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Abstract Excellent CO2 hydrogenation activity results were obtained on Cu-Zn-Al-K (CZA-K)

catalyst with 10% of CO2 conversion and 98% of methanol selectivity at 220 �C. The CZA-K cat-

alyst was precipitated by using 4 M K2CO3/KOH solution. For comparison purpose, CZA-Na and

CZA catalysts were synthesized by using 4 M solutions of Na2CO3/NaOH and (NH4)2CO3/NH4OH

respectively. Characterization of these catalysts was done by using BET-poresize, XRD, FTIR-

DRIFTs, high pressure-TPR, CO2-TPD-mass, XPS and HAADF-STEM-EDX techniques. Among

the catalysts studied maximum methanol space time yield of 14.4 mmol�gcat� �h� was obtained on

CZA-K at 240 �C with 2400 h� GHSV of CO2/H2 mole ratio equals to 1:4. Greater methanol yield

was associated with superior surface Cu+/Cu0 content in CZA-K was obtained through K2CO3/

KOH precipitation. Further, FTIR-DRIFTs spectra suggests the interaction of CO2 with the potas-

sium existed in the CZA framework (0.65% K, EDX) led to the formation of KAOA(CO)AO sur-

face species. To some extent, CO2 dissociation to CO and subsequent CH4 formation was limited by

this species in presence of H2. At 240 �C, steady catalytic activity was observed for 100 h of contin-

uous operation on CZA-K. It was associated with fewer carbon deposits formation and segregated

active metals in CZA-K catalyst. The decreasing order of CO2 hydrogenation activity at 240 �C
with 3.0 MPa feed-gas pressure as follows: CZA-K (14% CO2 conversion and 96% methanol

selectivity) > CZA-Na (11% and 94%) > CZA (9% and 92%).
� 2020 The Authors. 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

Industrial methanol production is mainly associated with cat-
alytic hydrogenation of CO by using Cu-ZnO-Al2O3 type cat-

alyst. However, the industrial Cu-ZnO-Al2O3 catalyst was not
very active for CO2 hydrogenation reaction (Hansen et al.,
2008). Utilization of bulk CO2 to useful chemicals addresses

the greenhouse gas effect on the environment to some extent
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(Prapatsorn and Aroonsri, 2019). Hydrogenation of CO2 using
a suitable catalyst is one of the route to produce useful chem-
icals such as methanol, C2-C4 olefins and DME (Xiao et al.,

2020; Samrand et al., 2014; Enrico et al., 2018). Further, to
improve the catalytic performance of Cu-Zn-Al catalyst in
CO2 hydrogenation reaction, different Cu loadings, prepara-

tion methods and metal promoters were extensively studied
(Chiang et al., 2018; Raudaskoski et al., 2007; Köppel et al.,
1998; Choi et al., 2001; Carnes and Klabunde, 2003; Dı́ez-

Ramı́rez et al., 2017; Chunjie et al., 2015). To the best of our
knowledge, methanol selectivity was reported as maximum
as 90–97% on Cu-Zn-Al or Cu-Zn-Al-Zr catalysts with 10–
15% of CO2 conversion (Chen et al., 2020; Wang et al.,

2017; Gao et al., 2015; Gao et al., 2012; Shuo et al., 2017).
In our previous research work, gold promoted Cu-Zn-Al cata-
lysts were studied for CO2 hydrogenation reaction. Further,

gold played a vital role in suppressing the reverse water gas
shift reaction and there by achieved 80% of methanol selectiv-
ity with 20% CO2 conversion at 240 �C with 7000 h� GHSV of

CO2/H mole ratio equals to 1:6 (Pasupulety et al., 2015a,
2015b). However, only 10 h of steady catalytic activity was
observed on Au-Cu-Zn-Al catalyst. On the other hand, pro-

motional effect of potassium was reported for CO hydrogena-
tion to oxygenates reaction (Sharif et al., 2017). Greater
oxygenates selectivity was attributed to associative CO inser-
tion in ACHx species on K-Mo2N catalyst. Based on this expe-

rience we wanted to study the influence of potassium for CO2

hydrogenation reaction. Hence, the conventional Cu-Zn-Al
ternary oxide catalyst was selected wherein considerable

amount of CO byproduct formation was well documented
due to CO2 dissociation in the presence of hydrogen on this
catalyst (Binglian et al., 2019; Djaouida et al., 2019). The pri-

mary assumption was K existence in Cu-Zn-Al framework
may promote the associative CO2 hydrogenation process to
methanol.

