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a  b  s  t r  a  c  t

Rh/CexTi1−xO2 catalysts  have  been  investigated  for the  synthesis  of ethanol  from  syngas.  For  this  purpose
various  CexTi1−xO2 (x =  0, 0.25,  0.5, 0.75, and  1) solid  solution  supports  were  synthesized  using co-
precipitation,  which  is  an  inexpensive  and  environmental  friendly  method.  2  wt%  Rh has  been  deposited
over  these  supports  by  using  wet  impregnation  method.  We  have  evaluated  these  Rh  catalysts  for  synthe-
sis  of  ethanol  from  syngas  at atmospheric  pressure  and  350 psi.  Among,  the  various  catalysts,  Rh  supported
on Ce0.75Ti0.25O2 catalyst  exhibit  better  selectivity  toward  oxygenates  compared  to other  catalysts.  Inter-
estingly,  Ti rich samples  exhibit  higher  selectivity  toward  hydrocarbons  while  Ce  rich  samples  exhibit
higher  selectivity  toward  oxygenated  products.  The  catalytic  results  at atmospheric  pressure  show  that
titania  rich catalysts  exhibit  higher  H2 conversion  and  ceria  rich catalysts  exhibit  higher  CO-conversion
at  250 ◦C at  atmospheric  pressure.  Temperature  programmed  reduction  measurements  suggest  that  Rh
promotes  the  cerium  surface  reduction.  X-ray  photoelectron  measurements  show  that  all  the  catalysts
exhibit  peaks  due  to Ce4+ and  Ce3+ oxidations  states  in  the  Ce  3d  spectra.  O1s  spectra  of activated  Rh/TiO2
PR
and  Rh/Ce0.5Ti0.5O2 catalysts  show  two  peaks  after  reduction  in hydrogen.  One  peak  is  due  to  the  oxygen
atoms  from  the individual  oxides  and the other  peak  is  from  the  compound  formation  between  Rh  and
the  support.  X-ray  photoelectron  measurements  of activated  catalysts  also  show  that  Rh/Ce0.5Ti0.5O2 cat-
alyst  exhibit  higher  Rh1+ ions  on the  surface  compared  to  Rh/TiO2 and  exhibits  better  selectivity  toward
oxygenated  products.
. Introduction

Oxygenated carbon products like ethanol and methanol are very
romising fuel alternatives and have attracted significant attention

n recent years. Ethanol and Methanol are also one of the important
tarting feedstock for other chemicals production [1]. Methanol
s produced in quantities over 50 million tons per year [2] and
s present in many industrial sectors. It is used as a raw mate-
ial for the synthesis of formaldehyde, one of the most important
rganic molecules (around 5 × 107 tons of formaldehyde produced
er year) [3], for the synthesis of olefins [4,5], such as propylene
nd ethylene (bio polymer precursors). Ethanol is widely blended
nto the unleaded gasoline pool with varied percentages to signif-
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

cantly decreasing the dependence of our society on crude oil, at
he same time reducing the harmful tailpipe emissions of CO, par-
iculate matter, NOx, and other pollutants. In fact, over two billion
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gallons of ethanol were produced in the US in 2002, mostly for
use as a fuel additive [6]. Although this is small fraction of the US
consumption of 134 billion gallons per year of gasoline, studies
show that there is a potential to increase ethanol production to
34–75 billion gallons per year [7]. In addition to its potential appli-
cation as a transportation fuel, bioethanol has been considered as a
feedstock for the synthesis of variety of chemicals, fuels, and poly-
mers. Methanol is also known as a fuel [4,8–10] either for fuel cells
[11] or mixed with gasoline, or indirectly as a raw material for the
synthesis of diesel, gasoline, dimethylether, hydrocarbons. Thus,
the synthesis of oxygenated products like methanol, and ethanol
allows getting stable and easily stored energy, as alternatives to
fossil fuels. As fuels, ethanol and methanol have several ideal prop-
erties: they are nontoxic, easy to store and also transportation fuel
results in lower net petroleum use and lower green house gas
emissions than gasoline per mile driven. Consequently, there is a
growing worldwide interest in the production of oxygenates from
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050

biomass and possibly from other readily available carbonaceous
sources such as coal without CO2 emission, and its use as a fuel for
transportation, chemical feed stocks, and as an hydrogen carrier in
the future.

dx.doi.org/10.1016/j.cattod.2015.07.050
dx.doi.org/10.1016/j.cattod.2015.07.050
http://www.sciencedirect.com/science/journal/09205861
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The catalysts for the synthesis of oxygenates from syngas can
e classified into four categories: (a) Rh based catalysts [12], (b) Cu
ased catalysts [13], (c) modified Fisher–Tropsch catalysts [14,15],
d) modified Mo-based catalysts [16]. Among the various cata-
ysts, Rh-based catalysts received much attention because of its
igh activity and its ability to adsorb reactive CO both associatively
nd dissociatively, allowing it to form both hydrocarbons and oxy-
enates [12]. Because Rh is an expensive metal, the improvement of
ctivity and ethanol selectivity over Rh-based catalysts is necessary
or achieving a commercial available process.

