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Abstract Due to the complexity of the structure–activity relationship of the CuAl2O4 spinel cata-

lyst, optimization of the catalyst structure is a great challenge. In this paper, three different CuAl2-

O4 spinel catalysts were prepared by the solid-phase method using copper hydroxide, copper nitrate,

and copper oxide as the copper source, respectively, to study the difference in the structure of

CuAl2O4 spinel catalysts induced by the raw materials and the catalytic behavior for CO hydro-

genation. The structure of CuAl2O4 spinel catalyst was characterized by XRD, BET, SEM,

TEM, H2-TPR and XPS. The activity of CO hydrogenation over the CuAl2O4 spinel catalyst with-

out pre-reduction was evaluated in the slurry reactor. The results demonstrated that different cop-

per sources had obvious influence on the CuAl2O4 spinel texture properties, surface enrichment

degree, as well as decomposition and reduction ability, which further regulated the ratio of Cu+/

Cu0 and thus affected the catalytic performance, especially the alcohol distribution. The CuAl2O4

spinel, employing copper hydroxide as the copper source, showed better selectivity of C2+OH,

which was assigned to a higher ratio of Cu+/Cu0, along with larger pore size and pore volume.

Moreover, the synergistic effect between Cu0 and c-Al2O3 improved the selectivity of dimethyl

ether.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

CuAl2O4 spinel has a face-centered cubic crystal structure, in
which Cu2+ is occupied a tetrahedral position and is stable
in the oxide lattice structure (Sickafus et al., 1999, Yong
et al., 2013, Wang et al., 2017). The active Cu species with high
dispersion were gradually released from CuAl2O4 spinel during
the reaction, thereby avoiding the agglomeration and rapid

sintering of Cu species (Maiti et al., 2016, Wan et al., 2016,
Li et al., 2018). Catalytic conversion of C1 molecules is a
vitally important process because of its close correlation to

energy and environmental implications (Liu et al., 2020a,
Altass et al., 2021, Salama et al., 2021a, 2021b, Altass et al.,
2022). It was reported that CuAl2O4 spinel catalyst showed

excellent catalytic performance in C1 catalysis, such as metha-
nol steam reforming (Xi et al., 2014, Liu et al., 2022a, 2022b),
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reverse water gas shift (Bahmanpour et al., 2019), and CO oxi-
dation reaction (Severino et al., 1998).

Our group (Huang et al., 2011, Liu et al., 2020b, Liu et al.,

2022a, 2022b) had been engaged in the research of CO hydro-
genation in the slurry reactor over the Cu-Zn-Al slurry catalyst
for more than two decades, which was prepared by our inde-

pendently developed catalyst preparation technology-
complete liquid-phase method. The novelty of this method
was that the catalyst precursor was directly heat-treated in

an inert medium to obtain the slurry without conventional dry-
ing and calcination procedures. So-prepared Cu-Zn-Al slurry
catalyst showed excellent activity and stability for CO hydro-
genation to higher alcohols (C2+OH) or dimethyl ether. In

our previous work, Deng et al. (Deng et al., 2019) explored
the influence of heat treatment pressure on the catalytic perfor-
mance in CO hydrogenation over Cu-Zn-Al slurry catalyst.

Compared with the constant pressure, the catalyst heat-
treated under 1.0 MPa exhibited excellent catalytic perfor-
mance with the higher alcohols mass fraction in total alcohols,

increased from 25.8 % to 65.9 %, which was ascribed to the
formation of CuAl2O4 spinel phase. But it was difficult to con-
trol the CuAl2O4 spinel structure in Cu-Zn-Al slurry catalysts

through the complete liquid-phase method. To further investi-
gate the structure change and catalytic performance of CuAl2-
O4 spinel, Yan et al. (Yan et al., 2021) in our group designed to
fabricate CuAl2O4 spinel via traditional preparation methods

(such as solid-phase method, sol–gel method, citric acid
method, and co-precipitation method), and the spinel was
directly added into the slurry reactor for CO hydrogenation

without reduction. The results disclosed that the CuAl2O4 spi-
nel obtained by the solid-phase method favored the production
of higher alcohols.