Therefore, Cu-Zn-Al catalyst was synthesized by using 4 M
K2CO3/KOH solution with Cu-Zn-Al mole ratio of 1:1:1. For
comparison purpose, CZA-Na and CZA catalysts were synthe-
sized by using 4 M solutions of Na2CO3/NaOH and (NH4)2-

CO3/NH4OH respectively. The unwashed catalyst powders
were calcined at 400 �C for 5 h in static air and the resultant
catalyst was denoted as CZA-K cal or CZA-Na cal etc.

STEM-EDX and XRF analysis was used to quantify the alkali
content present in the CZA catalysts. The main objective of
this work is to understand the possible structure–activity cor-

relation of CZA catalyst with alkali content (K or Na) studied
for CO2 hydrogenation reaction at 220–250 �C with 2400 h�

GHSV of CO2/H2 mole ratio equals to 1:4.

2. Experimental

2.1. Catalyst preparation

CuZnAl samples were synthesized by using traditional copre-
cipitation method with Cu/Zn/Al mole ratio of 1:1:1. In a

typical procedure, 0.1074 mol of Cu(NO3)2�3H2O (Panreac,
98%), 0.1074 mol Zn(NO3)2�6H2O (Aldrich, 99%) and
0.1074 mol Al(NO3)3�9H2O (Panreac 98%) were dissolved

in deionized water for preparation of a 2 M solution (Solu-
tion 1). Solution 2 was prepared by dissolving K2CO3

(0.203 mol) (CDH, 98%) and KOH (0.7406 mol) (CDH,
98%) in deionized water for 4 M solution. Solution 2 was
added into solution 1 drop wise under constant stirring con-
dition. The precipitation continued until pH of the solution

reached 11. Then the mixture was stirred for 30 min after
the base addition and the precipitate was aged at 70 �C for
18 h. Further, the suspension was filtered and the solid resi-

due was seperated. The wet solid was dried at 110 �C for
overnight to obtain the CZA-K catalyst. Identical procedure
was followed for the synthesis of CZA-Na and CZA catalysts

by using 4 M solutions of Na2CO3/NaOH and (NH4)2CO3/
NH4OH respectively. The resultant dried solids were calcined
at 400 �C for 5 h under static air.

2.2. Characterization of samples

All the calcined and spent CZA samples were characterized by
using the following techniques.

BET surface area-poresize analysis was done by using
Quantachrome Nova Station (USA). The samples were pre-
treated under vacuum for 2 h at 150 �C. XRD analysis was

done by using EQUINOX 1000 Inel XRD machine at Co
Ka = 1.7902 Å with acquisition of 2h from 10� to 110�. X-
ray Fluorescence (XRF) analysis was carried out using AMP-

TEK XRF Kit in Equinox 1000 (France) system and was oper-
ated at 100 kV and 30 mA. XPS analysis was done by using
SPECS GmbH analysis system containing Mg Ka 1253.6 eV
X-ray source and the samples binding energy (BE) was

attained by using C1s 284.8 eV correction.
CO2-TPD analysis was done by using micromeritics Auto-

Chem HP 2950 V3.02 instrument. The mass spectral data was

obtained by using ThermoStarTM GSD 320 quad core mass
spectrometer. The m/z values followed were: m/z = 18
(H2O), m/z = 28 (CO) and m/z = 44(CO2). In a typical exper-

iment, calcined samples of 150 mg each was placed in a quartz
tube and pretreated at 200 �C in He flow (50 cm3 min�1) for
1 h. Subsequently, the temperature of the sample was brought

to 40 �C and saturated with 10% CO2-He for 1 h. Then, the
sample was purged with He flow (50 cm3 min�1) for 1 h.
Desorption of CO2 was performed over the temperature range
of 75–400 �C at a ramping rate of 10 �C min�1. Desorption

stream was analyzed simultaneously by using a TCD and mass
detector through an automated split valve. HAADF-STEM-
EDX images were collected on Tecnai 200 kV D1234 Super-

Twin microscope with camera length of 97 cm. TG analysis
was carried out on STA-449 F3, NETZSCH instrument by
using 20 mg of spent sample loading.