The mechanism of the syngas to various products over Rh
ased catalysts was proposed by the Arakawa et al. [16]. The main
roducts of the reaction are hydrocarbons, oxygenates, and CO2.
ccording to their mechanism, first CO and H2 adsorbs on the Rh0

ite [16]. Then, hydrogen dissociates into adsorbed hydrogen (Had).
ome of the CO dissociates into carbon and atomic oxygen. Then,
ad combines with C and started to form CHx fragments. Combina-

ion of two or three CHx fragments or addition of more Had to the
Hx fragment leads to the formation of hydrocarbons like methane,
thane, propane, etc. This reaction primarily happens on metallic
h sites. On the other hand insertion of CO into the CHx fragments

eads to the formation of CH2CO, CH3CO fragments which finally are
onverted or rearranged into oxygenates. The insertion of CO into
Hx fragment occurs on Rh1+ site. Hence, the mechanism suggest
hat metallic Rh is mainly responsible for the CO and H2 conver-
ion and Rh1+ is responsible for the oxygenated product formation.
ence, it is important to have balance between Rh0 and Rh1+ ions

o have better oxygenated products yield.
The influence of various promoters on the catalytic activity of

h has been extensively studied in recent years. Metal catalysts
upported on reducible metal oxides exhibit remarkably enhanced
erformance in many catalytic processes, including hydrogenation
17], partial oxidation [18], or reforming reaction [19]. A strong
nteraction between support and metal (SMSI) exists in the CeO2-
upported metal catalysts and gives the catalysts with high activity
or many catalytic reactions [20–22]. However, the main problem
ssociated with the ceria is poor thermal stability and low lattice
xygen vacancies [23]. On the other hand, lattice oxygen of the
upport is very important for the SMSI interactions. Introduction
f metal ions into the CeO2 lattices improves the oxygen vacan-
ies and catalytic performance of CeO2-supported metal catalysts
hrough changing the physical and chemical properties of the sup-
orts [24–26].

In the present study, we investigated the catalytic performance
f Rh/CexTi1−xO2 catalysts for the synthesis of oxygenates from syn-
as. Our XPS measurements show that CexTi1−xO2 mixed oxides
xhibits higher Rh1+ ions on the surface and exhibit better selec-
ivity toward oxygenated products. Our catalytic measurements
t atmospheric pressure show that CeO2 and Ce0.75Ti0.25O2 cat-
lysts exhibits higher CO conversion and TiO2 and Ti0.75Ce0.25O2
atalysts exhibit higher CO conversion. Among the various cat-
lysts Rh/Ce0.75Ti0.25O2 catalyst exhibits best selectivity toward
xygenated products.

. Experimental

.1. Catalyst synthesis

.1.1. Preparation of CexTi1−xO2 supports
Various CexTi1−xO2 (x = 0–1) supports were prepared by using

o-precipitation method. In a typical preparation, calculated
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

mounts of ammonium cerium nitrate and titanium chloride are
issolved separately in deionized water and the aqueous solutions
ixed. Dilute aqueous ammonia was added gradually drop wise

o the mixture solutions, and vigorously stirred; until precipitation
 PRESS
ay xxx (2015) xxx–xxx

was complete (pH ≈ 8.5). The obtained precipitate gels were fur-
ther aged overnight, and filtered off. The obtained cakes were oven
dried at 80 ◦C for 12 h, and finally calcined at 500 ◦C for 5 h. The rate
of heating as well as cooling was  kept at 5 ◦C min−1.

2.1.2. Preparation of Rh/CexTi1−xO2 catalysts
The Rh/CexTi1−xO2 catalysts are synthesized by using wet

impregnation method. In a typical synthesis, 50 mL of deionized
water was  added to a 100 mL  beaker containing 1.0 g of support.
The mixture was heated to 80 ◦C, under continuous stirring condi-
tions. A predetermined quantity of rhodium nitrate precursor was
then added, and the mixture was evaporated to dryness. The result-
ing material obtained was  further dried overnight at 110 ◦C. Finally,
the catalyst was  calcined at 450 ◦C for 5 h.

2.2. Catalyst characterization

2.2.1. BET surface area analysis
The BET surface areas were obtained by N2 adsorption on a

Micromeritics ASAP 2010 Instrument. Prior to the analysis, sam-
ples were oven dried at 120 ◦C for 12 h and flushed with Argon
for 2 h. The pore size distribution analyses were conducted by N2
physisorption at liquid N2 temperature using Micromeritics ASAP
2010 apparatus. All samples were degassed at 300 ◦C under vacuum
before analysis.