Our former study found that the preparation method had a
remark influence on the structure and catalytic performance of
CuAl2O4 spinel. But the specific relationship between the

CuAl2O4 structure and the activity for CO hydrogenation
remained unclear. It was therefore of supreme importance to
tune the structure of CuAl2O4 spinel. As we known, the syn-
thetic method was one factor to affect catalyst structure

(Alshorifi et al., 2021, El-Hakam et al., 2022). Besides, CuAl2-
O4 spinel synthesis parameters, including Cu/Al molar ratio,
calcination atmosphere, and introducing the third compo-

nents, showed significant influence on its structure (Liu
et al., 2020c, Liu et al., 2022c). So, in this paper, the CuAl2O4

spinel catalysts were synthesized by the solid-phase method

employing copper hydroxide, copper nitrate, and copper oxide
as the copper source, respectively. We attempted to explore the
difference in the structure of CuAl2O4 spinel induced by the
copper sources and the catalytic behavior for CO hydrogena-

tion and to develop the structure–activity relationship.

2. Experimental

2.1. Materials

Cu(NO3)2�3H2O, liquid paraffin and petroleum ether were
obtained from Tianjin Kemiou Chemical Reagent Co., ltd.,
China. Pseudo-boehmite, CuO and Cu(OH)2 were purchased

from Shanghai Aladdin Biochemical Technology Co., ltd.,
China. All chemical reagents were analytical grade and used
without further purification. CO, H2, N2, Ar and He, with
purities of 99.99 %, were provided by the Product of Taiyuan
Fujiang Special Gas Co., ltd., China.

2.2. Catalyst preparation

The Cu and Al raw materials with Cu/Al = 1/2(molar ratio)
were well mixed and ball-milled by a planetary ball mill for

6 h. The powder was calcined in the air atmosphere at
900 ℃ for 3 h. The aluminum source was pseudo-boehmite.
Copper hydroxide, copper nitrate, and copper oxide were

selected as the copper source, respectively. The corresponding
CuAl2O4 catalysts were denoted as So-OH, So-NO, and So-O,
respectively.

2.3. Catalyst characterization

Before characterization, the CuAl2O4 spinel slurry catalyst
after the reaction was centrifuged, extracted with petroleum

ether for 4 days to remove the residual liquid paraffin, and
then naturally dried to obtain a solid sample.

The crystal phase structure was characterized by DX-2700

X-ray diffraction apparatus (Dandong Fangyuan Instrument
Co., ltd.) with Cu Ka source (k = 0.1546 nm) with voltage
and current at 40 kV and 30 mA, respectively. The sample

was scanned over the range of 5–85� at a scanning rate of
8�/min to identify the crystalline structure. The crystallite size
of CuAl2O4 spinel catalyst was calculated using the Scherrer
formula.

The texture parameter was measured by a QDS-30 physical
adsorption instrument (Quantachrome Company, USA) using
N2 as adsorbate at �196 ℃. Prior to the test, the sample was

pretreated under vacuum at 200 ℃ for 4 h to remove the
adsorbed impurities. The specific surface area was determined
by the BET (Brunauer-Emmett-Teller) method, and the most

probable pore size and pore volume were obtained by the
BJH (Barret-Joyner-Halenda) method.

Scanning electron microscopy (SEM) was performed using

JSM-6010PLUS/LV emission electron microscope. The sam-
ples were observed at an accelerating voltage of 20 kV and
sputter-coated for 120 s in a sputter coated fitted with Au
before testing.

The transmission electron microscope (TEM) image was
determined by the JEM-2100 instrument (Japan JEOL com-
pany) with an accelerating voltage of 300 kV. Samples were

dispersed in alcohol in an ultrasonic bath, and a drop of the
supernatant suspension was poured onto a holey carbon-
coated grid and dried completely before the measurements.

