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A B S T R A C T   

Ethanol direct synthesis from CO hydrogenation over a tandem system composed of Rh/P25 and different facet 
Cu2O nanocrystals are explored. The effect of Cu crystal plane is hindered by the complexity of the ethanol 
synthesis from syngas and the lack of adequate crystal plane structure data. In this work, the tandem catalysts 
Rh/P25 and the crystal-plane-controlled Cu2O (cubes, octahedral Cu2O, and 18 facet nanocrystals) are used to 
catalyze syngas to ethanol, in which 18 facet Cu2O exposing {100}&{110} crystal planes is the more selective 
and catalytic activity for ethanol than Cu2O cubes {100} and Cu2O octahedral {111} crystal planes. The tandem 
system consisting of Rh/P25 and 18 facet Cu2O NCs can afford the best catalytic activity (43.4%) and an ethanol 
selectivity of 18.7%. It is demonstrated that the selectivity and activity of the ethanol synthesis from syngas can 
be enhanced by tandem catalyst Rh-based and the selective exposure of Cu2O nanocrystals with specific crystal 
planes. These results reveal that the selective exposure of Cu2O nanocrystals with specific crystal planes is very 
helpful for enhancing the catalytic performance using tandem reaction of Rh-based and Cu NCs catalysts for 
ethanol synthesis from synthesis gas.   

1. Introduction 

Syngas (H2 + CO) can be obtained from natural gas, coal and 
biomass, which is the most significant raw materials for chemical 
feedstocks and energy [1]. The chemical synthesis of ethanol from C1 
resources via syngas is the hopeful methods. However, the development 
of efficient and optional catalysts for ethanol synthesis has been a major 
challenge. So far, there are four kind of catalysts that have been dis
cussed for the direct synthesis of ethanol (EtOH) from carbon monoxide 
hydrogenation, that is Rh-based catalysts [2,3], modified Fischer–
Tropsch synthesis (FTS) catalysts [4,5], modified Cu-based catalysts 
[6,7] and Mo-based catalysts [8,9]. In recent years, Rh-based catalysts 
have been extensive and intensive research due to its excellent carbon 
chain growth ability. Rh-based is reported to be a good candidate for 
ethanol synthesis from carbon monoxide hydrogenation. Moreover, 
metals can be added as a promoter, which can significantly increase CO 
conversion and the selectivity of target products. Although the synthesis 

of EtOH has been made substantial progress, the process still faces major 
challenges in improving the alcohol selectivity, activity and long-term 
stability [10]. 

Anderson et al. [11] and Gonzalez et al. [12] claimed that copper 
poisons the catalytic activity to a large extent, and primarily suggestions 
mainly involve Rh sites on Cu-Rh/SiO2 catalysts. In order to avoid 
copper poisoning the catalytic activity of Rh-based catalyst, a tandem 
catalyst in a dual-catalyst bed reactor can be adopted. Tandem catalysis, 
which can carry out multi-step sequential chemical reactions in a single 
fixed-bed reactor, has provided an opportunity to discover novel and 
more efficient catalytic processes [13,14]. Wang et al. [15,16] claimed 
that the reaction path can be adjusted by tandem catalysts to gain the 
desired chemical materials. Tandem catalysis can be a valid and prac
tical way for further transformation of intermediates [17,18]. Recently, 
ethanol synthesis from syngas beyond Rh-based synthesis has recently 
been realized by designing dual-functional catalysts to CO hydrogena
tion to intermediate or ethanol and conversion of intermediate to 
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desired product [19,20]. Very surprisingly, the tandem catalysis as 
described above could be synergistically enhanced [21,22]. However, it 
is noteworthy that the challenge of tandem catalysis is not only the 
adjustment of the mass ratio and proximity of these active components, 
but also the selection of active components and the control of its own 
hydrogenation capacity [23]. The development and research of a variety 
of routes to conversion of carbon monoxide hydrogenation to ethanol 
with high selectivity in a single-pass is very attractive but also extremely 
challenging. 

Therefore, considering that syngas to ethanol occurred at a similar 
temperature for the Rh-based and Cu NCs catalysts, a twostep route to 
conversion of synthesis gas to ethanol using the tandem catalysts is 
proposed. However, the different crystal facets of the Cu-based catalyst 
have a great influence on the product selectivity and catalytic activity 
for ethanol synthesis from CO hydrogenation. Thus, we designed a series 
of tandem reactions to correlate product selectivity and the intrinsic 
catalytic activity with the corresponding crystal planes. It can be found 
that metallic nanoparticles (such as Cu-based catalyst) with low-index 
planes bonded by the substrate plane, that is, nanocube revealed 
{100} crystal plane, octahedra revealed {111} crystal plane and 
rhombic dodecahedra revealed {110} crystal plane [24]. Cu-based 
catalysts have been widely researched owing to its low cost, flexibility 
in structure control, simplicity to prepare and stabilization in perfor
mance, but the main product is methanol on the Cu-based catalysts. 
More and more density functional theory (DFT) calculations are used to 
comprehend the influence of the crystal plane on the catalytic activity 
and selectivity of the Cu NCs catalysts. Previously, our research group 
discovered that the mechanism and possible pathways for the formation 
of ethanol from CO hydrogenation on Cu(111), Cu(110) and Cu(100) 
surfaces by DFT calculations [25,26]. However, due to the structural 
sensitivity of the copper catalysts and its particularly susceptible to 
oxidation, which makes it hard for metallic copper to exist. The crystal 
plane effect of Cu-based catalyst is still a key challenge in the research to 
synthesize ethanol from syngas. The Cu-based catalyst without supports 
and additives has poor catalytic performance, and the crystal face effect 
of syngas to ethanol is not clear. Therefore, in order to optimize their 
catalysis activity, it is essential to control the exposed metal facets. 

In this work, the design of a novel tandem catalytic systems for EtOH 
synthesis from syngas is reported. We discovered that the integration of 
Rh/P25 catalyst and different facets Cu NCs in tandem can afford syngas 
into ethanol with a selectivity of 18.7%. We illustrated that the careful 
design of different facet Cu NCs are vital to ethanol selectivity in the 
tandem catalytic systems. This work evaluates in detail the catalytic 
capability of tandem catalysts for EtOH synthesis and compares them 
with the physical mixed catalysts in order to find an ethanol synthesis 
catalyst with the best catalytic performance. Tandem catalyst Rh-based 
and Cu NCs with the crystal plane dependent catalytic function for the 
ethanol synthesis from syngas were explored and revealed. 