2.2.2. X-ray diffraction measurements
Powder X-ray diffraction (XRD) patterns were recorded on

a Phillips Xpert diffractometer using nickel-filtered Cu K�
(0.154056 nm)  radiation source. 0–80 ◦C were collected using 0.02
step size and a counting time of 1 s per point. Crystalline phases
were identified by comparing the observed reflections with the
reference ones from ICDD files [27].

2.2.3. TPR measurements
The temperature-programmed reduction (TPR) with hydro-

gen, of various catalyst samples were performed by means of an
automated catalyst characterization system (Micromeritics, model
AutoChem II 2920), which incorporates a thermal conductivity
detector (TCD). The experiments were carried out at a heating rate
of 5 ◦C min−1. The reactive gas composition was H2 (10 vol.%) in
nitrogen. The flow rate was  fixed at 10 mL/min (STP). The TPR mea-
surements were carried out following activation after cooling the
sample in helium flow to 50 ◦C. The sample was then held at 50 ◦C
under flowing helium to remove the remaining adsorbed oxygen
until the TCD signal returned to the baseline. Subsequently, the
TPR experiments were performed up to a temperature of 800 ◦C.
The water formed during the reduction was removed by using an
ice trapper. The gas stream coming from the reactor was passed
through a trapper before the gas entered into the G.C. A mixture of
isopropanol and liquid nitrogen was  used in the trapper to remove
the formed water during the TPR experiment.

2.2.4. Raman spectroscopy measurements
The Raman spectra of all the samples investigated in the present

study were obtained on HORIBA Jobin Yvon HR 800 equipped with a
liquid-nitrogen cooled CCD detector. The emission line at 514.5 nm
from Ar+ ion laser was focused on the sample under microscope and
the analyzed spot being ∼1 �m.  The power of the incident beam on
the sample was  3 mW.  Time of acquisition was  adjusted according
to the intensity of the Raman scattering. The wavenumber values
reported from the spectra are accurate to within 2 cm−1.
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050

2.2.5. XPS measurements
The X-ray photoelectron spectroscopy (XPS) measurements

were performed on a Pyris VG Thermo Scientific spectrometer using

dx.doi.org/10.1016/j.cattod.2015.07.050
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l K� (1486.6 eV) radiation as the excitation radiation. Charging of
he catalyst samples was corrected by setting the binding energy
f the adventitious carbon (C 1s) at 284.6 eV. The XPS analysis was
erformed at ambient temperature and at pressures typically on
he order of <10−8 Torr [28]. Prior to analysis, the samples were
ut gassed under vacuum for 4 h. The Rh 3d spectra of activated
atalysts were deconvulated to deduce the Rh1+/Rh0 on the surface.

.3. Catalytic activity

.3.1. High pressure experiments
The syngas to ethanol reaction was carried out in a vertical down

ow fixed bed differential stainless steel reactor at 350 psi. In a
ypical experiment, ca. required amount of powdered catalyst was
laced between two plugs of quartz wool. The reactor is filled with
lass beads below and above the catalyst to avoid the free space.
he reactor was placed vertically inside a programmable tubular
urnace (Lindberg), which was heated electrically. The pressure of
he reactor was maintained by the back pressure regulators. Before
he reaction the catalyst was reduced at 300 ◦C in the presence
f hydrogen for 2 h. After the reduction, the temperature of the
eactor was bought to the desired temperature and the H2/CO mix-
ure (H2/CO = 2) was introduced into the reactor. The products of
he reactions were analyzed using HP gas chromatograph. The CO
onversion was calculated by

CO(%) = COf − COi

COi
× 100

The selectivity of products were calculated by

EtOH(%) = niCi∑
niCi

× 100

The yield of oxygenates was calculated by

Yoxy = Xco(%) × Soxy(%)
10, 000

.3.2. Experiments at atmospheric pressure
The syngas to ethanol reaction was carried out in a vertical down

ow fixed bed quartz reactor with 6 mm i.d. at atmospheric pres-
ure. In a typical experiment, ca. required amount of powdered
atalyst was placed between two plugs of quartz wool. The reac-
or was placed vertically inside a programmable tubular furnace,
hich was heated electrically. Before the reaction the catalyst was

educed at 300 ◦C in the presence of hydrogen for 2 h. After the
eduction, the temperature of the rector bought to desired temper-
ture and the H2/CO mixture (H2/CO = 2) was introduced into the
eactor.