Hydrogen temperature-programmed reduction (H2-TPR)
was measured in a chemisorption instrument (TP-5080, Tianjin
Xianquan Corporation). 50 mg catalyst was pre-heated at

150 ℃ for 0.5 h under He flow and then cooled to 50 ℃. After-
wards, the reduction process was recorded with the tempera-
ture ramping up from 50 ℃ to 800 ℃ at 10 ℃�min�1 under a
5 % H2/N2 flow of 30 mL�min�1. The hydrogen consumption

signal was recorded using a thermal conductivity detector
(TCD).

X-ray photoelectron spectroscopy (XPS) data was per-

formed on an ESCALAB 250Xi spectrometer (American
Thermo Fischer Company) equipped with Al Ka radiation
(hm= 1486.6 eV). The binding energies of Cu 2p and CuLMM

were calibrated by the C 1 s peak (BE = 284.8 eV).
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2.4. Catalyst activity evaluation

CO hydrogenation over different CuAl2O4 spinel catalysts was
evaluated in a 500 mL slurry reactor with a continuous
mechanical agitator. Firstly, the prepared CuAl2O4 spinel

was uniformly dispersed in 300 mL of liquid paraffin (solid
holdup 10 %), and did not need to be reduced. Then, the reac-
tion was carried out by feeding syngas (H2/CO = 2) at a flow
rate of 150 mL�min�1. The reaction pressure and temperature

were 4 MPa and 280 ℃, respectively. The steady-state activity
measurement was taken after at least 24 h on the stream, and
the reaction was continuously evaluated for six days. The H2,

CO and CO2 in the gas phase products were detected by ther-
mal conductivity detectors (TCD, TDX-01). Hydrocarbons,
alcohols and dimethyl ether were detected by a flame ioniza-

tion detector (FID, HP-PLOT/Q). The liquid phase product
was condensed and collected daily, and analyzed by the FID
detector. The carbon balance (eC) was determined according

to Eq. (1). The CO conversion (XCO) and product selectivity
(Si) were calculated after carbon balance according to Eqs.
(2) and (3), respectively.

eC ¼
P

ni gð Þ þP
ni lð Þ

nðCOÞin
� 100% ð1Þ

XCO ¼
P

ni gð Þ þP
ni lð Þ

n COð Þout þ
P

ni gð Þ þP
ni lð Þ � 100% ð2Þ

Si ¼ niðgÞ þ niðlÞP
niðgÞ þ

P
niðlÞ � 100% ð3Þ

Where (eC) was the carbon balance; XCO was the conversion

of CO (C-mol%); Si was the selectivity of component i (C-mol
%); iwas all C-containing compounds except CO in the gas and
liquid products; n(CO)in was the amount of CO in the inlet gas

(mol); n(CO)out was the amount of CO in the outlet gas(mol);
ni(g) and ni(l) was the carbon atom of component i in the outlet
gas(mol) and liquid phase product(mol), respectively.
Fig. 1 XRD patterns of different CuAl2O4 s
3. Results and discussion

3.1. XRD characterization

Fig. 1 showed the XRD patterns of different CuAl2O4 spinels.
Before the reaction (Fig. 1a), the apparent diffraction peaks

were observed in all catalysts at 2h = 31.29�, 36.87�, 44.84�,
55.70�, 59.40�, 65.29�, 74.18� and 77.41�, which were attributed
to CuAl2O4 spinel (PDF No.71–0967). Moreover, So-NO and

So-O catalysts showed CuO diffraction peaks at 2h = 35.72�
and 38.96� (PDF No.48–1548). The appearance of CuO was
ascribed to the fact that part of Cu2+ did not enter into the
interstices of spinel and existed as free CuO. As for the So-

OH catalyst, no CuO diffraction peaks appeared, and the
diffraction peaks intensity of CuAl2O4 spinel was the weakest
among the three catalysts. It was indicated that copper hydrox-

ide as the copper source was conducive to the oxidation of cop-
per hydroxide and pseudo-boehmite during the process of
calcination, and then the corresponding oxides formed CuAl2-

O4 spinel with higher purity through the solid–solid interaction
(Luo et al., 2005, Xi et al., 2013). The average crystallite sizes
of CuAl2O4 spinel catalysts before the reaction, calculated by
the Scherrer equation, were listed in Table 1. It can be founded

that the change of copper source had no obvious effect on the
crystallite size of CuAl2O4 spinel catalysts.