2. Experimental section 

2.1. Synthesis of catalysts 

2.1.1. Synthesis of cubic Cu2O nanocrystals 
The synthesis of cubic Cu2O NCs (c-Cu2O) follows the procedures 

[27,28]: 100.0 mL sodium hydroxide aqueous solution (80.0 g/L) with a 
peristaltic pump is added dropwise into 1000 mL copper chloride 
aqueous solution (4.0 g/L) at 55 ◦C. After fully stirring for 30 min, 100.0 
mL of ascorbic acid aqueous solution (105.7 g/L) with is added dropwise 
to the solution with a peristaltic pump. The mixed solution is thoroughly 
stirred 5 h at 55 ◦C. The resulting precipitate is collected by centrifu
gation, then wash several times with distilled water and absolute 
ethanol, and finally dried at 60 ◦C for 12 h in vacuum. 

2.1.2. Synthesis of octahedral Cu2O nanocrystals 
Polyhedral octahedral Cu2O NCs [29] were synthesized based on a 

representative procedure: copper acetate (6.0 g) was dissolved in H2O 
(100 mL) and keep stirring at 70 ◦C for 2 min. When NaOH solution (7.2 
g, 60 mL H2O) is added dropwise to the above solution, precipitation 
will occur. After the above solution was stirred for 5 min, D-(+)-glucose 
powder (1.2 g) was added into the solution, and keep stirring for another 
20 min at 70 ◦C. These precipitate-containing solutions were separated 
by centrifugation and washed with deionized water and ethanol for 
several times until the solution was neutral. Finally, the resulting pre
cipitate was dried in a vacuum oven at 60 ◦C for 12 h. 

2.1.3. Synthesis of 18 facet-Cu2O nanocrystals 
The synthesis of 18 facet Cu2O nanocrystals (18-Cu2O) followed the 

c-Cu2O synthesis procedure. The difference is the concentration of CuCl2 
aqueous solution (8.0 g/L). In addition, other procedures are the same as 
the synthesis of c-Cu2O. 

2.1.4. Synthesis of Rh/P25 catalyst 
The supported Rh catalyst is synthesized by incipient wetness 

impregnation. 10% rhodium nitrate solution (Aladdin) is used as the 
precursor of rhodium for catalyst. The Rh/P25 catalyst is prepared by 
dissolving 0.5 g 10% rhodium nitrate solution in 8 mL of ethanol and 
adding 5.0 g of P25 (Nano-TiO2, Degussa AGTego) to this solution with 
constant stirring to the point of incipient wetness. The paste was 
incipient 24 h at room temperature in air, then the paste was dried 12 h 
in vacuum drying oven at 120 ◦C and subsequently calcined at 350 ◦C for 
4 h in a muffle furnace. The catalyst was denoted as xRh/P25, where x 
represents the weight fraction of the element. The Rh weight in xRh/P25 
catalyst is 0.86%, which determined by Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES) measurement. 

2.1.5. Synthesis of Cu NCs 
Various forms of Cu NCs are synthesized by the form retention 

reduction method [30]. The Cu2O NCs (200 mg) is placed in a quartz 
tube and equilibrate with 5% CO/Ar for 30 min at room temperature, 
and then heated to 300 ◦C and reduced for 2 h, and finally cooled to 
room temperature. The obtained nanocube, octahedral and 18 facet Cu 
NCs are named c-Cu, o-Cu and 18-Cu, respectively. 

2.2. Characterization techniques 

Scanning electron microscope (SEM) (JSM-7001F) and a trans
mission electron microscope (TEM) (JEM-2100F) with an energy 
dispersive spectroscopy (EDS) are used. Powder X-ray diffraction (XRD) 
(PANalytical EmpyreanX’pert) uses monochromated Cu Kα radiation 
with the scan ranged from 5 to 90◦. CO adsorption are obtained using a 
Fourier transform infrared (FT-IR) spectra (Thermo Scientific Nicolet 
6700 spectrometer). The specific surface areas (BET) of the three types 
of Cu2O and Rh/P25 catalyst are measured by N2 adsorption method. X- 
ray photoelectron spectra (XPS) are carried out an AXIS ULTRA DLD 
instrument equipped. 

H2 temperature-programmed reduction (H2-TPR) is carried out using 
a TP-5080 multipurpose automatic adsorption instrument. The sample 
(30 mg) is initially filled with Ar at 60 ◦C for 30 min. Next, a 10 vol% H2/ 
Ar mixture is flowed in (50 mL min− 1), and the temperature is increased 
to 900 ◦C at a heating slope of 10 ◦C min− 1. 

The H2-TPR profiles of the Rh/P25 and Cu2O composites, the 30 mg 
Rh/P25 catalyst sample is placed on the upper layer of the U-shaped 
tube, and the 30 mg Cu2O catalyst is placed on the lower layer of the U- 
shaped tube to simulate the sample loading method of the fixed bed 
reactor. The restoration procedure is the same as above. 

2.3. Catalytic evaluation 

The evaluation of the catalysts is carried out using the stainless steel 
fixed bed reactor. First, the catalyst (0.5 g powder, 40–60 mesh) is 
reduced with H2 at 300 ◦C for 2 h and the gas hourly space velocity 
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(GHSV) is 1200 mL⋅(gcat.
− 1 h− 1). The system is pressurized to 0.5 MPa 

with syngas. The molar ratio of syngas used is H2/CO/N2 = 64/32/4, 
and N2 is used as an internal standard. 

Products are analyzed online using a gas chromatograph equipped 
with TCD and FID detectors. The mass balance, carbon balance and ni
trogen balance are kept them between 96% and 102%. The conversion 
of CO and the product selectivity (based on carbon number) are calcu
lated as follows 

CO conversion 

X(CO)% =
CO(in) − CO(out)

CO(in)

The selectivity to product i is defined as 

selectity =
niMi

MCO,in − MCO,out  

where ni is the number of carbon and Mi is the molar amount of product i 
detected, MCO,in and MCO,out represent the molar amount of CO at the 
inlet and outlet. 