. Results and discussion

.1. Catalytic activity

.1.1. Experiments at atmospheric pressure
Initially, we have evaluated Rh/CexTi1−xO2 catalysts for syngas

o oxygenates synthesis at atmospheric pressure to investigates
he effect of the support on the catalytic properties of Rh. It is
nown that the structural and catalytic properties of the CeO2,
iO2 and Ce–Ti mixed oxides are completely different. It is very
mportant to investigate the adsorption behavior of CO and H2 over
hese mixed oxides. At atmospheric pressure the reaction between
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

O and H2 is very simple and methane and CO2 are the main prod-
cts and hence, we can understand the catalysts behavior easily.
e have evaluated all the catalysts at two temperatures namely,

50 ◦C and 300 ◦C. The hydrogen conversion, and CO conversion
 PRESS
ay xxx (2015) xxx–xxx 3

are presented in Figs. 1 and 2, respectively. Interestingly, hydro-
gen conversion increases with increasing the amount of titania
amount into the cerium lattice. The order of activity is Rh/TiO2 >
Rh/ i0.75Ce0.25O2 > Rh/Ti0.5Ce0.5O2 > Rh/Ti0.25Ce0.75O2 > Rh/CeO2.
On the other hand, the CO conversion decreases with increas-
ing the amount of titania into the cerium lattice at 250 ◦C. The
order of activity is Rh/Ti0.25Ce0.75O2 > Rh/Ti0.75Ce0.25O2 > Rh/Ti0.5
Ce0.5O2 ≫ Rh/CeO2 > Rh/TiO2. CeO2 favors CO dissociation and
the TiO2 favors hydrogen dissociation. These results clearly show
that hydrogen decomposes at the Rh–TiOx interface and CO
decomposes at Rh–CeOx interface. Interestingly, at atmospheric
pressure only products with single carbon like CH4, CO2, CH3OH
were observed. There is no formation of products with higher
number of carbons like ethanol, acetaldehyde, or ethane, etc. Since
hydrogen conversion is high for titania rich samples, these samples
also exhibited better yields toward CH4, CO2, CH3OH, and H2O.

Completely different behavior observed at reaction tempera-
ture 300 ◦C. Only Rh/TiO2 and Rh/Ti0.25Ce0.75O2 catalysts exhibited
higher catalytic activity. Rh/CeO2 and Rh/Ce0.5Ti0.5O2 catalysts
exhibited least activity. Even though the Rh/Ce0.25Ti0.75O2 catalyst
initially exhibited higher activity, however it deactivates with time.
Both Rh/TiO2 and Rh/Ti0.25Ce0.75O2 exhibited similar hydrogen
conversions of about 80–85%. The order of hydrogen conversion is
Rh/TiO2 > Rh/Ti0.25Ce0.75O2 > Rh/Ti0.75Ce0.25O2 > Rh/Ti0.5Ce0.5O2 >
Rh/CeO2. Interestingly, Rh/Ti0.25Ce0.75O2 catalyst exhibited
much higher CO conversion compared to Rh/TiO2 cata-
lyst. These results confirm that presence of ceria favors
the CO dissociation. Rh/Ti0.25Ce0.75O2 catalyst exhibited CO
conversion of 40% and Rh/TiO2 exhibited CO conversion
below 10%. The, Rh/TiO2 catalyst exhibited lesser CO con-
version than Rh/Ti0.25Ce0.75O2 and Rh/Ti0.5Ce0.5O2 catalysts.
The order of activity of CO conversion is Rh/Ti0.75Ce0.25O2 >
Rh/Ti0.25Ce0.75O2 > Rh/Ti0.5Ce0.5O2 > Rh/TiO2 > Rh/CeO2. Both
Rh/TiO2 and Rh/Ti0.25Ce0.75O2 catalysts exhibited similar yield
toward CO2. However, Rh/Ti0.25Ce0.75O2 catalysts exhibited much
higher yield toward methanol compared to the Rh/TiO2 catalyst.
Moreover, Rh/TiO2 catalyst exhibited much higher CH4 yield
compared to the Rh/Ti0.25Ce0.75O2 catalyst. These results show
that CeO2 favors oxygenated product formation and TiO2 favors
hydrocarbon product formation at atmospheric pressure.

3.1.2. Experiments at 350 psi pressure
The five catalysts consist of 2% Rh (wt%) loaded on pure

ceria, pure titania, and mixed metal oxides, Rh/CeO2, Rh/TiO2,
Rh/CexTi1−xO2. Fig. 3 shows the CO conversion profiles of various
Rh/CexTi1−xO2 catalysts as a function of reaction temperature. The
catalysts Rh/TiO2, Rh/CeO2 and Rh/Ce0.5Ti0.5O2 exhibit 100% CO
conversion at 325 ◦C. Between Rh/CeO2 and Rh/TiO2 catalysts, the
titania supported catalyst exhibits higher CO conversion.