After the reaction (Fig. 1b), the characteristic diffraction

peaks of CuAl2O4 disappeared, whereas that of Cu0 and c-
Al2O3 appeared, indicating that the CuAl2O4 was decomposed
and reduced to low valence copper species and c-Al2O3 during

the CO hydrogenation reaction at 280 ℃ and 4 MPa (Feng
et al., 2009, Arjmand et al., 2012). It was worth noting that
only the So-OH catalyst showed obvious Cu2O diffraction

peaks at 2h = 36.52�, 42.42�, and 61.55� (PDF No.05–0667),
suggesting that the different copper sources influenced the
decomposition and reduction properties of CuAl2O4 spinel
catalyst.
pinel before (a) and after (b) the reaction.



Table 1 Texture properties of different CuAl2O4 spinel before and after the reaction.

Sample Before reactiona After reactiona dCuAl2O4(nm)b

SBET VP DP SBET VP DP

So-OH 19.2 0.15 30.3 20.8 0.12 30.2 20.6

So-NO 18.7 0.07 9.5 19.2 0.06 9.6 23.6

So-O 31.0 0.10 9.5 33.0 0.09 7.8 22.6

a The specific surface area SBET(m
2/g), the pore volume VP (cm3/g) and the most probable pore size DP (nm) are calculated by N2 physical

adsorption.
b The crystallite size of the spinel phase was calculated from the average value of the full-width at half-maximum (FWHM) of CuAl2O4 (220),

(311), (400), (422), (511), (440) diffraction peaks by means of the Scherer formula.
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3.2. N2 adsorption–desorption characterization

Fig. 2 displayed the N2 adsorption–desorption curves and pore
size distribution of CuAl2O4 spinel before and after the reac-
tion. The existence of a typical IV isotherm indicated that
the catalysts preserved a uniform mesoporous structure
Fig. 2 N2 absorption–desorption curves and pore size distributio
(Salama et al., 2021a, 2021b). However, the shapes of hystere-
sis loops were somewhat different, implying various porous
structures. The isotherm of the So-OH catalyst displayed

H3-type hysteresis loop, indicating the existence of slit pores.
In contrast, hysteresis loops for So-NO and So-O catalysts
were H4-type, which was attributed to the narrow fissure hole.
n of CuAl2O4 spinel before (a, b) and after (c, d) the reaction.
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As presented in Table 1, The specific surface area of the cata-
lysts decreased in the following order:
SoAO > SoAOH > SoANO. The pore volume and the most

probable pore size of the So-OH catalyst were maximum,
reaching 0.15 cm3�g�1 and 30.3 nm, respectively, whereas those
of So-NO and So-O catalysts were similar, and their most

probable pore size was only 1/3 of So-OH. The results showed
that copper sources had a significant impact on the texture
properties. After the reaction, the texture properties of all cat-

alysts remained almost unchanged, indicating that the pore
structure of catalysts was steady during the reaction.

3.3. SEM characterization

Fig. 3 showed SEM images of different CuAl2O4 spinel cata-
lysts before the reaction. It can be seen that the dispersion of
the three catalysts was significantly different. The SoAOH cat-

alyst was homogeneously distributed with slightly agglomer-
ated, and the particle size was mainly less than 3 lm. The
agglomeration of the SoANO catalyst was severe with large

particles (>10 lm). The SoAO catalyst was homogeneous
and uniform with small particles (�3 lm).

Fig. 4 exhibited SEM images of different CuAl2O4 spinel

catalysts after the reaction. The particle size of the SoAOH
and SoAO catalysts increased after reaction due to the slight
sintering of the Cu0 particles during the reaction process. How-
ever, the particle size of the SoANO catalyst decreased and the

dispersion improved after reaction. It was speculated that this
phenomenon may be related with the decomposition of seri-
ously agglomerated CuAl2O4 spinel during the reaction, which

could gradually release high dispersion Cu species (Maiti et al.,
2016, Wan et al., 2016, Li et al., 2018, Liu et al., 2022a, 2022b).