3. Results and discussion 

3.1. Characterization of Cu2O NCs with different shapes 

3.1.1. SEM and TEM images 
The reduction strategy of morphology retention is applied to syn

thesize identical Cu NCs from corresponding Cu2O NCs [30]. Fig. 1 
shows SEM images of the Cu2O NCs. Uniform c-Cu2O, o-Cu2Oand 18- 
Cu2O are prepared by hydrothermal synthesis [30]. These structures are 
convinced by microscopic and spectroscopic characterizations (Fig. 1 
a–f). The size distribution of c-Cu2O, o-Cu2O, and 18-Cu2O is 1300 ±
200, 2000 ± 200, and 1500 ± 100 nm, respectively. 

The initial Cu2O NCs is transformed into the corresponding crystal 
plane metallic Cu by CO reduction (Fig. 1), while TEM and HRTEM 
images (Fig. 1 d–f and Fig. 1 d2–f2) show a well preservation of the 
morphologies of Cu NCs. The electron diffraction (ED) patterns (Fig. 1 
d1–f1) verify that all acquired Cu NCs are single crystals and there are no 
twin crystals. As observed from the HRTEM images (Fig. 1 d2-f2), the 
dominant exposed planes of c-Cu are {100} and the major exposed 
planes of o-Cu are {111}. Another synthesized catalyst (18-Cu) is 

Fig. 1. Structural characterizations. The scale bars of a correspond to 1000 nm. Representative SEM images of a Cu2O cubes (a), octahedral (b) and 18-faect (c). 
Representative TEM and HRTEM images of (d) c-Cu, (e) o-Cu and (f) 18-Cu. The HRTEM images of e show the ED patterns of corresponding Cu nanocrystals. The 
lattice fringes of 0.3 nm, respectively, correspond to the spacing of {100}, {111} and {100}&{110} crystal planes. 
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enclosed by 6 {100} planes and 12 {110} planes. Thus, uniform c-Cu2O 
NCs, o- Cu2O NCs and 18- Cu2O NCs are reduced to c-Cu NCs, o-Cu NCs 
and 18-Cu NCs with correspondingly unchanged crystal planes, 
respectively. 

The corresponding EDS mapping images of the Rh/P25 samples can 
be seen in Fig. 2. Moreover, STEM-EDS mapping characterization 
further confirmed the uniform distributions of Rh, Ti and O. The Rh NCs 
can be clearly noticed and precipitated on the surface of P25. In the 
HRTEM image (Fig. 2 b), the lattice fringes of 0.34 nm are attributed to 
the transition metal Rh, as is observed clearly in Rh/P25 catalyst. The 
close contact between Rh and P25 should have good conductivity to 
achieve a strong synergistic interaction effect. The characterization re
sults suggest that the transition metal distribution particles on the sur
face of Rh/P25 catalysts are highly dispersed and similar. 

3.1.2. XRD and N2 adsorption 
XRD patterns of the Cu2O NCs with different crystal planes and Rh/ 

P25 samples are shown in Fig. 3. As shown in Fig. 3a, clear diffraction 
lines can be observed in all patterns, indicating that the crystallinity of 
the samples is well. The three Cu2O NCs have similar XRD patterns 
(Fig. 3a). No other crystalline impurities or intermediates such as Cu or 
CuO are discovered and it shows that the Cu2O NCs crystals are of high 
purity. The XRD patterns show three different crystal planes of Cu2O 
NCs expected the same (110), (111), (200), (220), (311), and (222) 
reflection peaks and acknowledge that these Cu2O NCs have a cubic 
crystal structure. 

The XRD patterns of Rh/P25 catalyst and P25 support can be seen in 
Fig. 3b. For the Rh/P25 catalyst, only the representative diffraction 
peaks of TiO2 are observed, which means that the transition metal Rh are 
highly dispersed on the support P25 owing to small particles or the low 
contents. 

The specific surface areas of the three types of Cu2O NCs and Rh/P25 
catalyst are investigated. The specific surface area, pore volume, and 

pore diameter of Cu2O cubes, octahedron, and 18-facet and Rh/P25 
catalyst can be seen in Table 1. The specific surface area of the three 
types of Cu2O is 1.54, 1.77 and 1.07 m2⋅g− 1, respectively, which are in 
the same scope. Therefore, the effect of BET on the reaction property of 
the Cu NCs catalyst can be ruled out. In addition, the BET surface area of 
Rh/P25 is 56.8 m2⋅g− 1. 

3.1.3. H2-TPR 
H2-TPR profiles of the Rh/P25 and Cu2O NCs are shown in Fig. 4 and 

reduction temperatures are listed in Table 1. Obviously, in the temper
ature range of 200–350 ◦C, all the Cu2O NCs samples have only one 
reduction peak, which should be attributed to the reduction of Cu+ into 
Cu0 [30]. The peak positions are in the sequence c-Cu2O > o-Cu2O > 18- 
Cu2O. It has been found that Cu2O NCs show different reduction 
behaviors. 

Compared with the H2-TPR profiles of pure Cu2O NCs, the reduction 
peaks of Rh/P25 | Cu2O NCs catalyst shifts to lower temperatures can be 
observed, indicating that the reduction of Cu+ becomes easier on the 
tandem catalyst Rh/P25 | Cu2O NCs, which may be relationship with the 
increased lattice oxygen mobility in Cu2O NCs, and may be related to the 
existence of better H2 dissociation sites in Rh/P25 | Cu2O NCs catalyst 
that promotes formation of adsorbed hydrogen atoms. Moreover, it is 
evident that the three Rh/P25 | Cu2O composite samples display 
different reduction behaviors. Furthermore, the three Cu2O NCs samples 
demonstrate a reduction peak at about 302, 297 and 278 ◦C, respec
tively. The reduction peak positions of Rh/P25 | c-Cu2O, Rh/P25 | o- 
Cu2O and Rh/P25 | 18-Cu2O catalyst are 263, 270 and 242 ◦C, respec
tively. This indicates that the reduction behavior in Cu2O NCs is 
different in these samples. The H2-TPR profiles of these samples imply 
the existence of strong superposition effect between Rh/P25 and Cu2O 
NCs in all the Rh/P25 | Cu2O composites and that the superposition 
effect is different in the three samples. 

