure 12.Calculated energy pte and intermediate structures for methanol formation on PJ(CHI). Red, O atoms in CgGvory, Ce
atoms; green, Pd atoms; gray, C atoms; purple, O atomg imh@€ H atoms.

thermodynamically most favorable structure under reactionin our present work, CgQ10) has abundant oxygen
conditions. Thus, it can be inferred that Pd NPs on &#O vacancies on its surface. Therefore, the activation energy of C
as the active sites in the §drogenation reaction. Further O bond cleavage isrst calculated including the above-
DFT calculations on the reaction pathway were carried ogiscussed four pathways, which ar® @ond cleavage via
using PgCeOZ(]_]_O) as the model Cata|yst_ direct CQ dissociation, COOH H,COOH*, and HCOO*.

The reaction mechanisms of G®CH;OH over dierent ~ Moreover, the CO bond cleavage of HCOOs also
catalysts are supposed to beréint owing to the fact that the calculated. As shown fiigure S10CO, can adsorb at the
binding of CQis varied over dérent active sité&®’ The key ~ Interfacial oxygen vacancy of ®el0,(110). However, the

issue in C@hydrogenation to CIDH is breaking one of the formation of COOM specie is dicult on the Pd

C O bonds. T ; ti th GeQ,(110) catalyst surface. In the direct,@sociation
onds. 1wo primary reaction pathways are propose thway figure S10a CO, dissociates into COand O,

based on theoretical calculations and experimental obserRa N . . .
tions'®%8 One pathway is featured by the gbservation of th and the dissociated @eplenishes the oxygen vacancy. This

. X o . %rocess has a barrier of 1.19 eV. For {86©BH* pathway
CO* intermediate, which is formed via theOCbond . : ; L . S
) = 1 -
cleavage in carboxylate (COQHpecies and molecularly (Figure S1Qp 3H-assisted CAlissociation with 2H binding

F=s on the C atom and one H binding on the O atom, the
adsorbed C®. The other pathway is via a formate (HEDO  ,45orbed Cois hydrogenated to form,GBOOH* species:

intermediate, which is formed in the initial step of* CO then, HCOOH* species dissociates intgCB* and*OH.
hydrogenation, followed by several further hydrogenation stefigis process has a relatively low barrier of 0.38 eV. The
to CH;OH.*? However, the occurrence of@bond cleavage  dissociation of J£O0O* to H,CO* has an even lower barrier
changes from JEOOH* to H,COO* when the oxygen of 0.34 eV Figure S1Qc In contrast, the dissociation of
vacancies of J@; in the Pd/InO; catalyst are considered due HCOO* to HCO* shows a much higher barrier of 1.84 eV
to the stabilization of HCOQ H,COO*, and HCO* by (Figure S10d Therefore, three G bond cleavage pathways
oxygen vacancfés? of direct CQ dissociation and dissociation w&BIOH* and
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H,COO* are considered as the potential reaction pathways tbn suggests that CO may not be the intermediate {@HCH

CH3OH formation over RBCeO,(110). formation but the intermediate for Cférmation over the
Figure 12shows the energy ples of CHOH formation Pd/CeG; catalyst. Therefore, the formate route is the most

via the above three pathways. For thed®ct dissociation possible reaction pathway for,®&@drogenation to C}oH

route, the adsorbed GQlirectly dissociates to €Cby over the Pd/Ce@catalyst from both DFT and experimental

overcoming a barrier of 1.19 eV. The formed Eider results.

desorbsk, = 1.03 eV) or undergoes hydrogenation to HCO

(E, = 0.39 eV). Then, HCOwill be successively hydro- 4. CONCLUSIONS

genated to bCO*, H,CO*, and nally CHOH* as indicated | conclusion, we have prepared fowerdnt morphologies of

by previous studi€s’® Among the three steps, the hydro- ce, supports, which are rods exposing (110) and (111)
genation of LCO* to HyCO* needs a higher energy barrier of facets, cubes exposing (100) facet, octahedrons exposing (111)
0.49 eV. Overall, the direct dissociation of @OCO* isthe  facet, and polyhedrons exposing (111) and (100) facets. Their
rate-determining step for gbH formation. For the formate  j, yences on the catalytic performance offg@rogenation
pathway via the @ bond cleavage of QBIO*, the {9 CH,0OH have been studied. It was found that the,CeO
adsorbed CQOcan be successively hydrogenated to HCOO morphology greatly ects the catalytic performance of Pd/

H,COO*, H,CO*, and HCO* intermediaté¥. Kinetically,  CeQ, materials owing to the character of crystal facets
CO;* hydrogenation to the HCOGspecies is favorable as exposed. The main conclusions are as follows.

this reaction has a relatively small barrier of 0.21 eV. Althougfz .