3.4. TEM characterization

TEM images of different CuAl2O4 spinel catalysts before the
reaction were shown in Fig. 5. All catalysts were stacked in

irregular flakes. The diameter of So-OH [Fig. 5(a)] and So-
NO [Fig. 5(b)] catalysts were mainly distributed in the range
of 20 � 30 nm. Moreover, their accumulation was relatively
thin, and individual flakes can be observed. However, the

diameter of the So-O catalyst was small and primarily within
10 � 15 nm. Compared with So-OH and So-NO catalysts,
its accumulation was thick, and no single flakes appeared

[Fig. 5(c)], which was consistent with the SEM result that the
So-O catalyst was uniformly dispersed with small particles.

In the HRTEM, the So-OH catalyst [Fig. 5(a’)] exhibited

0.24 nm and 0.28 nm lattice spaces, which was ascribed to
CuAl2O4(311) and CuAl2O4(220) facet, respectively (Ding
et al., 2009). However, the So-NO [Fig. 5(b’)] and SoAO

[Fig. 5(c’)] catalysts only presented a lattice space of
0.28 nm, indicating that the copper source affected the facets
exposure of CuAl2O4 spinel.

3.5. H2-TPR characterization

Fig. 6(a) displayed the H2-TPR profiles of different CuAl2O4

spinel catalysts before the reaction. Three reduction peaks

were observed and named as a1 (170–220 �C), a2 (225–
280 �C), and b (290–470 �C), respectively. According to the
above XRD characterization, a1 was ascribed to the reduction
of highly dispersed free CuO species, a2 was assigned to the
reduction of free CuO species with large crystallite size, and
b was attributed to the reduction of CuAl2O4 (Luo et al.,

2005, Kwak et al., 2012, Hou et al., 2021). The molar percent-
age of CuO in all copper species [CuO/(CuO + CuAl2O4)] cal-
culated according to the reduction peak area ratio in the H2-

TPR spectra were 15.0 %, 30.5 % and 24.9 % for the So-
OH, So-NO and So-O catalysts, respectively (See Table 2).
The amount of CuO in the So-OH catalyst was the least

among the three catalysts. No CuO diffraction peaks were
observed in XRD characterization, indicating that CuO was
highly dispersed or amorphous. Meanwhile, it can be founded
that the molar percentage of CuAl2O4 in all copper species

[CuAl2O4/ (CuO + CuAl2O4)] was 85 %, 69.5 %, and
75.1 % in the So-OH, So-NO, and So-O catalysts, respectively,
indicating that the copper sources showed obvious influence on

the purity of the CuAl2O4 spinel.
The H2-TPR spectra of different CuAl2O4 spinel catalysts

after the reaction were shown in Fig. 6(b). Compared with

the catalysts before the reaction, the reduction peak of CuAl2-
O4 spinel around 360 ℃ disappeared, and the peak area of
about 200 ℃ obviously increased, indicating that the CuAl2O4

spinel was decomposed and reduced during the reaction. Agza-
mova et al. reported that CuAl2O4 spinel could decompose to
produce CuO and Al2O3 at 6 MPa, 800 ℃ (Agzamova et al.,
2020). In this work, based on XRD results, the CuAl2O4 spinel

decomposed at 4 MPa, 280 ℃ because the reaction atmosphere
(CO + H2) could accelerate the decomposition. In order to
distinguish from free CuO, the CuO produced by the CuAl2O4

spinel decomposition was named as the released CuO. Our pre-
vious work reported that CuO would be completely reduced to
Cu after heat-treated in liquid paraffin at 280 ℃ for 1 h (Fan

et al., 2013). Based on this result, it was reasonable to assume
that free CuO in the CuAl2O4 spinel catalysts was reduced to
Cu during 144 h reaction at 280 ℃ in liquid paraffin.

