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Abstract Direct synthesis of ethanol from syngas derived

from coal, natural gas, or biomass is one of the most

promising routes for renewable energy production. In this

work, Ce-promoted highly-dispersed Rh catalyst on TiO2

support was prepared by the deposition–precipitation

method, which exhibits largely enhanced catalytic activity

and selectivity for ethanol production from syngas. XRD

and TEM reveal a high dispersion of Rh nanoparticles

(*1 nm) on the surface of TiO2 support by the introduc-

tion of CeO2. It was found that the relative content of Rh

and CeO2 imposes significant influence on the catalytic

behavior, and the sample of 1 wt% Rh–1 wt% CeO2/TiO2

exhibits the highest CO conversion (32 %) and the largest

ethanol selectivity (33 %) under the conditions of 573 K,

3 MPa, H2:CO = 2:1. H2-TPR and XPS results confirm a

gradually enhanced electron interaction between Rh and

CeO2 with the increase of Ce content; CO-TPD further

reveals that the Rh–CeO2 interaction generates a new

adsorption site for CO, accounting for the improved

selectivity towards ethanol. Therefore, this work provides a

facile and effective method for the preparation of Rh–

CeO2/TiO2 catalysts with high catalytic behavior, which

can be potentially used in syngas conversion to ethanol.

Keywords Syngas conversion � Ethanol production �
Rh–CeO2/TiO2 Catalysts

1 Introduction

The limited resources of fossil fuels and environmental

concerns have stimulated a broad intensive search for

alternative energy sources [1, 2]. Ethanol, as a renewable

and clean fuel, has attracted increasing attention [3, 4]. The

catalytic ethanol production from syngas, which can be

conveniently manufactured from natural gas, coal and

biomass, [5] becomes one of the most prospective tech-

nologies in the new energy fields. Despite the immense

amount of research concentrated on this catalytic conver-

sion process, no commercial process exists due to the

challenging chemical and technological barriers [6]. The

key is to develop efficient catalysts towards ethanol pro-

duction for practical industrial applications. Rh-based cat-

alysts supported on SiO2 have been known to be the most

efficient ones in the synthesis of C2 oxygenates from CO

hydrogenation due to their unique CO adsorption behavior

[7–14]. Their catalytic activity/selectivity can be further

improved by introducing promoters in Rh catalysts such as

Fe [15], Mn [16], La [17] and V [18]. Although much

progress has been made, a main obstacle in these Rh-based

catalysts is their relatively low efficiency for commercial

process. Therefore, how to achieve cost-effective Rh-based

catalysts with superior activity and selectivity towards

ethanol synthesis from syngas remains a challenging goal.

Supported catalysts on reducible metal oxides (e.g.,

TiO2) exhibit remarkably enhanced performance in many

catalytic processes, including hydrogenation, [19] partial

oxidation, [20] or reforming reaction [21]. The amphoteric

oxide TiO2 (isoelectric IEPTiO2 = 6) with rich hydroxyl

group would guarantee a high metal dispersity by the

deposition–precipitation method, which provides an effi-

cient way to prepare highly-dispersed metal catalysts

compared with the conventional impregnation process [22–
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25]. On the other hand, it has been reported that the

incorporation of promoters into the Rh-based catalysts

plays a key role in generating required active sites for the

selective synthesis of C2 oxygenates [26–28]. Ceria serves

as an effective rare-earth promoter owing to its unique 4f

electronic structure [29–32]. This motivates us to combine

the specific merits of both TiO2 and CeO2 to fabricate Ce-

promoted Rh/TiO2 catalytic materials with improved per-

formance in syngas conversion. In addition, the clarifica-

tion of Rh-promoter interaction is crucial for understanding

and designing new catalysts, although it is still of great

difficulty.