. : " * 1) The CeQ rods are mainly exposed (110) and (111)
o (o ey, o oo oo g s 12615 Wil th ot 0ygen vacancy ormaton energy
1.36 eV. For the formate_pathway via th@ ©Gond cleavage \&/lgca;gesgn?cs):]g ?ﬂzgg ‘g; @aprgftgm_rﬁesga Z%%g;)égen
of CHZOO% ﬁ?gg Iacggd#ce: Cvolao:perocllgwmg mainly exist as PdO clusters anépE?LdXO solid
sequence: ) , , Hy , H,CO*, X
0" and CHOR 2 The botleneck s associated wit U107 1622 SPPTS, These e e of oo
the hydrogenation of HCOOto HCOOH*, showing a P 9

reduction treatment, yielding ) nm average size of
Pd particles. As indicated by DFT calculations, the
metallic Pd nanoparticles are the most stable species in
the realistic reaction conditions compared with Pd
Ce0, and PgCeg ,O solid solution. The presence of
Pd highly promotes oxygen vacancy formation via H
atom spillover from the Pd surface to the,Ge@port

. . . under a H atmosphere, but it could not change the
Scheme 1. Schematic Illustration of €Bydrogenation to order of the concentration of oxygen vacancy, which is
Methanol over Pd/Ce@ Catalysts 2Pd/ICeQ-R > 2PdICeQP > 2PdiCeQC > 2Pd/
CeO-0. The oxygen mobility at the interface of (111)
and (100) facets is higher than the single (111) and
(100) facets.

(2) The hydrogenation of GGOs a synergistic reaction
between K adsorption/activation over the Pd surface
and CQ adsorption/activation at the oxygen vacancy of
the CeQ support. The catalytic activity is mainly
determined by the activation of £@n the oxygen
vacancy on the ceria surface. The lower formation
energy of oxygen vacancy could give a higher amount/
concentration of oxygen vacancies, but the reactivity of
one single oxygen vacancy is lower. Therefore, suitable
formation energy might give superior reactivity toward
CO,. Although the reactivity of oxygen vacancy on the
2Pd/CeQ-R catalyst is lower, this catalyst still shows
the highest catalytic activity ascribed to the much higher
amount of oxygen vacancies.

(3) Combined with the DFT calculations and experimental
results, the methanol formation was most probably via
To further study the possibility of CO hydrogenation to the formate pathway where the adsorbegi@iially
CH3OH over the Pd/Ce@catalyst, CO was fed and tested for forms HCOQO, which is eventually hydrogenated to
temperature-programmed surface reaction (TPSR) under the methanol via the GO bond cleavage of,EOOH*
same operating conditions as the real reaction except that the over the Pd/Ceg110) catalyst. The gas-phase CO is

slightly lower barrier of 1.07 eV. The same rate-limiting step is
also found over the ZnO/Cu(111) catalyst for, ®@dro-
genation to methan®l.Therefore, CkDH forms likely via

the formate pathway where the adsorbedi@t@lly forms
HCOO* followed by the CO bond cleavage of the
H,COOH* intermediate $cheme)l

feeding gas of GOwas substituted by CO. The CO not the intermediate for GBH formation but the
concentration was designed as 2.4%, which is the concen- intermediate for CHformation. These results would
tration assuming a 10% conversion gft€ 0. As shown in provide experimental and theoretical insights into the
Figure S11CH, is the only signcant product for CO rational design of ective and stable catalysts fop, CO
hydrogenation, while no @BH is generated. This observa- hydrogenation.
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