Insitu DRIFTs analysis was carried out using
BrukerTensor-II FTIR spectrometer equipped with DLATGS
detector, Harrick praying mantis with high temperature and
high pressure reaction chamber (4 mm thick ZnS windows

(�6 MPa)). Approximately 0.1 g of catalyst was loaded and
it was reduced at 300 �C for 2 h under the flow of H2

(20 cm3 min�). Subsequently, the chamber flushed with argon

gas for 1 h. Then the reaction feed-gas (CO2/H2 = 1:4 mol
ratio) was introduced into the chamber with an applied pres-
sure of 3.0 MPa and collected the sample data.

High pressure temperature programmed reduction (HP-
TPR) of the calcined CZA samples (0.150 g) were studied using
10% H2–Ar mixture gas (50 cm3 min�) at 3.0 MPa applied

pressure by using micromeritics AutoChem HP 2950 V3.02
instrument at a ramping rate of 10 �C min�.
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2.3. Activity tests

Catalytic activity tests were performed using PID Eng & Tech
micro reactor equipped with gas flowmeters and temperature
controllers. These tests were carried out in the temperature

range of 220–250 �C at 2400 h� GHSV of CO2/H2 mole ratio
equals to 1:4 and 3.0 MPa applied pressure. For example, 0.5 g
of calcined catalyst was loaded into a stainless steel (SS) tube
reactor and subsequently catalyst was treated with hydrogen

gas (20 cm3 min�) at 300 �C for 2 h. Further, the reactor tem-
perature was set back to 220 �C and purged with nitrogen gas.
After attaining the steady state at set temperature, CO2/H2

feed gas was introduced into the reactor to attain the required
pressure. The reaction stream at each temperature directed to
Agilent 7890A GC equipped with TCD detector with Restek

Plot Q column for CO2 and CO evaluation and FID detector
with HP Plot Q column for methane and methanol estimation.
The CO2 conversion (%X CO2), methanol selectivity (%S

MeOH) and methanol space time yield (STY, mmol. gcat
� .

h�) calculated using following equations. The calibrated
results were reproducible with in the sample standard devia-
tion of ± 0.1%.

% X CO2 ¼ ðInitial moles of CO2� Final moles of CO2Þ
Initial moles of CO2

� 100

% S MeOH ¼ Methanol moles

ðInitial moles of CO2� Final moles of CO2Þ
� 100

STY MeOH ¼
%X CO2

100

� �� %S MeOH
100

� �� ðGHSVÞ
22:4
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Fig. 2 Catalytic activity results of CZA catalysts at CO2/H2 (1:4)

GHSV 2400 h� and 3.0 MPa.
3. Results and discussion

3.1. Influence of CO2/H2 mole ratio on methanol space time
yield

The CO2 to H2 mole ratio in the present study was varied
between 1:3 and 1:5 and the obtained results on CZA-K at

2400 h� GHSV and 240 �C are presented as Fig. 1. Methanol
yield was found low at 1:3 CO2/H2 ratio (12.2 mmol�gcat� �h�),
on the other side, maximum methanol yield was obtained at

1:5 CO2/H2 ratio (14.8 mmol�gcat� �h�). It is obvious from the
results that sluggish improvement in the methanol yield was
observed from 1:4 CO2/H2 mole ratio to 1:5. The results sug-
gest that at 1:3 ratio the partial pressure of H2 was low while

at 1:5 ratio the CO2 partial pressure was low to improve the
methanol formation at 2400 h� GHSV. Hence, the optimum
mole ratio of CO2/H2 was found to be around 1:4 on CZA-

K catalyst and it was used for further studies.

3.2. Catalytic activity studies

Catalytic activity results of CZA catalysts are presented as
Fig. 2. Activity studies were carried out in the reaction temper-
ature range of 220–250 �C under 3 MPa applied pressure of

CO2/H2 feed-gas (1:4 mol ratio) with 2400 h� GHSV. Among



10 20 30 40 50 60 70 80 90 100

Time (h)

%
 C

O 2 c
on

ve
rs

io
n

5

10

15

85

90

95

100
CZA-K

CZA-Na

CZA

CZA

CZA-Na

%
 M

ethanol selectivity

CZA-K

Fig. 3 CZA catalysts stability test at 240 �C with CO2/H2 (1:4)

GHSV 2400 h� and 3.0 MPa.