In this work, a series of highly-dispersed 1 wt% Rh–x %

CeO2/TiO2 catalysts were prepared by the method of

deposition–precipitation, which show largely-enhanced

catalytic behavior for ethanol production from CO hydro-

genation. The relative content of CeO2 imposes significant

influence on the catalytic behavior of Rh–CeO2/TiO2, and

the best catalytic performance was obtained over the sample

of 1 wt% Rh–1 wt% CeO2/TiO2 with CO conversion of

32 % and ethanol selectivity of 33 % under the following

condition: 573 K, 3 MPa, H2:CO = 2:1. X-Ray diffraction

(XRD), TEM, H2-TPR, XPS, and CO-TPD characterization

techniques were further performed to study the metal-pro-

moter (Rh–CeO2) interaction of these 1 wt% Rh–x %

CeO2/TiO2 catalysts in detail. It is found that an electron

interaction occurs at the Rh–CeO2 boundary interface,

which serves as active sites for ethanol production. A

moderate Rh–CeO2 interaction maximizes the quantity of

the active sites, accounting for the best catalytic perfor-

mance observed over 1 wt% Rh–1 wt% CeO2/TiO2.

2 Experimental Section

2.1 Materials

The TiO2 (P25; specific surface area: 52 m2/g),

RhCl3�3H2O and Ce(NO3)3�9H2O were purchased from

Sigma-Aldrich. Deionized water was used in all the

experimental processes.

2.2 Catalyst Preparation

A series of supported catalysts, 1 wt% Rh–x % CeO2/TiO2

(x = 0, 0.5, 1, 2, 5, 10), were prepared using the deposi-

tion–precipitation method. Na2CO2 was used as precipitant

owing to its advantage in preparation of homogeneous

small metal particles with low loading [22–25]. Before

preparation, TiO2 was previously dried in air at 120 �C for

at least 12 h. Typically, for the sample of 1 wt% Rh–

1 wt% CeO2/TiO2, 1 g of TiO2 was added to 80 mL of an

aqueous solution containing RhCl3 (1.21 mM) and

Ce(NO3)3 (0.89 mM) precursor. Rh(OH)3 and Ce(OH)3

was exclusively precipitated on the surface of support by

the slow addition of Na2CO3 (1 M) solution until the pH

reached to 8.0. The resultant solid was filtered and washed

thoroughly with deionized water until no chloride ion was

detected in the filtrate (tested by AgNO3 solution). The

solid obtained was dried at 120 �C for 12 h, followed by

calcination in air at 400 �C for 4 h. Subsequently, the

sample was treated by flowing H2 at 300 �C for 3 h for

further catalytic reaction and characterization.

2.3 Catalyst Characterization

XRD patterns of samples were obtained on a Shimadzu

XRD-6000 diffractometer, using Cu Ka radiation

(k = 0.154 nm) at 40 kV, 30 mA, a scanning rate of

5�min-1, a step size of 0.02�s-1, and a 2h angle ranging

from 10 to 90�. High resolution transmission electronmi-

croscopy (HRTEM) was carried on a JEM-3010 at an

accelerating voltage of 200 kV. X-ray photoelectron

spectra (XPS) were recorded on a Thermo VG ESCA-

LAB250 X-ray photoelectron spectrometer at a pressure of

2 9 10-9 Pa using Al Ka X-ray as the excitation source.

Temperature-programmed reduction (H2-TPR) was carried

out in a quartz reactor at atmospheric pressure. 100 mg of

sample was loaded in the middle of the reactor tube which

was purged with N2 at 200 �C for 2 h. Then a reductive

gas (5 vol% H2/Ar) was introduced at a flow rate of

40 mL/min. The temperature of the reactor was augmented

linearly from 30 to 600 �C with a ramp of 10 �C/min by a

temperature-programmed controller. CO-TPD was carried

out on a Micromeritics TPD/TPR 2910 AutoChem instru-

ment. The catalysts were pre-reduced in flowing 10 vol%

H2–Ar at 300 �C for 2 h, cooled to ambient temperature,

and flushed with Ar until the baseline was steady. CO was

desorbed by heating the samples from 20 to 500 �C at a

rate of 5 �C/min in flowing Ar.

2.4 Catalytic Evaluation

Carbon monoxide hydrogenation reaction was carried out

in a fixed bed stainless steel tubular microreactor (8 mm in

diameter, 500 mm in length). The temperature of the

reactor was controlled via a temperature controller. H2, CO

and N2 were purged into the reactor at a desired rate by

mass flow controllers. Nitrogen was used as an internal

standard gas in the reactor feed. The catalyst (0.3 g) mixed

with silicon carbide (1.5 g) was loaded into the reactor and

reduced in situ in a flow of H2 (40 mL/min) under atmo-

spheric pressure at 300 �C for 2 h. Subsequently, the syn-

gas with a flow rate of 40 mL/min (H2:CO = 2.0, v/v) was

introduced to increase the pressure to 3 MPa. The com-

position of the outlet gas stream was determined using an
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online GC-2014C Shimadzu gas chromatograph equipped

with a Porapak Q column and a TCD detector. Liquid

products were captured using an ice-water bath and ana-

lyzed off-line with the same chromatograph (a PEG-20 M

capillary column and a FID detector) or GC–MS (Shima-

dzu, 2010) analysis.