The similar phenomenon mentioned above also appears in the H2- 

Fig. 2. HAADF-STEM overview image, HAADF-STEM image with corresponding STEM-EDX maps of Rh, Ti, O and superposition of Rh Ti and O.  
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TPR profiles of Rh/P25 + Cu2O catalyst. The reduction peaks of Rh/P25 
+ Cu2O catalyst shifted to lower temperatures and the three physical 
particle mixing samples show different reduction behaviors. For Rh/ 
P25 + c-Cu2O catalyst, the reduction peak shifts from 302 to 226 ◦C. 
Besides, For Rh/P25 + o-Cu2O catalyst, the reduction peak shifts from 
297 to 229 ◦C. For Rh/P25 + 18-Cu2O catalyst, the peak position shifts 
from 278 to 235 ◦C. All the H2-TPR profiles show the existence of strong 
superposition effect between Rh/P25 and Cu2O NCs in the Rh/P25 | 
Cu2O and Rh/P25 + Cu2O composites. 

3.1.4. Diffuse reflectance Fourier transform infrared (DRFTIR) spectra 
DRFTIR spectra of the H2 in-situ reduction of Rh/P25 and Cu NCs 

catalysts after CO adsorption for 30 min at 30 ◦C is shown in Fig. 5, 
where no obvious impurities are detected, illustrating the formation of 
pure Cu2O. The vibration bands of 2117 cm− 1 is noticed on c-Cu2O 
{100}, o-Cu2O{111} and 18-Cu2O{100}&{110} facets and is assigned 
as CO adsorbed at the Cu+ sites, which is consistent with previous re
ports [31,32]. Considering that no Cu2+ existed in the reduced samples, 
the bands centered at around 2170 cm− 1 is attributed to gas phase CO 

adsorption peak, as shown in Fig. 5 a, b and c. As shown in Fig. 5b, the 
vibration bands of 2109 cm− 1 was observed on c-Cu2O and assigned to 
CO-adsorbed at the Cu (I) sites. It is located at 2092 cm− 1 on o-Cu, 2018 
cm− 1 on c-Cu and 18-Cu that respectively correspond well to that of CO 
adsorbed on Cu (111), (100), and (110) single-crystal surfaces [33,34]. 
In addition, Cu0 promotes H2 dissociation and Cu+ can stabilize acetyl 
and methyl, as has been reported [35]. Therefore, the CO adsorbed on 
Cu+ will damage the balance between Cu0 and Cu+, resulting in a 
decrease in catalytic activity [36]. 

When the Rh/P25 and Cu catalyst is physically mixed, the intensity 
of the CO adsorption peak (Cu+(CO)) increases. It implies that the 
physical mixing of the catalyst can increase the adsorption of carbon 
monoxide. Infrared spectra of sequential irreversible CO adsorption on 
Rh/P25 at 30 ◦C are presented in Fig. 5. In addition, the bimodal 
characteristics of CO between 2170 and 1800 cm− 1, the characteristic 
bands of three adsorption states of CO can be determined: Rh+(CO)2, 
linearly adsorbed CO and bridge-adsorbed CO on Rh0. Interestingly, at 
30 ◦C, there is clear evidence of cationic Rhδ+ even after reduction at 
300 ◦C. In the DRIFTS spectra of Rh/P25 catalyst, the strong bands at 
2092 and 2028 cm− 1 are assigned to the symmetric and asymmetric 
vibrations of gem-dicarbonyl species Rh+(CO)2 [CO(gdc)] on the Rh+

sites which may be formed on highly dispersed Rh [37,38]. Further, for 
linearly absorbed CO on Rh0, the broad band around 1803 cm− 1 in
dicates the presence of bridge CO [CO(b)] on Rh0 at 30 ◦C [39]. The 
characteristic broad feature of this band has been ascribed to CO 
adsorption on different Rh crystalline faces, such as Rh(100) and Rh 
(111). At 30 ◦C, the most prominent feature that does not appear is the 
vibrational frequency at 2059–2070 cm− 1, which is attributed to line
arly bonded CO [CO(l)] adsorbed on reduced Rh metal (Fig. 5). How
ever, for the physical mixed catalysts, the adsorption strength of CO 

Fig. 3. (a) XRD patterns of morphologically Cu2O microcrystals, (b) XRD patterns of P25 and Rh/P25 catalysts.  

Table 1 
Textural properties and H2 chemisorption of Cu2O NCs.  

Catalysts Surface area 
(BET) (m2⋅g− 1) 

Pore volume 
(cm3/g) 

Pore 
diameter 
(Å) 

Reduction 
temperatures (◦C) 

c-Cu2O  1.54  0.005  193.0 302 
o-Cu2O  1.77  0.008  190.5 297 
18-Cu2O  1.07  0.005  192.1 278 
Rh/P25  56.8  0.175  122.8 161 

aby H2-chemisorption method. 

Fig. 4. (a) H2-TPR profiles of Cu2O, Rh/P25 | Cu2O and Rh/P25 + Cu2O composites; (b) H2-TPR profiles of various Rh/P25 composites.  
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(gdc) decreased and the CO(b) adsorption peak disappeared (Fig. 5c). 
As observed, the CO band at 2092 and 2028 cm− 1 on Rh/P25 + Cu2O 

NCs catalyst decreased rapidly at first. At the same time, the intensity of 
CO decreased, along with the band disappear at around 1803 cm− 1. By 
combining the catalytic properties of the Rh/P25 + Cu2O NCs catalyst, it 

can be deduced that the catalytic performances of the Rh/P25 + Cu2O 
NCs catalyst are related to the desorption or transformation behavior of 
the Rh+(CO)2 bands in the reaction. 