We divided all the products into three categories, namely
hydrocarbon, oxygenated and CO2 products. The selectivities of
hydrocarbon, oxygenated and CO2 products for various Rh/TiO2,
Rh/CeO2 and Rh/CexTi1−xO2 catalysts are presented in Table 1. Since
all the catalysts exhibit very low conversions at 250 and 275 ◦C, the
selectivites are presented for only for 300 ◦C and 325 ◦C reaction
temperatures. All tested catalysts formed carbon dioxide during
the reaction with atomic carbon selectivities between 1 and 16%
from 225 ◦C to 325 ◦C. As shown in Table 1, Ce rich samples shows
lower selectivity toward CO2 and Ti rich samples shows higher
selectivity toward CO2. Also, Ce rich compounds exhibit higher
selectivities toward oxygenated products and lower selectivity
toward hydrocarbon products. Ti rich catalysts exhibit lower
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050

selectivities toward oxygenated products and higher selectivity
toward hydrocarbon products. Among the various catalysts, the
Rh/Ce0.75Ti0.25O2 exhibits better selectivity and yield toward oxy-
genated products.

dx.doi.org/10.1016/j.cattod.2015.07.050
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Fig. 1. H2 and CO conversion over various Rh/CexTi1−xO2 (x = 0–1) catalysts (temperature: 250 ◦C, pressure: 1 atm, H2/CO = 2, space velocity 12,000 mL  gcat
−1 h−1).
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Fig. 2. H2 and CO conversion over various Rh/CexTi1−xO2 (x = 0–1) catalysts (t

Rh supported on Ce0.75Ti0.25O2 catalyst (0.60) exhibits better
xygenated yields compared to the Rh/CeO2 (0.58) and Rh/TiO2
0.51) catalysts at 300 ◦C. Rh catalysts loaded on pure oxide
upports result in less oxygenated yield than the mixed oxide
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

upported catalysts. Even though Rh/TiO2 exhibited higher CO
onversion compared to some of the mixed oxide supports, it
xhibits lowest selectivity toward ethanol compared to mixed
xide supports. Interestingly, Ti rich supports exhibit higher

able 1
O conversion, CO2 selectivity, oxygenated selectivity, hydrocarbon selectivities of variou
hodium, space velocity 6000 mL  gcat

−1 h−1, oxygenated selectivity: methanol + ethanol
ethane + ethane + propane).

Catalyst CO2 selectivity Ethanol se

Rh/CeO2 300 ◦C 52.9 10.3 

325 ◦C 59.1 6.8 

Rh/Ce0.75Ti0.25O2 300 ◦C 33 15.1 

325 ◦C 48.9 4.4 

Rh/Ce0.5Ti0.5O2 300 ◦C 56.1 10.8 

325 ◦C 62.4 4 

Rh/Ce0.25Ti0.75O2 300 ◦C 65 1 

325 ◦C 67.3 0.3 

Rh/TiO2 300 ◦C 77.7 3.2 

325 ◦C 80.8 2.1 
ature: 300 ◦C, pressure 1 atm, H2/CO = 2, space velocity 12,000 mL  gcat
−1 h−1).

selectivity toward hydrocarbons and Ce rich supports exhibit
higher selectivity toward oxygenated products.

3.2. Catalyst characterization
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050

3.2.1. BET specific surface area
BET surface areas are presented in Table 2. Pure titania has a

measured surface area of 94 m2/g, and pure ceria has a measured

s Rh/TiO2, Rh/CeO2 and Rh/CexTi1−xO2 catalysts (H2/CO = 2, pressure = 350 psi, 2 wt%
 + propanol + acetaldehyde + formaldehyde + formic acid, hydro carbon selectivity:

lectivity Oxygenated selectivity Hydrocarbon selectivity

44.4 52.9
35.2 59.1
54.3 33
35.3 48.9
34.9 56.1
19.7 62.4
13 65
10.1 67.3
15 77.7
10.7 80.8

dx.doi.org/10.1016/j.cattod.2015.07.050
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Table 2
BET surface areas of pure supports and Rh promoted catalysts.

SSAa Rh loadingb SSAa

CeO2 57 Rh/CeO2 67
TiO2–CeO2 (1:3) 143 Rh/TiO2–CeO2 (1:3) 122
TiO2–CeO2 (1:1) 176 Rh/TiO2–CeO2 (1:1) 134
TiO2–CeO2 (3:1) 208 Rh/TiO2–CeO2 (3:1) 173
TiO2 94 Rh/TiO2 67
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Fig. 4. X-ray diffraction profiles of various CexTi1−xO2 supports.
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Fig. 5. X-ray diffraction profiles of various Rh/CexTi1−xO2 supports.
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urface area of 57 m2/g. The incorporation of titania into the ceria
attice increases the support surface area by more than double.
mong the various supports, Ce0.25Ti0.75O2 catalyst exhibits the
ighest surface area of 208 m2/g. The increase in the surface area

s due to incorporation of Ti into the ceria lattice and formation of
olid solution [25]. There is a slight surface area decrease for all
he supports after impregnating with Rh; this is possibly due to
ore-blocking of the support by Rh.