CO conversion (XCO) and product distribution of Si were

calculatedaccording to the following equations:

XCO ¼
molesCOin � molesCOout

molesCOin

� 100%
ð1Þ

Si ¼
molesPiPn
i¼1 molePi

� 100% ð2Þ

where Pi is the mole number of product i.

3 Results and Discussion

3.1 Structural and Morphological Characterization

of Rh–CeO2/TiO2 Catalysts

The detailed information for the as-synthetized catalysts

(content, specific surface area) is summarized in Table 1. It

can be seen that the Rh and Ce loading in these products are

rather close to the feed ones. For BET measurements, the

specific surface area increased with the elevated Ce content

in the catalysts. Figure 1 displays the XRD patterns of

various 1 wt% Rh–x % CeO2/TiO2 samples after reduced at

300 �C for 2 h, with P25 as a reference sample. The XRD

pattern of P25 (Fig. 1a) shows representative reflections of

titanium oxide (Anatase: 25.3�, 37.8� and 48.0�; Rutile:

27.9� and 36.4�). For the 1 wt% Rh–x % CeO2/TiO2

samples with x % increasing from 0 to 10 %, only the

reflections of TiO2 phase were observed (Fig. 1b–g). No

characteristic XRD diffraction peaks for both Rh and CeO2

were observed, indicating that these species are amorphous

or highly-dispersed on the surface of P25 with rather small

particle size (below the detection limit of XRD).

The morphology features of the 1 wt% Rh–x % CeO2/

TiO2 catalysts were further revealed by TEM (Fig. 2).

Numerous small dots were observed on TiO2 support with

rather high dispersion in the samples from 1 wt%Rh/TiO2

(Fig. 2a) to 1 wt% Rh–5 wt% CeO2/TiO2 (Fig. 2e), which

can be attributed to Rh nanoparticles according to the

0.22 nm lattice spacing. Interestingly, the particle size of

Rh decreases from 1.5 to 0.9 nm as the Ce content increases

from 0 to 5 wt% (Fig. 2, inset: the Rh size distribution was

calculated over more than 200 nanoparticles). No CeO2

phase was observed in these five samples due to its low

content and the relative contrast for CeO2 and TiO2 in TEM

observation. In the case of 1 wt% Rh–10 wt% CeO2/TiO2

however, even no Rh nanoparticles were detected by TEM

owing to the very small particle size, but CeO2 nanoparti-

cles appear with the size range 2–4 nm. Based on the XRD

and TEM results, it can be concluded that highly-dispersed

1 wt% Rh–x % CeO2/TiO2 catalysts were successfully

synthetized by the deposition–precipitation method.

3.2 The Study on the Interaction Between Rh and CeO2

in Rh–CeO2/TiO2 Catalysts

The hydrogen temperature programmed reaction (H2-TPR)

measurements were carried out to give key information on

Fig. 1 XRD patterns of a P25, b 1 wt% Rh/TiO2, c 1 wt% Rh–0.5

wt% CeO2/TiO2, d 1 wt% Rh–1 wt% CeO2/TiO2, e 1 wt% Rh–2 wt%

CeO2/TiO2, f 1 wt% Rh–5 wt% CeO2/TiO2, g 1 wt% Rh–10 wt%

CeO2/TiO2

Table 1 The detailed information for the as-synthetized 1 wt% Rh–

x % CeO2/TiO2 catalysts

Samples Nominal

content (wt%)

(Rh, Ce)

Determined

content (wt%)