3.1.5. XPS spectra 
The XPS spectra of the three types of Cu2O NCs are demonstrated in 

Fig. 6. No Cu2+ feature is observed in the Cu 2p XPS spectra. The binding 
energies (BEs) of Cu 2p3/2 and Cu 2p1/2 in Cu 2p spectra is nearly almost 
the same for the three fresh Cu2O NCs and which are located at 933.2 
and 952.3 eV, respectively. In the O 1s XPS spectra, three components 
appear with the O 1s BEs at 529.5, 530.3 and 531.8 eV that can be 
assigned to oxygen adsorption atoms separately, Cu suboxide, and OH 
groups or oxygenates species; in the C 1s XPS spectra, adventitious 
carbon, carbonate and carboxylate species with the C 1s BEs at 284.8, 
288.9 and 287.7 eV, respectively, are visible for all Cu NCs. XRD pat
terns and Cu 2p XPS spectra exhibited the same features for as- 
synthesized Cu2O NCs. 

3.1.6. CO-TPD 
The TPD-MS profiles of catalyst for CO desorption, and relative in

formation are shown in Figs. 7–9. We can find that the one peak of CO 
desorption weakly existed on Cu NCs catalysts, corresponding to 
different temperatures: high temperature site (at about 558 ◦C), but no 
peak of CO desorption existed on 18-Cu NCs catalysts. Moreover, low 
temperature sites (at about 130 ◦C) could be observed on Rh/P5 + Cu 
NCs catalysts. According to the research reported previously [40,41], it 
is suggested that low temperature site may correspond to the CO(l) 
species, medium temperature site may be due to CO(gdc) species and 
high temperature site may be assigned to the CO(b) species. 

It can be seen that the Rh/P25 | Cu NCs tandem catalysts greatly 
weakened the desorption peak intensity of CO(l), while comparatively 
strengthened the peak intensity of CO(gdc) on the Rh/P25 | o-Cu NCs 
and Rh/P25 | 18-Cu NCs tandem catalysts. The results indicated that the 
Rh/P25 | o-Cu NCs and Rh/P25 | 18-Cu NCs tandem catalysts could 
effectively strengthen the CO adsorption and coordinate the relative 
proportion of CO(l), CO(gdc) and CO(b) species, which may be crucial 
for improved catalytic activity and ethanol selectivity. 

In summary, combining all the above characterization results shows 
uniform c-Cu2O{100}, o-Cu2O{110} and 18-Cu2O{100}& {110} fac
ets have been successfully synthesized, and c-Cu{100}, o-Cu{111}, and 
18-Cu{100}&{110} facets are synthesized by a morphology retention 
reduction of corresponding c-Cu2O, o-Cu2O, and 18-Cu2O NCs. 

3.2. Catalytic performance of different Cu NCs 

The catalytic performance and product distribution of the three types 
of Cu NCs catalyst are studied in Fig. 10 and Table 2. These Cu NCs 
catalysts have similar surface areas which cannot be explained as the 
reason for the significant change in catalytic performance. Thus, the 
significant difference in catalytic activity of c-Cu, o-Cu and 18-Cu can be 
attributed to the different crystal plane of the Cu NCs catalysts. Under 
our reaction conditions, the c-Cu, o-Cu and 18-Cu NCs exhibited a CO 
conversion of 4.6%, 4.1%, 9.1% and a CH4 selectivity of 23.3%, 23.6%, 
20.9%, respectively. The selectivity of C2H5OH and CH3OH over these 
catalysts are 0.9%, 0.3%, 0.5% and 14.8%, 15.4%, 11.2%, respectively. 
The order of CH4 and methanol selectivity is established as {100}& 
{110} < {100} < {111}, which are a highly undesirable by-product. 
The three catalysts showed higher selectivity to CO2. For c-Cu, o-Cu 
and 18-Cu, indicating that the 18-Cu with exposed {100}&{110}facets 
exhibits higher activity in comparison to the other Cu NCs catalysts at 
240 ◦C. The evaluated CO hydrogenation results demonstrate that 
different Cu NCs exhibit different facet-dependent catalytic activity for 
ethanol synthesis from carbon monoxide hydrogenation. However, 
these three Cu NCs have the low activity for ethanol synthesis from 
carbon monoxide hydrogenation. Therefore, so as to improve the CO 
conversion and C2H5OH selectivity, we chose the combination of Rh/ 

Fig. 5. In situ DRIFTS spectra of CO adsorption at 30 ◦C of catalysts: (a) No Ar 
purging, (b) Ar purging for 30 min, (c) Ar purging for 30 min. 
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P25 catalyst and different Cu NCs for further studies. 

3.3. Catalytic performance of Rh/P25 and Cu2O NCs physical particle 
mixing catalyst 

Here, the ethanol synthesis process as evaluated with syngas over 

Rh/P25catalysts. The catalytic performance of pure Rh/P25 catalyst for 
the synthesis of ethanol from syngas at different temperatures is studied 
in Table S1 and Fig. S1. Since P25 support is inactive for syngas con
version under reaction conditions, therefore, the product formation 

Fig. 6. XPS spectra of the three types of Cu2O NCs.  

Fig. 7. TPD-MS profiles of Cu NCs catalysts for CO desorption.  

Fig. 8. TPD-MS profiles of Rh/P25 + Cu NCs catalysts for CO desorption.  

Fig. 9. TPD-MS profiles of Rh/P25 | Cu NCs catalysts and Rh/P25 catalyst for 
CO desorption. 

Fig. 10. Products selectivity (% carbon efficiency) for CO hydrogenation over 
c-Cu, o-Cu and 18-Cu catalysts (reaction conditions: weight Cu = 0.5 g, T = 240 
℃, P = 0.5 MPa, GHSV = 1200 mL⋅h− 1⋅g− 1

cat, H2/CO = 2/1). 
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observed in this study is only owing to the interaction of the transition 
metal with the support. With the temperature increases, the selectivity 
of ethanol rises from 10.7% to 13.4% and CO conversion also increased. 
This is illustrated in Table S1, the production of other hydrocarbons 
increased after 260 ◦C, indicating that the catalyst ethanol selectivity is 
reduced owing to the hydrocarbon chain growth process on the Rh/P25 
catalyst. Hence, the experimental results show that the selectivity of CH4 
increases, while the selectivity of ethanol first increases and then de
creases with increasing temperature. 