.2.2. X-ray diffraction (XRD)
The X-ray diffraction patterns of pure supports and Rh promoted

amples are presented in Figs. 4 and 5. Pure Ceria exhibits peaks at
8.4◦, 33.1◦, 47.3◦, 56.3◦, 69.5◦ 2� values. These peaks are due to the
ubic fluorite structure of ceria. Similarly the X-ray diffraction pat-
ern of the titania exhibits peaks due to the anatase phase which
s active for catalytic applications compared to the titania rutile
hase. Interestingly, there are no peaks corresponding to titania
utile phase. All the Ce–Ti mixed oxides exhibit amorphous pat-
erns. This is mainly due to the formation of mixed metal oxides and
ecrease in the crystallite size [27]. The X-ray diffraction patterns of
he Rh promoted ceria and titania catalysts also exhibit peaks due
o the cubic fluorite structure of ceria and titania anatase phase,
espectively. All the mixed oxide Rh catalysts exhibit amorphous
atterns due to the high specific surface area and the formation of
e–Ti solid solutions.

.2.3. Raman spectroscopy
The Raman spectra of pure supports are shown in Fig. 6. Raman
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/CexTi1−xO2 catalysts for synthesis of oxygenates from syngas using
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.07.050

pectroscopy results are consistent with X-ray diffraction measure-
ents. The Raman spectra of CeO2 show a peak around 465 cm−1,
hich is due to the cubic fluorite structure of ceria [23]. Titania

xhibits peaks due to the titania-anatase phase, and again there

Wave Number (cm-1)

Fig. 6. Raman spectra of various Rh/CexTi1−xO2 supports.
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Table 3
Atomic percentages of various components in Rh/CexTi1−xO2 catalysts determined
EDX.

Weight % Atomic %

Rh Ti Ce O Rh Ti Ce O

CeO2 5.2 80 15 3.54 32.2 64.3
TiO2–CeO2 (1:3) 2.7 6.8 72.4 18 1.5 8.3 24.5 65.7
TiO2–CeO2 (1:1) 4.8 16 5.7 21.4 2.3 16.3 16.3 65.1
TiO2–CeO2 (3:1) 5.5 30 37.4 21.4 2.1 24.2 8.4 65.3
TiO2 6 56.4 37.7 1.6 32.8 65.6
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Fig. 8. O1s X-ray photoelectron spectra of various Rh/CexTi1−xO2 supports.

Table 4
XPS binding energies of various Rh/CexTi1−xO2 catalysts and Rh1+/Rh0 ratios of
Rh/TiO2 and Rh/Ce0.5Ti0.5O2 catalysts.

O 1s Rh 3d Ti 2p Ce 3d

CeO2 530 310.3 916.7
TiO2–CeO2 (1:3) 530.1 309.5 458.5 918.4
ig. 7. Temperature programmed reduction profiles of various Rh/CexTi1−xO2 sup-
orts.

re no peaks corresponding to the titania-rutile phase. The Raman
pectra of mixed oxide show amorphous patterns, which is consis-
ent with XRD patterns. There are no peaks corresponding to Rh
xide or compounds between Rh oxide and support, which suggest
hat Rh is in highly dispersed state over the ceria-titania supports
not shown).

.2.4. TPR
The TPR profiles of the various Rh promoted catalysts are pre-

ented in Fig. 7. The TPR profile of the Rh/CeO2 catalyst exhibits
 total of four reduction peaks. The peak at 25 ◦C corresponds to
he reduction of Rh3+ to Rh1+. The other two peaks at around
5 ◦C are due to the reduction of Rh1+ to Rh metal and ceria sur-
ace reduction. The peak at higher temperature is due to the ceria
ulk reduction. As per literature reports, the surface ceria reduc-
ion occurs at 500 ◦C and bulk ceria reduction occurs at 800 ◦C in
he case of pristine ceria sample [29]. However, in the present
tudy, the ceria surface reduction occurs at 75 ◦C. This is due to
he strong metal support interaction (SMSI) between Rh and ceria,
hich indicates high catalytic activity. Moreover, the deposition

f noble metals on ceria-based materials strongly enhances the
educibility of Ce4+ due to hydrogen spillover on the surface. The
urface oxygen vacancies were introduced by hydrogen spillover
rom the noble metal to the catalyst support, and then these vacan-
ies at the surface were subsequently filled up by the bulk oxygen
eing transported to the surface due to ionic conductivity. The TPR
attern of Rh/Ce0.75Ti0.25O2 sample exhibits different pattern com-
ared to Rh/CeO2 sample. In this case, Rh3+ to Rh1+ reduction and
he surface ceria reduction occurs simultaneously, and then reduc-
ion due to Rh1+ to Rh0. The reduction temperature of all the three
eaks shifted to lower temperature compared to Rh/CeO2. This is
ue to the incorporation of titania, into the ceria lattice. The defect
hroughout the crystal produced an increase in the oxygen mobil-
ty and diffusion in the lattices, which promotes the reduction of
oth surface and bulk reductions in the CeO2–TiO2 supports. This
ype of behavior was well reported in the literature. The reduc-
ion behavior of ceria depends on several parameters like synthesis

ethod, type of metal ion doped, crystallite size, etc. The TPR pat-
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