4 N. Pasupulety et al.
the studied catalysts, the maximum CO2 conversion of 16%
was obtained on CZA-K at 250 �C. On the other hand, only
13 and 12% of CO2 conversion was obtained on CZA-Na

and CZA catalysts respectively at this temperature. Further,
maximum methanol selectivity of 98% was obtained on
CZA-K with 10% CO2 conversion at 220 �C. Methanol selec-

tivity of studied catalysts was decreased about 5 to 7% with
increase in the reaction temperature from 220 to 250 �C.
Besides, selectivity of CO and CH4 was slightly increased with

increase in the reaction temperature. At 240 �C, 96% methanol
selectivity with 14% of CO2 conversion was observed on CZA-
K catalyst. Whereas, only 11 and 94% followed by 9 and 92%
CO2 conversion and methanol selectivity was observed on

CZA-Na and CZA catalysts respectively at this temperature.
The greater catalytic activity of CZA-K was attributed to its
greater reduced surface copper content (0.42%) followed by

CZA-Na (0.30%). For comparison purpose, CZA-K washed
catalyst activity was also studied under identical reaction con-
ditions. However, the CO2 conversion and methanol selectivity

was decreased to 11.5 and 92% respectively at 240 �C. The
results are in agreement with FTIR-DRIFTs data wherein
intense CO formation was observed on CZA-K washed cata-

lyst over unwashed one. Moreover, FTIR-DRIFTs spectra
suggests the interaction of CO2 with the potassium existed in
the CZA framework led to KAOA(CO)AO species formation.
To some extent, CO2 dissociation to CO and subsequent CH4

formation was limited by this species in presence of H2. Resid-
ual sodium effect on the catalytic activity of Cu-Zn-Al in
methanol synthesis using CO2 and H2 was reported by Jun

et al. (1998). Lower CO2 hydrogenation activity on this cata-
lyst was attributed to low Cu dispersion and non-facile reduc-
tion of CuO phase in the presence of residual sodium. In

contrast, we have observed very good CO2 hydrogenation
activity on our lab synthesized CZA-Na catalyst studied under
similar reaction conditions. The major differences between Jun

et al., and the present study as follows: (i) Jun et al., studied the
lower mole ratio of Zn and Al in Cu-Zn-Al catalyst (1:0.8:0.15)
whereas, Cu-Zn-Al mole ratio in this study was 1:1:1 (ii) The
precipitation of CZA-Na was done at pH = 7, on the other

hand, we precipitated at pH = 11 (iii) CZA-Na catalyst was
air calcined at 350 �C for 12 h, whereas, we calcined our cata-
lyst at 400 �C for 5 h in static air (iv) the overall reducibility of

our CZA-Na catalyst was about 95% and copper metal area
was about 18.0 m2/g versus 1.0 m2/g.

Fig. 3 demonstrates time on stream results on CZA cata-

lysts at 240 �C with CO2/H2 (1:4 mol ratio) feed-gas pressure
of 3.0 MPa and 2400 h� GHSV. Steady catalytic activity
was observed for 100 h of continuous operation on CZA-K
catalyst with 14% of CO2 conversion and 96% of methanol

selectivity. On the other hand, CZA-Na and CZA catalysts
showed steady CO2 hydrogenation activity for 54 and 36 h
respectively. Further, a slight decrease in the activity results

was associated with carbon deposits formation on the active
sites of CZA-Na and CZA catalysts observed through TGA
studies (Table 1, Fig. S4). In addition, the particle size of spent

CZA (60–120 nm) and CZA-Na (50–100 nm) catalysts found
high over CZA-K (20–40 nm) suggests that sintering of active
metal could be another reason for their low catalytic activity.

Hence, CZA-K is a promising catalyst for mass production
of methanol from CO2 and H2. Further, detailed catalyst char-
acterization was reported and possible structure–activity corre-
lation was discussed.
3.3. XRD analysis

Powder X-ray diffraction patterns of calcined and spent CZA

catalysts were obtained by using Co (Ka = 1.7902 Å) source
are presented as Fig. 4. All the calcined samples showed a
broad X-ray pattern in the 2h range between 40 and 45� with
X-ray reflection maxima at 2h = 42.7� which suggests the exis-
tence of Cu2O and CuO phases. However, CuO phase was
prominent in CZA-Na calcined sample over other two CZA
calcined samples. On the other hand, spent CZA catalysts

principally demonstrated metallic copper and Cu2O phases.
Furthermore, c-Al2O3 phase was observed at 2h = 65.7, 67.2
and 82.1� for CZA-Na and CZA spent samples. The results

suggest that small sized metallic copper and Cu2O crystals
were obtained for CZA-K catalyst through K2CO3/KOH
precipitation.