After peak fitting of Fig. 6(b), the reduction peaks around
200 ℃ can be classified into three peaks. Peak Ⅰ belonged to the
reduction of the released CuO. Compared with the reduction
of free CuO before the reaction, it could be seen that, after

the reaction, the reduction temperature of the released CuO
was shifted to a lower temperature, implying there existed a
difference between the structure of free CuO and released

CuO. It was reported that the CuAl2O4 spinel gradually
released CuO during the reaction, and the released CuO had
high dispersion and could avoid agglomeration (Maiti et al.,

2016, Wan et al., 2016, Li et al., 2018, Liu et al., 2022a,
2022b). Further studies will be needed to obtain the precise dif-
ference between the structure of free CuO and the released
CuO. Moreover, it can be seen from Fig. 6(b) that peak Ⅰ
did not appear for the So-OH catalyst, indicating the released
CuO could be further reduced to low valence copper species.
According to the XRD patterns [Fig. 1(b)] and Cu LMM spec-

tra [Fig. 7(c)], there existed Cu2O and Cu for So-OH catalyst
after the reaction. Hence, peak Ⅱ was assigned to the reduction
of highly dispersed Cu2O, and peak III corresponded to the

reduction of Cu2O with a good crystallite shape. It can be
founded that the reduction peaks of the released CuO and
highly dispersed Cu2O appeared for the So-NO and So-O cat-

alysts. As for the So-OH catalysts, the reduction peak of the
released CuO disappeared, and the reduction peaks of the
highly dispersed Cu2O and crystalline Cu2O appeared, illus-
trating that CuO released by the CuAl2O4 spinel decomposi-



Fig. 3 SEM images of different CuAl2O4 spinel before the reaction. (a, a’) So-OH; (b, b’) So-NO; (c, c’) So-O.

Fig. 4 SEM images of different CuAl2O4 spinel after the reaction (a, a’) So-OH; (b, b’) So-NO; (c, c’) So-O.
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tion was rapidly reduced. Hence, it can be concluded that the

CuAl2O4 spinel prepared by different copper sources possessed
various decomposition and reduction abilities during the reac-
tion. Specifically, the So-OH catalyst with the highest purity of

CuAl2O4 promoted the released CuO in the bulk phase com-
pletely reduced to low valence copper species, and Cu2O with
good crystallization appeared. While catalysts with lower pur-

ity of CuAl2O4 resulted in part of the released CuO not being
timely reduced and no crystalline Cu2O formed.
3.6. XPS characterization

To further explore the changes in the chemical valence state

and existing forms of the elements over the catalyst surface
before and after the reaction, the catalysts were characterized
by XPS. As shown in Fig. 7(a), all catalysts before the reaction
displayed shake-up satellite peaks between 941 � 943 eV, indi-

cating the existence of Cu2+ on the catalyst surface. After peak



Fig. 5 TEM and HRTEM images of different CuAl2O4 spinel before the reaction. (a, a’) So-OH; (b, b’) So-NO; (c, c’) So-O.

Fig. 6 H2-TPR profiles of different CuAl2O4 spinel before (a) and after (b) the reaction.

Table 2 The molar percentage of different copper species.

Catalyst Before reaction(bulk)a Before reaction(surface)b After reactionc

CuO(%) CuAl2O4(%) CuO(%) CuAl2O4(%) Cu+(%) Cu0(%)

So-OH 15.0 85.0 23.4 76.6 93.1 6.9

So-NO 30.5 69.5 31.0 69.0 91.4 8.6

So-O 24.9 75.1 58.9 41.1 83.5 16.5

a The data was calculated by the reduction peak area ratio in the H2-TPR before reaction.
b The data was obtained by the peak area ratio of Cu 2p3/2 before reaction.
c The data was acquired by the peak area ratio of Cu LMM.