For the purpose of studying the effect of Rh/P25 and Cu NCs with 
different crystal planes for ethanol direct synthesis from syngas, the 
catalytic performances of physical particle mixing catalysts are 
measured. As shown in Fig. 11, Fig. 12 and Table 3, the product selec
tivity and the CO conversion is given. Under the physical particle mixing 
mode, it is found that the conversion of CO first increase and a higher 
selectivity of ethanol at 240 ◦C is obtained. 

For the combination of pure Rh/P25 catalyst and Cu NCs with 
different facet, the CO conversion is 27.5%, 21.9%, 39.0% and the 
selectivity of ethanol is 15.7%, 14.7%, 15.1% over Rh/P25 + c-Cu, Rh/ 
P25 + o-Cu and Rh/P25 + 18-Cu catalysts, respectively. A higher CO 
conversion of 39.0% is achieved in the reactor, where Rh/P25 + 18-Cu 
catalyst has the best performance for ethanol synthesis from carbon 
monoxide hydrogenation. And it seems that the physically mixed of Rh/ 
P25 + 18-Cu catalyst seems to be more active than the pure Rh/P25 
catalyst for the ethanol synthesis from syngas under the same reaction 
condition. The single Rh/P25 catalyst presented a lower CO conversion 
of 27.9%, as shown in Table 3. Evaluation results display that the syn
ergy of the two catalysts may increase the selectivity of ethanol. 
Compared with the pure Rh/P25 catalyst, the ethanol selectivity of the 
Rh/P25 + 18-Cu catalyst is increased from 12.4% to 15.1%, while 
CH3OH selectivity decreased from 30.1% to 24.9%, which indicated that 
the Rh/P25 + 18-Cu catalyst is more conducive to ethanol synthesis. In 

addition, other by-products, such as methyl acetate (MA), dmethyl ether 
(DME), CO2, CH4 and C2+HC, are also present in the final products. 

The MA selectivity is only 3.3%, 1.8%, 3.2% in final products, 
slightly lower than single Rh/P25 catalyst, indicating that the formed 
methyl acetate from Rh/P25 and Cu NCs physical particle mixing 
catalyst is suppressed. It is worth noting that CH3OH as the main by- 
product with the selectivity of 22.5%, 28.7% and 24.9%, respectively, 
over Rh/P25 + c-Cu, Rh/P25 + o-Cu and Rh/P25 + 18-Cu catalysts, is 
prepared by CO hydrogenation, but here the selectivity of CH3OH is 
lower than pure Rh/P25 catalysts. Therefore, for the combination of 
pure Rh/P25 catalyst, the physical mixing of Rh/P25 and Cu NCs can 
obviously inhibit the formation of methanol. 

3.4. Catalytic performance of Rh/P25 and Cu2O NCs tandem catalyst 

In order to study the impact of different crystal-plane Cu NCs on 
conversion of syngas to ethanol, the catalytic performances of Rh/P25 
and Cu2O NCs tandem catalysts are measured in Fig. 13, Fig. 14 and 
Table 4. Here, we discovered the Rh/P25 and Cu2O NCs tandem cata
lysts for ethanol synthesis (Scheme 1(b)). In tandem mode, the conver
sion of CO first increase, and a higher selectivity of the target product 
ethanol at 240 ◦C is obtained, which means that the formation of by- 
products is suppressed. 

For the combination of pure Rh/P25 catalyst and Cu catalyst with 
different facet, the CO conversion is 34.9%, 28.2%, 43.4% and the 
selectivity of ethanol is 13.9%, 14.0%, 18.7% over Rh/P25 | c-Cu, Rh/ 
P25 | o-Cu and Rh/P25 | 18-Cu catalysts, respectively. A higher CO 
conversion of 43.4% is achieved in the tandem catalyst, where Rh/P25 | 
18-Cu catalyst has the best performance for ethanol synthesis from 
carbon monoxide hydrogenation. The results show that the Rh/P25 | 18- 
Cu catalyst is more active than the pure Rh/P25 catalyst for the ethanol 
synthesis from syngas under the same reaction condition. These results 
may be due to the superimposition of two consecutive reactions that 
promote the increase in ethanol selectivity. Compared with the single 
Rh/P25 catalyst, the ethanol selectivity of the tandem catalyst Rh/P25 | 
18-Cu is increased from 12.4% to 18.7% and the selectivity of CH3OH 
from 30.1% to 26.0%, which indicated that the Rh/P25 | 18-Cu catalyst 
is more conducive to ethanol synthesis from syngas under the same re
action conditions. Moreover, other by-products, such as DME, MA, CO2, 
CH4 and C2+HC, are also present in the final products. 

The MA selectivity are only 3.0%, 2.0%, 3.7% in final products, 
respectively, slightly lower than that of single Rh/P25 catalyst, indi
cating that the formed methyl acetate from Rh/P25 catalyst may have 
reacted on the Cu NCs catalyst. It is worth noting that CH3OH as the 

Table 2 
Products selectivity (% carbon efficiency) for CO hydrogenation over different 
Cu NCs catalyst.  

Catalysts Conversion (%) Selectivity (%) 

CH3OH EtOH CO2 CH4 C2+HCa 

c-Cu  4.6  14.8  0.9  5.0  23.3  56.0 
o-Cu  4.1  15.4  0.3  4.3  23.6  56.4 
18-Cu  9.1  12.6  1.0  4.6  21.6  60.2  

a Hydrocarbons with two or more carbons. 

Fig. 11. Products selectivity (% carbon efficiency) for CO hydrogenation over 
Rh/P25, Rh/P25 + c-Cu, Rh/P25 + o-Cu and Rh/P25 + 18-Cu catalysts (re
action conditions: weight Rh/P25 = 0.5 g, weight Rh/P25 + Cu = 1.0 g, T = 240 ℃, 
P = 0.5 MPa, GHSV = 1200 mL⋅h− 1⋅g− 1

cat, H2/CO = 2/1). 

Fig. 12. Products ethanol selectivity (% carbon efficiency) for CO hydrogena
tion and CO conversion rate over Rh/P25, Rh/P25 + c-Cu, Rh/P25 + o-Cu and 
Rh/P25 + 18-Cu catalysts (reaction conditions: weight Rh/P25 = 0.5 g, weight 
Rh/P25 + Cu = 1.0 g, T = 240 ℃, P = 0.5 MPa, GHSV = 1200 mL⋅h− 1⋅g− 1

cat, H2/ 
CO = 2/1). 