erns of Rh/Ce0.5Ti0.5O2 and Rh/Ce0.25Ti0.75O2 are similar. For both
atalysts exhibited peaks due to Rh3+ to Rh1+ reduction, Rh1+ to Rh0

eduction, and ceria surface reduction happened simultaneously.
nterestingly, in these supports the reduction temperatures
TiO2–CeO2 (1:1) 530.5 310.2 458.9 918.6
TiO2–CeO2 (3:1) 530.6 310 459.1 918.5
TiO2 530.7 310.2 459.2

once again shifted to higher temperatures. EDX analysis was
performed on all the catalysts to find out the atomic composition
of the catalyst. The adjusted weight and atomic % of various com-
ponents in various catalysts are presented Table 3. All the catalysts
exhibit atomic percentages according to compositions within the
experimental error.

3.2.5. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron measurements were performed over

Rh/CexTi1−xO2 catalysts to investigate the surface properties and
elemental oxidation states. Figs. 8–11 show the O1s, Rh 3d, Ti 2p,
and Ce 3d spectra of Rh/CexTi1−xO2 catalysts. The binding energy
values of O1s, Rh 3d, Ti 2p and Ce 3d of all the fresh catalysts are
presented in Table 4. The O1s peak is generally broad and com-
plicated, because of the nonequivalence of surface O ions from
different oxides. As per the literature, the O ions in pure CeO2
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050

exhibit intense peaks at 529.6 eV. The O 1 s binding energy values
reported for TiO2 are 530.0 eV, respectively [28]. All the samples
exhibit only one peak around 530 eV. This peak is due to the ioniza-
tion of oxygen atom from support. As expected, the O1s peak shifted

dx.doi.org/10.1016/j.cattod.2015.07.050
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dation state. These results confirm the formation of Rh O during
Fig. 9. Rh 3d X-ray photoelectron spectra of various Rh/CexTi1−xO2 supports.

o higher binding energy side from Ce-rich samples to Ti-rich
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

amples.
Rh 3d XPS spectra of various Rh/CexTi1−xO2 catalysts are pre-

ented in Fig. 9. All the samples exhibit a peak around 310 eV along
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Fig. 11. Ce 3d X-ray photoelectron spectra
Fig. 10. Ti 2p X-ray photoelectron spectra of various Rh/CexTi1−xO2 supports.

with a satellite at 315 eV. These peaks primarily belong to Rh3+ oxi-
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050

2 3
the impregnation of Rh over ceria-titania mixed oxides. Fig. 10 also
shows Ti 2p XPS spectra of the various Ti samples investigated in the
present study. All the samples exhibit a peak at around 458 eV with
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 of various Rh/CexTi1−xO2 supports.
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 satellite at 465 eV. These results suggest that Ti is in 4+ oxidation
tate.

The Ce 3d XPS spectra of Rh//CexTi1−xO2 catalysts are presented
n Fig. 11. Typically, the Ce 3d XPS core level spectra exhibit three
obed envelopes (around 879–890, 895–910, and 916 eV) such as
hose ionization, depicted in Fig. 11. From these envelopes, the
oexistence of both Ce3+ and Ce4+ oxidation states is distinguish-
ble, although the 4+ oxidation state is predominant. The bands
abeled “v” collectively represent the Ce 3d5/2 ionization, while
ands labeled “u” represent the Ce 3d3/2 ionization [30]. The bands
ith unprimed labels represent the primary Ce 3d5/2 and Ce 3d3/2

ransitions, while the primed labels represent ionization satellite
eatures. Specifically, the band (u0, u) is the Ce 3d3/2 ionization
nd the band (v0, v) is the Ce 3d5/2 ionization for Ce3+ and Ce4+.
he bands labeled v′, v′′, v′′′ and u′, u′′, u′′′ are satellites arising
rom the Ce 3d5/2 ionization and Ce 3d3/2, respectively. Accord-
ng to Burroughs et al. (1976), the peaks u′ and v′ arise from
e3+ oxidation state and remaining peaks arises from Ce4+ oxi-
ation state. Interestingly, all the samples exhibit peaks due to
oth Ce3+ and Ce4+ oxidation states. Among the various samples
h/Ce0.25Ti0.75O2 catalysts sample exhibits higher intensity of Ce3+

eaks.
Our catalytic results show that the mixed oxides exhibit bet-

er selectivity toward oxygenates compared to the titania alone.
e investigated by using XPS. Rh/TiO2 and Rh/Ce0.5Ti0.5O2 acti-

ated catalysts after reduction in hydrogen at 300 ◦C for 2 h The O1s,
h 3d X-ray photoelectron spectra of Rh/TiO2 and Rh/Ce0.5Ti0.5O2
ctivated catalysts after reduction in hydrogen at 300 ◦C for 2 h
re presented in Figs. 12 and 13, respectively. Interestingly, the
ctivated Rh/TiO2 and Rh/Ce0.5Ti0.5O2 exhibit two  peaks in the
1s XPS spectra. One peak is due to the oxygen atoms from the