Effect of copper source on the structure–activity of CuAl2O4 7



Fig. 7 XPS spectra of different CuAl2O4 spinel before (a) and after (b, c) the reaction.
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fitting, the binding energies of Cu 2p3/2 located at 934.8 eV and
933.4 eV were attributed to CuAl2O4 and CuO, respectively
(Severino et al., 1998). The molar percentage of CuAl2O4 on

the catalyst surface calculated by the area ratio of Cu 2p3/2 fol-
lowed the order: So-OH > So-NO > So-O (See Table 2).
Moreover, compared with the molar percentage of CuAl2O4

in catalyst bulk, that of CuAl2O4 on the catalyst surface over
the So-OH and So-O catalysts decreased by 8.4 % and
34.0 %, respectively. But the molar percentage of the So-NO

catalyst was almost the same. It can be concluded that differ-
ent copper sources brought a profound influence on CuAl2O4

enrichment degree.
The XPS spectra of different CuAl2O4 spinel after the reac-

tion were shown in Fig. 7(b). After peak fitting, the Cu 2p3/2
exhibited two peaks with the binding energy at 932.4 eV and
934.6 eV. Owing to the absence of shake-up satellite of

Cu2+, the peak located at 932.4 eV was attributed to Cu+

or Cu0, which was further corroborated by the X-ray excited
Auger electron spectroscopy spectra of Cu LMM [see Fig. 7

(c)]. The peaks at 916.7 eV and 918.8 eV were assigned to
Cu+ and Cu0, respectively (Dai et al., 2001, Faungnawakij
et al., 2009, Sun et al., 2020). As shown in Table 2, there were
differences in the Cu+/Cu0 ratio on the catalyst surface, fol-
lowing the order: So-OH > So-NO > So-O, which was simi-
lar to the molar percentage of CuAl2O4 on the catalyst surface.
Thus, it can be concluded that a higher CuAl2O4 enrichment

degree favored the formation of more Cu+ on the catalyst sur-
face. It was worth noting that the CuO reduction peak was
observed in the H2-TPR profiles of the So-NO and So-O cat-

alysts after the reaction, but the binding energy peak of CuO
did not appear in Cu 2p3/2, illustrating that CuO on the cata-
lyst surface was easy to be reduced to Cu+ or Cu0, while CuO

in the catalyst bulk was more difficult to be reduced, in other
words, the Cu2+ mainly existed in the bulk phase. The peak
located at 934.6 eV corresponded to CuAl2O4, indicating part
of CuAl2O4 spinel was not completely decomposed during the

reaction. Moreover, the enrichment of Cu+ over the catalyst
surface after the reaction caused the binding energy of the
CuAl2O4 spinel was slightly shifted towards the low binding

energy (Faungnawakij et al., 2009).
3.7. Activity evaluation result

Fig. 8 presented the activity evaluation results of different
CuAl2O4 spinel catalysts for CO hydrogenation. The carbon



Fig. 8 CO conversion, product selectivity (a) and alcohol distribution (b) of different CuAl2O4 spinels.
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balance of all catalysts was higher than 85 %. It can be seen

from Fig. 8(a) that the copper source obviously affected the
catalytic activity. The CO conversion of the catalysts followed
the sequence of So-OH < So-NO < So-O. Combined with

XPS characterization, it was found that the higher CuAl2O4

enrichment degree on the catalyst surface, the lower CO con-
version. Moreover, more Cu0 in the catalysts resulted in higher
CO conversion. The reason may be that the presence of a

higher amount of free CuO on the catalyst surface can be
played a role as an initiator to promote more CuAl2O4 to be
decomposed and reduced to Cu0. The Cu0 was considered as

the active site for CO activation and H2 dissociation and
adsorption (Liu et al., 2017a).

Without considering CO2, the total selectivity of dimethyl

ether and alkane for the three catalysts was over 85 %. The
highest selectivity of dimethyl ether reached 59.9 %, while
the highest total alcohols selectivity was only 14.4 %. The

selectivity of dimethyl ether followed the order: So-OH < So-
NO < So-O, which was consistent with the order of the Cu0

content of the catalyst surface after the reaction. According
to the above characterization, the CuAl2O4 spinel can be

decomposed and reduced to Cu0 and c-Al2O3 during the reac-
tion. Cu

0 was the active site for methanol synthesis, and c-
Al2O3 was the traditional methanol dehydration catalyst.