Y. Feng et al.                                                                                                                                                                                                                                     



Fuel 313 (2022) 122981

9

main by-product with the selectivity of 22.8% and 26.0%, respectively, 
over Rh/P25 | c-Cu and Rh/P25 | 18-Cu catalysts, is generated by CO 
hydrogenation, but here the selectivity of CH3OH is lower than pure Rh/ 
P25 catalysts. The selectivity of methanol over Rh/P25 | o-Cu is higher 
than pure Rh/P25 catalysts. The experimental results show that the Cu 
NCs on the lower layers exhibits different crystal plane effects over 
combined Rh/P25 and Cu NCs Catalysts. 

In general, according to results on the Cu NCs catalyst, we can 
conclude that the Rh/P25 and Cu NCs tandem catalyst is more favorable 
than Rh/P25 + Cu2O physical particle mixing catalyst and single Cu NCs 
catalyst for ethanol synthesis from carbon monoxide hydrogenation. 
Since the trend of the ethanol selectivity and catalytic activity, Cu-based 
catalysts with different crystal faces has been established as Cu{111} <
Cu{100} < Cu{100}&{110}. Furthermore, it is widely accepted that 
the catalytic performance of the ethanol synthesis from syngas can be 
enhanced by combined Rh-based and Cu-based catalysts. 

3.5. Probe molecule experiments 

3.5.1. Effect of methanol as probe molecule 
The Rh/P25 and Rh/P25 | 18-Cu model catalyst was first evaluated 

without addition of any probe molecule agents. The CO conversion and 
ethanol selectivity were 27.7%, 43.4% and 12.4%, 18.7% (Table 4), 
respectively, in accordance with our reported catalysts. In order to study 
the effect of co-feeding methanol (0.01 mL/min) and syngas on the 
performance of ethanol synthesis on 18-Cu NCs catalyst, a probe 
experiment with methanol as the probe molecule was conducted. Upon 
the addition of methanol, 2.5% of CO conversion, 9.7% of methanol 
selectivity and no ethanol were obtained (Table 5), similar to the results 
of the experiment without probe molecules, suggesting that methanol 
was not reactive in this catalytic system. 

In our experiment, the added methanol was not excluded from the 
calculation of total alcohol distribution. The total alcohol distribution of 
the collected products with methanol addition are shown in Table 5. It 
could be seen that the selectivity of total alcohols and methanol is 
reduced when methanol was added. In addition, the co-feeding of 
methanol and syngas did not increase the selectivity of ethanol on the 
18-Cu NCs catalyst, but inhibited the formation of methanol. 

3.5.2. Effect of methyl acetate (MA) as probe molecule 
Upon the addition of co-feeding of MA (0.01 mL/min) and syngas as 

the probe molecule on 18-Cu NCs, the CO conversion and alcohol 
selectivity increased slightly compared with pure syngas addition. 
However, CO2 selectivity decreased and a small amount of ethanol 
(5.1%, Table 5) was formed. In addition, when pure MA was added, no 
ethanol was detected in our system. These results suggested that the 
added MA participated in the reaction leading to new reaction pathways 
to form ethanol. This indicated that the added MA participated in the 
reaction to form the ethanol. 

Note that the mole fraction of MA produced on the Rh/P25 catalyst 
does not match the mole fraction of methyl acetate added from the 
outside, the mole fraction of the product MA in the 18-Cu catalyst is not 
considered and only the formation of alcohol is considered. The effect of 
MA addition on alcohol distribution was also investigated. As shown in 
Table 5, the methanol and ethanol distribution were almost changed 
with the addition of MA, indicating that the effect of MA addition on 
alcohol distribution can be not ignored. 

3.5.3. Effect of dimethyl ether (DME) as probe molecule 
DME as the model probe molecule was also added. When 1% DME 

was added, CO conversion decreased sharply from 9.1% to 1.5% 
compared with pure syngas (Table 5). In addition, ethanol selectivity 

Table 3 
Products selectivity (% carbon efficiency) for CO hydrogenation over Cu NCs catalyst.a  

Catalysts Conversion (%) Selectivity (%) 

CH3OH EtOH MA DME CO2 CH4 C2+HC 

Rh/P25 + c-Cu  27.5  22.5  15.7  3.3  0.4  18.9  25.0  14.2 
Rh/P25 + o-Cu  21.9  28.7  14.7  1.8  0.3  13.3  24.0  17.1 
Rh/P25 + 18-Cu  39.0  24.9  15.1  3.2  0.4  24.3  21.4  10.7 
Rh/P25  27.9  30.1  12.4  4.2  0.3  22.1  20.8  10.1  

a Reaction conditions: weight Rh/P25+Cu = 1 g, T = 240 ℃, P = 0.5 MPa, GHSV = 1200 mL⋅h− 1⋅g− 1
cat, H2/CO = 2/1. 

Fig. 13. Products selectivity (% carbon efficiency) for CO hydrogenation over 
Rh/P25, c-Cu, o-Cu, 18-Cu, Rh/P25 | c-Cu, Rh/P25 | o-Cu and Rh/P25 | 18-Cu 
catalysts (reaction conditions: weight Rh/P25 = 0.5 g, weight Cu = 0.5 g, weight 
Rh/P25 | Cu = 1.0 g, T = 240 ◦C, P = 0.5 MPa, GHSV = 1200 mL⋅h− 1⋅g− 1

cat, H2/ 
CO = 2/1). 