(Rh, Ce)a

Specific

surface area/

(m2/g-1)b

1 wt% Rh/TiO2 1.00, 0.00 0.98, 0.01 52.1

1 wt% Rh–0.5 wt%

CeO2/TiO2

1.00, 0.50 0.99, 0.46 55.1

1 wt% Rh–1 wt%

CeO2/TiO2

1.00, 1.00 0.94, 0.95 54.2

1 wt% Rh–2 wt%

CeO2/TiO2

1.00, 2.00 1.02, 1.96 58.9

1 wt% Rh–5 wt%

CeO2/TiO2

1.00, 5.00 0.96, 5.03 62.7

1 wt% Rh–10 wt %

CeO2/TiO2

1.00, 10.00 0.97, 10.08 65.1

a Determined by ICP measurement
b Determined by BET measurement
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the redox property of Rh and CeO2 species on TiO2. Fig. 3

demonstrates the comparative H2-TPR study of the 1 wt%

Rh–x % CeO2/TiO2 catalysts with different Ce content.

The 1 wt% Rh/TiO2 sample without CeO2 shows a single

peak at 58.6 �C, corresponding to the reduction of Rh2O3

to metallic Rh0 (Fig. 3a) [33, 34]. The introduction of

CeO2 improves the reduction temperature of supported Rh

species: with the enhancement of CeO2 content from 0.5 to

10 wt %, the reduction peak of Rh2O3 increases from 64.2

to 88.5 �C gradually (Fig. 3b–f). In addition, multiplicity

of reduction peaks was observed in the temperature region

280–400 �C. The amount of H2 consumed in this process

largely exceeds the theoretical one for total reduction of

bare Rh2O3, suggesting the reduction of surface CeO2 [34,

35]. It’s interesting to see that the main reduction peak

temperature of CeO2 decreases from 338.9 to 285.1 �C as

the loading of CeO2 increases from 0.5 to 10wt %

(Fig. 3b–f), which shows an opposite change tendency

compared with that of Rh species. This indicates that Rh0

can effectively activate H2 molecules, which subsequently

spillover to the surface of CeO2 and promote its reduction

[36, 37]. The gradually increasing and decreasing reduction

temperature for Rh2O3 and CeO2, respectively, indicate the

enhanced interaction between Rh and CeO2 species. The

decreased Rh particle size from 1 wt% Rh/TiO2 to 1 wt%

Rh–10 wt% CeO2/TiO2 sample (Fig. 2) may enlarge the

Rh–CeO2 boundary interface, resulting in the enhanced

interaction [38, 39]. Based on the HRTEM and ICP results,

the Rh species exists in its metallic state in these catalysts,

Fig. 2 TEM images of a 1 wt% Rh/TiO2, b 1 wt% Rh–0.5 wt%

CeO2/TiO2, c 1 wt% Rh–1 wt% CeO2/TiO2, d 1 wt% Rh–2 wt%

CeO2/TiO2, e 1 wt% Rh–5 wt% CeO2/TiO2, f 1 wt% Rh–10 wt%

CeO2/TiO2. The inset shows the size distribution and the HRTEM

image of supported Rh nanoparticles

Fig. 3 TPR profiles of a 1 wt% Rh/TiO2, b 1 wt% Rh–0.5 wt%

CeO2/TiO2, c 1 wt% Rh–1 wt% CeO2/TiO2, d 1 wt % Rh–2 wt %

CeO2/TiO2, e 1 wt% Rh–5 wt% CeO2/TiO2, f 1 wt% Rh–10 wt%

CeO2/TiO2
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and the Rh–CeO2 interaction may be attributed to the

electron transfer or oxygen transfer between metal and

reducible oxide [35, 40].

To get further insights into the chemical state of Rh and

Ce species on TiO2 and their interaction, X-ray photo-

electron spectra (XPS) were performed for the series

reduced 1 wt% Rh–x % CeO2/TiO2 samples. All the

samples were transferred to a XPS chamber as soon as

possible to avoid the exposure in air after reduction by H2.

The survey 3d XPS spectra for Rh and Ce are displayed in

Fig. 4, Fig. 5, respectively, all of which are referenced to

the residual carbon at the binding energy of 284.6 eV. For

the sample of 1 wt% Rh/TiO2 (Fig. 4a), two peaks

observed at 306.8 and 311.5 eV could be attributed to

Rh(3d5/2) and Rh(3d3/2) of metallic Rh0 [41]. The intro-

duction of CeO2 in 1 wt% Rh–x % CeO2/TiO2 samples

slightly increases the Rh 3d bind energy from 306.9 and

311.6 eV (Fig. 4b) to 307.2 and 311.9 eV (Fig. 4f), along

with the enhancement of CeO2 loading. In addition, the Rh

3d XPS spectrum of the used 1 wt% Rh–1 wt% CeO2/TiO2

catalyst (Fig. 4g) shows no obvious change compared with

the fresh one (Fig. 4c), indicating that the electronic

structure properties can be maintained after catalytic test.