The intense interaction between Cu0 and c-Al2O3 favored the
production of dimethyl ether. Moreover, with the selectivity
of dimethyl ether increasing, the alkanes selectivity showed a

downward trend. It was reported that the -CHxO intermediate
was formed during the CO hydrogenation, and then -CHxO
can be directly hydrogenated to methanol, which can be fur-
ther dehydrated to dimethyl ether. Besides, -CHxO can also

be polarized and deoxygenated by Cu+ to form -CHx and then
hydrogenated to alkanes (Gong et al., 2012, Wang et al., 2015,
Li et al., 2017). Therefore, the competitive relationship

between dimethyl ether and alkanes existed.
As shown in Fig. 8(b), the alcohol distribution of the three

catalysts was significantly different. C2+OH fraction reached

31.1 % for the So-OH catalyst, but only 3.1 % for the So-
NO catalyst. According to the literature reports, the synergistic
effect of Cu0 and Cu+ promoted the synthesis of C2+OH (Zuo

et al., 2014, Liu et al., 2017b, Guo et al., 2022, Jia et al., 2022).
The more Cu+ were favorable to polarize CAO in -CHxO,
making it break and increase the content of -CHx. The CO*

generated by Cu0 activation combined -CHx to generate -
CHxCO, and then hydrogenated to C2+OH. In this work,
the Cu+/Cu0 ratio on the catalyst surface was 13.49, 10.63

and 5.06 for So-OH, So-NO, and So-O, respectively, which
was not the same order for the C2+OH fraction. Thus, it
can be shown that the Cu+/Cu0 ratio was not the only factor
in improving the C2+OH fraction. Combined with the texture

characterization of the catalysts, the So-OH catalyst showed a
different pore structure compared with the other two. Mean-
while, its pore volume and pore size were maximum. It was

reported that the larger pore size was conducive to the diffu-
sion of syngas, and the much more pore volume helped to
reduce the space restriction and facilitate the growth of the car-

bon chain (Liu et al., 2012, Gao et al., 2017). It can be con-
cluded that the catalysts with higher Cu+/Cu0 ratio and
larger pore volume and pore size favored the formation of

higher alcohols.
4. Conclusions

In the paper, the structure of CuAl2O4 spinel was regulated by
different copper sources using the solid-phase method. Charac-
terization results showed that the CuAl2O4 spinel was gradu-
ally decomposed to CuO and Al2O3 during the reaction for

CO hydrogenation. It was discovered that the CuAl2O4 spinel
structure relied highly on the copper sources. The difference in
surface enrichment degree resulted in dissimilar decomposition

and reduction ability of the CuAl2O4 spinel, which will further
tune the ratio of Cu+/Cu0 and thus change the alcohol distri-
bution of CO hydrogenation. The CuAl2O4 spinel, selecting

copper hydroxide as the copper source, possessed a large pore
size and much more pore volume. Moreover, the highest
enrichment degree of CuAl2O4 spinel promoted the reducibil-

ity of the released CuO, which favored the formation of more
Cu+ on the catalyst surface. Activity evaluation results sug-
gested the higher ratio of Cu+/Cu0 with larger pore size and
pore volume was conducive to enhancing the chain growth

and promoting C2+OH selectivity. Meanwhile, the synergistic
effect between Cu0 and c-Al2O3 improved the selectivity of
dimethyl ether. In contrast, the catalysts using copper nitrate
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and copper oxide as copper sources had a relatively smaller
pore size and pore volume, and much more Cu0 on the catalyst
surface, facilitating the formation of methanol and dimethyl

ether. The research of this paper will provide a new strategy
to regulate the ratio of Cu+/Cu0 and texture property by
changing the structure of the CuAl2O4 spinel, thus achieving

different product distribution for CO hydrogenation.
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