Fig. 14. Products ethanol selectivity (% carbon efficiency) for CO hydrogena
tion and CO conversion rate over Rh/P25, Rh/P25 | c-Cu, Rh/P25 | o-Cu and 
Rh/P25 | 18-Cu catalysts (reaction conditions: weight Rh/P25 = 0.5 g, weight Rh/ 

P25 | Cu = 1.0 g, T = 240 ℃, P = 0.5 MPa, flow rate = 1200 mL⋅h− 1⋅g− 1
cat, H2/ 

CO = 2/1). 
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increased to 2.5%, which mainly resulted from the direct syngas and 
DME to methanol and ethanol. However, when the syngas in added DME 
was excluded, there is no alcohol formed on 18-Cu NCs catalyst. Some 
studies have demonstrated that the co-feeding of DME and syngas over 
dual-bed catalysts for DME carbonylation and methyl acetate hydroge
nation provided ethanol [28,42,43]. Briefly, DME was firstly converted 
to MA intermediate through carbonylation on Rh/P25 catalyst in the 
first stage of the reactor, and then the formed MA was hydrogenated to 
EtOH on a Cu-based catalyst in the second stage of the reactor. These 
two reactions at different stages can be described as follows:  

CO+CH3OCH3→CH3COOCH3                                                         (1)  

CH3COOCH3+2H2→CH3CH2OH+CH3OH                                         (2) 

Therefore, our molecular probe experiments prove that DME and MA 
may be an intermediate product that promotes ethanol selectivity on 
tandem catalysts. 

3.6. Discussion of catalytic mechanism and reaction network 

Probe molecule experiment is widely used in mechanistic 

investigations. With their perturbation on the reaction, probe molecules 
could provide insightful information on the reactive intermediates and 
reaction pathways. Ethanol synthesis is very complicated with many 
parallel and consecutive reactions. In order to explore the reaction 
network and catalytic mechanism during the ethanol synthesis from 
syngas process, probe molecule experiments over 18-Cu NCs catalyst 
were carried out. It showed that the MA, CH3OH and DME alone had 
almost no effect on the reaction. However, the reactive agents (MA and 
DME) with syngas greatly affected the reaction network. 

In the probe molecule experiments with MA, a small amount of 
ethanol was formed. This indicated that the added MA participated in 
the reaction to form the ethanol. Since no detectable acid was found in 
the products, the esters seemed unlikely to be formed by the reaction 
between acids and methanol. It was very likely that the added MA 
reacted with syngas directly to form the ethanol, indicating the existence 
of surface acyl species. 

The statement that ethanol was further confirmed by using DME as 
the probe molecule. A small amount of ethanol was formed indeed when 
DME was added (Table 5). In the DME probe experiments, though a 
small amount of DME was added, only 1.5% of DME species was trapped 
to form ethanol while most of the species were converted to C2+HC. 
Nevertheless, the production of ethanol in the case of MA and DME as 
probe molecules indicated the existence of intermediate species on the 
Rh/P25 catalyst move to 18-Cu NCs catalyst, which increases the 
selectivity of ethanol over 18-Cu NCs catalyst. 

Based on the above discussion, the reaction network of the ethanol 
process was summarized over Rh/P25 | 18-Cu catalysts as described in 
Scheme 2. Ethanol formation needs two active sites as dual-sites, on 
which one active site functions for CO dissociation and chain propaga
tion (M1 site), while the other one functions for CO non-dissociative 
activation and insertion (M2 site). In addition, the intermediate prod
ucts (MA and DME) may be transferred to the 18-Cu catalyst along with 
the syngas, which increases the selectivity of ethanol. The new inter
mediate species also get involved in the reaction network and incorpo
rate products in various reactions on the tandem catalyst. 

4. Conclusions 

We successfully designed a tandem catalytic system (combined Rh- 
based and Cu-based catalysts) which has higher target product selec
tivity for ethanol synthesis directly from syngas. The results show that 
the tandem catalysts (Rh/P25 | Cu NCs) are more favorable than single 
Rh/P25 catalyst and single Cu NCs catalyst for ethanol synthesis from 

Table 4 
Products selectivity (% carbon efficiency) for CO hydrogenation over Rh/P25 and Cu tandem catalyst.a  

Catalysts Conversion (%) Selectivity (%)   

CH3OH EtOH MA DME CO2 CH4 C2+HC 

Rh/P25 | c-Cu  34.9  22.8  13.9  3.0  0.4  26.4  23.1  10.4 
Rh/P25 | o-Cu  28.2  32.1  14.0  2.0  0.6  18.4  22.3  10.6 
Rh/P25 | 18-Cu  43.4  26.0  18.7  3.7  0.4  23.3  20.1  7.8 
Rh/P25  27.9  30.1  12.4  4.2  0.3  22.1  20.8  10.1  

a Reaction conditions: weight Rh/P25 | Cu = 1 g, T = 240 ℃, P = 0.5 MPa, GHSV = 1200 mL⋅h− 1⋅g− 1
cat, H2/CO = 2/1. 

Scheme 1. Illustration of catalyst loading in reactor: (a) the physical mixing 
catalyst for ethanol synthesis and (b) the dual-catalyst bed reactor for 
ethanol synthesis. 

Table 5 
Catalytic performances of over 18-Cu in syngas synthesis ethanol reaction with different probe molecules.  

Catalyst Probe molecule Conversion (%) Selectivity (%) 

CH3OH EtOH CO2 CH4 C2+HC 

18-Cu{100}&{110} CO + H2  9.1  12.6  1.0  4.6  21.6  60.2 
CO + H2 + CH3OH  2.5  9.7  –  3.2  36.0  51.1 
CH3OH  –  –  –  –  –  – 
CO + H2 + MA  2.1  28.1  5.1  0.4  43.6  22.8 
MA  –  –  –  –  –  
CO + H2 + DME (1%)  1.5  2.6  2.5  8.6  13.5  72.8 
DME (1%)  –  –  –  –  –  –  
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carbon monoxide hydrogenation. The physical blending catalysts not 
only can slightly improve the catalytic performance but also the ethanol 
selectivity. Results show that the Rh/P25 | 18-Cu{100}&{110} facet 
exhibit the best activity (43.4%) and ethanol selectivity (18.7%). It may 
be that the synergistic effect of Rh-based catalyst and Cu catalyst pro
motes the increase of ethanol selectivity. The crystal plane-dependent 
catalytic performance of the Cu NCs in the tandem reaction for the 
ethanol synthesis from CO hydrogenation are also explored and 
confirmed by the characterization of the experimental structure. The 
probe experiments reveal that the intermediate products (MA and DME) 
may be transferred to the 18-Cu catalyst along with the syngas, which 
increases the selectivity of ethanol. The current work provides an 
effective method to increase the ethanol selectivity from CO 
hydrogenation. 
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