On the other hand, two peaks at 881.7 and 900.0 eV

assigned to Ce(3d5/2) and Ce(3d3/2) of CeO2 are observed

in the 1 wt% Rh–0.5 wt% CeO2/TiO2 sample (Fig. 5a),

[42]. and these bind energy values decreases gradually to

811.2 and 899.5 eV in the sample of 1 wt% Rh–10 wt%

CeO2/TiO2 (Fig. 5e). The opposite change tendency of Rh

and Ce 3d XPS bind energies suggests an enhanced

electron transfer from Rh to CeO2 with the increase of

CeO2 loading, accounting for the improved Rh–CeO2

interaction from 1 wt% Rh/TiO2 to 1 wt% Rh–10 wt%

CeO2/TiO2 as observed by the H2-TPR characterization.

The incorporation of promoter may impose great influ-

ence on the adsorption properties, therefore, CO-TPD

measurements were also carried out to investigate the CO

adsorption/desorption on these catalyst (Fig. 6). For 1 wt%

Rh/TiO2, three CO desorption peaks are observed in dif-

ferent temperature range: low temperature site (at

*100 �C, denoted as COa), medium temperature (MT) site

(at *200 �C, denoted as COb1), and high temperature (HT)

site (at *400 �C, denoted as COc), which can be assigned

to CO desorbed at Rh surface, Rh/TiO2 boundary interface

and TiO2 surface, respectively, according to the previous

reports [43, 44]. The introduction of CeO2 gradually

decreases the desorption peak intensity for COa at Rh sur-

face gradually from 1 wt% Rh/TiO2 (Fig. 6, curve a) to

1 wt% Rh–10 wt% CeO2/TiO2 (Fig. 6, curve f); while the

the HT COc peak intensity increases slightly due to the CO

absorbed on CeO2 surfac [45]. Most importantly, it is

worthy noting that a new MT desorption peak (COb2) at

*150 �C appears for the 1 wt% Rh–0.5 wt% CeO2/TiO2

sample (Fig. 6, curve b), which can be assigned to

Fig. 4 The spectra of Rh 3d XPS in catalysts: a 1 wt% Rh/TiO2,

b 1 wt% Rh–0.5 wt% CeO2/TiO2, c 1 wt% Rh–1 wt% CeO2/TiO2,

d 1 wt% Rh–2 wt% CeO2/TiO2, e 1 wt% Rh–5 wt% CeO2/TiO2,

f 1 wt% Rh–10 wt% CeO2/TiO2, g the used 1 wt% Rh–1 wt% CeO2/

TiO2

Fig. 5 The spectra of CeO2 3d XPS in catalysts: a 1 wt% Rh–

0.5 wt% CeO2/TiO2, b 1 wt% Rh–1 wt% CeO2/TiO2, c 1 wt% Rh–

2 wt% CeO2/TiO2, d 1 wt% Rh–5 wt% CeO2/TiO2, e 1 wt% Rh–

10 wt% CeO2/TiO2
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desorption at Rh/CeO2 boundary interface. This peak

intensity increases to its maximum value in the 1 wt% Rh–

1 wt% CeO2/TiO2 sample (Fig. 6, curve c), and then fades

away with further increase of CeO2 loading (Fig. 6, curve

f). Based on the results of TEM, TPR and XPS, it is pro-

posed that the electron interaction between Rh and CeO2

leads to new active sites at the Rh/CeO2 boundary interface,

which is responsible for the new MT desorption peak at

*50 �C (COb2). Moreover, the moderate Rh–CeO2 inter-

action in the 1 wt% Rh–1 wt% CeO2/TiO2 sample results in

the maximum of the MT CO absorbed sites (COb2).