3.4. High-pressure TPR studies

Reducibility of CZA calcined samples were studied under high

pressure (3 MPa) of 10% H2-Ar probe gas and the obtained
profiles were presented as Fig. 5. A wide range of TCD signal
was observed in the reduction temperature range between 175
and 340 �C for all the three CZA samples. Further, reduction

peak temperature maximum (Tmax) at 240 or 260 �C was asso-
ciated with the reduction of dispersed and or isolated CuO to
Cu2O in CZA ternary oxide.

The sharp reduction profile of CZA-Na sample suggests the
existence of relatively large sized CuO crystals over other two
samples. On the other hand, a broad reduction profile in the

temperature range between 260 and 350 �C for CZA-K sample
suggests the continuous process of Cu2O reduction into metal-
lic copper. TPR results are in agreement with XRD results
wherein, broad X-ray reflections were obtained for CZA-K

sample. Furthermore, higher reducibility (95%) was observed
for CZA-Na sample compared to CZA-K (70%) and CZA
(63%) samples. No ZnO reduction was observed in these sam-

ples upto 350 �C of HP-TPR. We have also performed ambient
pressure TPR experiments for these samples and observed a



Table 1 BET surface area, H2-TPR and CO2-TPD data for CZA samples.

Catalyst BET surface area

m2 g�
Pore volume

cc g��
HP TPR

mmol gcat
�

CO2-TPD

mmol gcat
�

TGA % mass loss*

CZA-Na 56.0 0.105 4047.0 18.0 13.5

CZA-K 50.0 0.243 3627.0 22.0 10.3

CZA 49.0 0.121 3258.0 19.0 20.0

* Supplementary Fig. S4.
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similar reduction pattern, however, the TPR profiles was

shifted to higher side of the temperature scale by 10–20 �C.

3.5. CO2-TPD-mass analysis

CO2-TPD-mass analysis results of CZA samples are presented
as Fig. 6. It is obvious that a broad desorption of CO2 in the
temperature range between 100 and 275 �C was observed with

peak Tmax at 145 �C for CZA-Na and CZA-NH3 samples. On
the other hand, a broad CO2 desorption peak in the tempera-
ture range between 75 and 300 �C was observed for CZA-K

sample with Tmax at 110 and 145 �C. According to Kai
et al. (2018) CO2 can adsorb on potassium in Mg-Al-K hydro-
talcites at lower adsorption temperatures. Further, Pasupulety
et al. (2015a, 2015b) reported a CO2 desorption peak at 130 �C
for C2ZA sample and attributed to linear mode of CO2 sorp-
tion on metallic copper. In the present study, the CO2 desorp-
tion observed at Tmax equals to 110 �C was attributed to K

interacted CO2 in CZA-K sample. Further, CO2 interacted
with metallic copper was desorbed at Tmax equals to 145 �C
in all the three samples. The decreasing order of CO2 desorp-

tion capacity (Table 1) as follows: CZA-K (22.0 mmol gcat
� ) >

CZA (19.0 mmol gcat
�) > CZA-Na (18.0 mmol gcat

� ). Hence,
the results suggest that the potassium presence in the CZA
framework improved the sorption capacity of CO2 for CZA-

K sample and there by influenced the CO2 hydrogenation
activity.
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3.6. FTIR-DRIFTs studies

FTIR-DRIFTs studies on CZA-K catalyst was carried out at
different chamber temperatures under CO2/H2 atmosphere
(1:4 mol ratio) at 3.0 MPa pressure and the results are pre-

sented as Fig. 7A. All the spectra were collected for 2 h. No
methoxy (AOCH3) species was detected on this catalyst upto
180 �C. However, at 180 �C, symmetric and asymmetric vibra-
tions of bidentate carbonate species were observed at 1360 and

1600 cm�1 respectively. These carbonate vibrations were inten-
sified with increase in the chamber temperature from 180 to
240 �C. Further, at 220 and 240 �C weakly intensified new

bands were appeared at 2100 and 3000 cm�1 respectively cor-
responds to CO and hydrocarbons. It is well established that
CO formation was due to the reverse water gas shift reaction

under the studied conditions. These type of surface carbonate
intermediates were reported on K promoted hydrotalcites by
Kai et al. (2018). After 2 h of CO2 hydrogenation reaction

on CZA-K at 3 MPa, the gas flow was switched to argon
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(20 cm3 min�) under ambient pressure at 240 �C to see the
existing surface intermediates on this catalyst (brown line,