ndividual oxides and the other peak is from the compound for-
ation between Rh and the support. During the reduction due

o the strong metal support interaction there will be formation
f partially reducible oxide compounds like Rh1+–CeO2 − x and
h1+–TiO2 − x. The formation of these compounds is very important

or the formations of Rh1+ species. Formation of these compounds
tabilizes the Rh1+ species during the reaction. These results are
n good agreement with the literature reports. Reddy et al. [31]
eported that V2O5/CeO2/Al2O3 exhibits an additional peak in the
1s spectra when there is a formation CeVO4 compound along
Please cite this article in press as: E. Sheerin, et al., Evaluation of Rh/Ce
XPS and TPR techniques, Catal. Today (2015), http://dx.doi.org/10.101

ith regular peak. Another study also Ca/Zr sorbents synthesized
y aerosol method exhibits two peaks in the O1s XPS spectra one
ue to individual oxides and other is due to formation of CaZrO3
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Fig. 13. Rh 3d X-ray photoelectron spectra of activated Rh/Ti
Fig. 12. O1s X-ray photoelectron spectra of activated Rh/TiO2 and Rh/Ce0.5Ti0.5O2

((a) Rh/TiO2 (b) Rh/Ce0.5Ti0.5O2).

[32–34]. In the present study the peak at 532 eV is due to the
Oxygen atom from the Rh oxide and the peak at 528 eV is due
to the formations of partially reducible Rh1+–CeO2 − x compound.
Interestingly, the peak due to individual rhodium oxide is more
intense in the case of Rh/TiO2 sample and the peak due to partially
reducible Rh–CeO2 − x or Rh–TiO2 − x is more intense in the case of
Rh/Ce0.5Ti0.5O2. These results suggest that the formation of partially
reducible Rh–Ce0.5Ti0.5O2 − x is higher in the case of Rh/Ce0.5Ti0.5O2
compared to the Rh/TiO2 sample. This is due to the better reducibil-
ity of Ce–Ti mixed oxide compared to the titania alone. XPS results
show that the formation of partially reducible oxide is easy in case
of Rh/Ce0.5Ti0.5O2 compared to the Rh/TiO2 catalyst which favors
the formation of Rh1+ easily.

Rh 3d X-ray photoelectron spectra of activated Rh/TiO2 and
Rh/Ce0.5Ti0.5O2 catalysts are presented in Fig. 13. Interestingly, both
the catalysts exhibit good Rh1+/Rh0 ratios. This is due to the bet-
ter interaction between Rh and support and formation of partially
reducible oxides during the reduction. Between the Rh/TiO2 and
xTi1−xO2 catalysts for synthesis of oxygenates from syngas using
6/j.cattod.2015.07.050
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O2 and Rh/Ce0.5Ti0.5O2 ((a) Rh/TiO2 (b) Rh/Ce0.5Ti0.5O2).

concentrations. This is due to the better reducibility of Ce0.5Ti0.5O2
support compared to the TiO2 alone, which stabilizes the formation
of partially reducible Rh1+–CeO2 − x oxide.

dx.doi.org/10.1016/j.cattod.2015.07.050
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. Conclusions

High surface area and high active Rh/CexTi1−xO2 catalysts have
een synthesized by eco-friendly coprecipitation and impregna-
ion methods for ethanol synthesis from syngas. The catalytic
ctivity results show that ceria rich based catalysts exhibit bet-
er selectivity toward oxygenates and titania rich based catalysts
xhibit better selectivity toward hydro carbons. Among the vari-
us catalysts Rh/Ce0.75Ti0.25O2 catalyst gives the highest selectivity
or oxygenated compound(s). BET surface area of pure supports
ncreases when we go from TiO2 to Ce0.25Ti0.75O2 catalyst and fur-
her increase in the Ce amount leads to a decrease in the surface
rea. Peaks due to cubic fluorite structure of ceria and anatase tita-
ia was observed in X-ray diffraction patterns of the ceria and
itania alone. There are no peaks corresponding to either Rh or
ompounds formation between Rh and support in the in the X-ray
iffraction pattern of the Rh based catalysts. Temperature pro-
rammed reduction measurements suggest that doping of titanium
nto the ceria lattice decreases the reduction temperatures of ceria
nd Rh reduction peaks up to 25% and further increase in the
i doping into the ceria lattice shift the reduction temperatures
oward higher temperature side. X-ray photoelectron measure-

ents show that O 1s peak shifted to higher binding energy side
rom Ce-rich samples to Ti-rich samples. X-ray photoelectron mea-
urements also show that Rh/Ce0.5Ti0.5O2 exhibits more Rh1+ ions
ompared to Rh/TiO2 sample. O1s spectra of activated catalysts
fter pre-reduction also exhibit two peaks one is due to individual
xide and other one is due to Rh1+–CeO2 − x.
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