3.3 Evaluation of Catalytic Performances

The catalytic performance of the 1 wt% Rh–x % CeO2/

TiO2 catalysts towards CO hydrogenation for ethanol

production was evaluated under the following reaction

conditions: 4.0 MPa, 573 K, GHSV of 2000 h-1, n (H2)/

n (CO) = 2.0. Figure 7; Table 2 show the time-on-stream

(TOS) behavior of CO conversion and the corresponding

product distribution on these catalysts, respectively. It can

be observed from Fig. 7 that the introduction of Ce as

promoter dramatically increases the CO conversion in

comparison with the 1 wt% Rh/TiO2 sample, and the

maximum CO conversion (32 %) was achieved for 1 wt%

Rh–1 wt% CeO2/TiO2 catalyst after the catalystic perfor-

mance was steady more than 14 h. However, a further

increase in Ce-loading leads to decreased CO catalytic

conversion, especially in the case of 1 wt% Rh–10 wt%

CeO2/TiO2 (only *4.1 % conversion, 14 h). The selec-

tivity for methanol/ethanol obeys a similar tendency, and

the 1 wt% Rh–1 wt% CeO2/TiO2 catalyst also displays the

highest selectivity (33 %) towards ethanol among these

catalysts. The results demonstrate that an appropriate Rh/

CeO2 ratio is crucial for obtaining the highest C2H5OH

formation activity. In addition, it can be also seen that the

CeO2-promoted Rh catalysts show significant suppression

of the formation of methane from 69.47 % (1 wt% Rh/

TiO2) to 46.63 % (1 wt% Rh–1 wt% CeO2/TiO2), which is

an undesired low-value product. Based on the HRTEM,

XPS and CO-TPD results, the new MT CO adsorption site

at *150 �C (COb2) derived from the Rh–CeO2 electronic

interaction could be recognized as the active site for the

catalytic CO hydrogenation process, and the maximum of

this active site over the 1 wt% Rh–1 wt% CeO2/TiO2-

sample accounts for the best catalytic behavior towards

syngas conversion. The activity and selectivity towards

ethanol production over 1 wt% Rh–1 wt% CeO2/TiO2

catalyst in this work is comparable to the most reported Rh

catalysts catalysts [6, 46–48]. Moreover, the rather low

loading of Rh (1 %) in this work is another main advan-

tage from the viewpoint of effective utilization of noble

metals. The demonstrated excellent activity and selectivity

of 1 wt% Rh–1 wt% CeO2/TiO2 makes it serve as a

promising candidate for catalytic ethanol production from

syngas.

Fig. 6 CO-TPD curves of a 1 wt% Rh/TiO2, b 1 wt% Rh–0.5 wt%

CeO2/TiO2, c 1 wt% Rh–1 wt% CeO2/TiO2, d 1 wt% Rh–2 wt%

CeO2/TiO2, e 1 wt% Rh–5 wt% CeO2/TiO2, f 1 wt% Rh–

10 wt%CeO2/TiO2

Fig. 7 CO conversion rate versus TOS for a 1 wt% Rh/TiO2,

b 1 wt% Rh–0.5 wt% CeO2/TiO2, c 1 wt% Rh–1 wt% CeO2/TiO2,

d 1 wt% Rh–2 wt% CeO2/TiO2, e 1 wt% Rh–5 wt% CeO2/TiO2,

f 1 wt% Rh–10 wt% CeO2/TiO2
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4 Conclusions

In summary, a series of CeO2-promoted Rh/TiO2 catalysts

with low Rh loading (1 wt%) were prepared by the depo-

sition–precipitation method, which exhibit largely

enhanced catalytic activity and selectivity towards ethanol

production from syngas. The XRD and TEM results reveal

Rh nanoparticles with size of *1 nm are highly dispersed

on the TiO2 surface by the introduction of CeO2. A grad-

ually enhanced electron interaction between Rh and CeO2

occurs along with the increase of CeO2 content, as con-

firmed by H2-TPR and XPS. The CO-TPD results further

suggest that the Rh–CeO2 interaction generates a new

adsorption site for CO, and the maximum amount of this

site can be obtained over 1 wt% Rh–1 wt% CeO2/TiO2

sample with a moderate Rh–CeO2 interaction. The best

catalytic performance can be achieved over the 1 wt% Rh–

1 wt% CeO2/TiO2 sample with CO conversion of 32 % and

ethanol selectivity of 33 % under the following conditions:

573 K, 3 MPa, H2:CO = 2:1, making it as a promising

candidate for catalytic ethanol production from syngas.
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