Fig. 7A(g)). Essentially four signals were detected at 1360,
1420, 1580 and 2380 cm�1 respectively corresponds to symmet-
ric bidentate carbonates, K interacted carbonates (KAOA
(CO)AO), asymmetric bidentate carbonates (slightly shifted
to lower frequency in the absence of water vapor) and CO2-
AH2 vibrations in argon gas flow. The carbonates formation
on K is in agreement with CO2-TPD-mass analysis data

wherein low temperature (Tmax = 110 �C) CO2 sorption
was observed for CZA-K sample. Under different gas atmo-
spheres and chamber temperatures negligible variation in the

formation of symmetric bidentate carbonates over asymmetric
bidentate carbonates was observed on CZA-K. Hence,
assymmetric bidentate carbonates were active and

converting into methoxy species to methanol. According to
Wang et al. (2020) bicarbonates were more active in the pres-
ence of water vapor and transformed into methanol via for-

mate intermediate on Cu-ZnO-ZrO2 catalyst. For
comparison purposes, we have carried out the DRIFTs analy-
sis on CZA-K washed catalyst to find out the role of K in the
formation of methanol under identical reaction conditions

(dark yellow line, Fig. 7A(f)). It is noteworthy that, K washed
catalyst demonstrated relatively higher CO intermediate for-
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mation with considerable methoxy species. The results suggest
that K presence in the CZA framework playing a vital role in
methanol formation on CZA-K catalyst via KAOA(CO)AO

species.
The time resolved transient DRIFTs spectra on CZA-K

catalyst at 240 �C under CO2-H2 feed-gas pressure of

3.0 MPa is presented as Fig. 7B. Apart from CO2-H2 vibra-
tions, new bands corresponds to AOCH3, mono, bi-dentate
carbonates, ACO and -C-H vibrations were detected on

CZA-K catalyst. It is noteworthy that, a slight improvement
in the relative intensity of ACO and AOCH3 species was
observed on this catalyst at different time intervals. The results
(b)

100 nm

(a)

(d)

Fig. 9 HAADF-STEM-EDX analysis of spent CZA samples (a) CZA

and (e) CZA-K EDX; (c) CZA-Na HAADF image (f) CZA-Na EDX
indicate the steady formation of AOCH3 and mono, bi-dentate
carbonate intermediates on CZA-K catalyst for12h duration.
In addition, DRIFTs spectra obtained on CZA-Na and CZA

catalysts were presented as supplementary Fig. S1. Relatively
higher CO formation was observed for these catalysts com-
pared to CZA-K at 240 �C under 3.0 MPa CO2/H2 (1:4) feed

gas pressure.

3.7. BET surface area and pore size distribution

BET surface area and poresize distribution results of spent
CZA samples are presented as Fig. 8(a), (b) and Table 1. All
50 nm

(c)

(e)

(f)

HAADF image and (d) CZA EDX; (b) CZA-K HAADF image

.
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the three samples exhibited type-IV isotherm with H4 hystere-
sis loop (Fig. 8a). Loop H4 often associated with narrow slit
like pores (Sing et al., 1985) in studied samples. However,

CZA-Na and CZA samples illustrated hysteresis loop starting
from P0 = 0.4 to 1, whereas, hysteresis loop was observed
from P0 = 0.8 to 1 in CZA-K sample. Among the studied cat-

alysts, greater BET surface area was observed for CZA-Na
(56.0 m2 g�) followed by CZA-K (50.0 m2 g�) and CZA sam-
ple (49.0 m2 g�).

It is obvious from the poresize distribution graph in Fig. 8b
that micro (<2 nm) and mesopores (2–7 nm) were dominant in
CZA-Na and CZA samples. On the other hand, mespores in
the pore width range of 2 to 7 nm were diminished for CZA-

K sample. However, mesopores in the pore width range
between 23 and 32.5 nm with pore width maximum of
28.5 nm were observed in potassium sample. The decreasing

order of estimated pore volume for these samples as follows
(Table 1): CZA-K (0.243 cc g�) > CZA (0.121 cc g�) >
CZA-Na (0.105 cc g�). The results suggest that different pre-

cipitating agent used in the synthesis of CZA samples yielded
different pore width and BET surface area.

3.8. HAADF-STEM-EDX studies

HAADF-STEM technique was used to identify the particle
shape /size in spent CZA, CZA-K and CZA-Na catalysts
and the images are depicted in Fig. 9. Irregular shaped parti-

cles with 60–120 nm size was observed for spent CZA sample
(Fig. 9(a)). The corresponding EDX analysis revealed Cu, Zn
and Al elements (Fig. 9(d)) in CZA sample. No nitrogen

related EDX signals were detected in CZA sample. The result
suggests that CZA precipitation with (NH4)2CO3/NH4OH
volatizes nitrogen residues during the calcination and or CO2

hydrogenation process. On the other hand, two types of parti-
cles with platelet shape and tetragonal shape were obvious in
Fig. 9(b). The focused beam EDX analysis of bulk tetragonal

particles revealed Al as a main component. Whereas, the pla-
telet particles were mainly associated with Cu and Zn elements
948 946 944 942 940 938 936 934 932 930 928

CZA

CZA-K

CZA-Na

C
PS

 (a
U

)

(a)

Cu2+ satilite

Cu2+

Cu0/Cu+

Cu 2p3/2

Binding energy (eV)

Fig. 10 XPS and Auger anal
with approximate length of 20–40 nm and the width of 2–5 nm.
It is noteworthy that, potassium was found in the platelet par-
ticles of CZA upon careful EDX scanning (Fig. 9(e)). Further,

The EDX analysis quantification of spent CZA-K sample as
follows: Cu = 17.35 atm.%, Zn = 15.0 atm.%, Al = 21.0 at
m.%, O = 46.0 atm.%, and K = 0.65 atm.%. Fig. 9(c) image

revealed spherical particles about 50–100 nm size in Spent
CZA-Na sample. The EDX analysis of CZA-Na revealed
mainly Cu, Zn and Al elements. However, Na signal was

masked by Cu and Zn EDX signal and it was not possible
to quantify the Na content through this technique. Hence,
Na content in spent CZA-Na sample was estimated through
XRF technique as 0.60%.
3.9. XPS studies

XPS analysis of spent CZA samples are presented as Fig. 10.

XPS results of Cu 2P3/2 orbital was depicted in Fig. 10a.
Two peaks were observed at 935.0 and 933.0 eV after deconvo-
lution of Cu 2P3/2 orbital corresponds to Cu2+ oxidation state

related to CuO crystals and Cu1+/Cu0 oxidation state was
ascribed to Cu2O/metallic copper (Pasupulety et al., 2015a,
2015b) in studied samples. However, the extent of the copper

species on the surface was varied with respect to precipitating
agent used in synthesis of these catalysts. The decreasing order
of surface Cu1+/Cu0 species as follows: CZA-K (0.42 atm.%)
> CZA-Na (0.30 atm.%) > CZA (0.23 atm.%). Auger anal-

ysis of Zn was depicted in Fig. 10b. Principally Zn2+ species
exhibited on the surface with minor portion of metallic zinc
due to the partial reduction of ZnO at 987.4 and 991.0 eV

respectively.
In addition, CO2 hydrogenation activity of CZA-K catalyst

was compared to literature reports studied under similar

conditions.
Table 2 shows the CO2 conversion and methanol selectivity

results reported on CZA hydrotalcite and Cu-Zn-Zr synthe-

sized by different preparation methods. It is clear that excellant
996 994 992 990 988 986 984 982

Zn0

CZA-Na

CZA-K

CZA

C
PS

 (a
U

)

Kinetic energy (eV)

Zn Auger 
Zn2+

(b)

ysis of spent CZA samples.



Table 2 Comparison of CO2 hydrogenation activity results on copper-based catalysts.

Catalyst Temp., �C/Pres., MPa GHSV h� % CO2 Conversion %Methanol selectivity Reference

CZA-K 240/3.0 2400 14.0 96.0 Present work

CuZnZr/CuBr 250/5.0 3000 10.0 97.0 Chen et al. (2020)

CuZnAl-111 HT 240/3.0 8800 13.0 52.0 Leone et al. (2019)

CuZnZr/TPABr 250/5.0 3000 11.0 93.0 Chen et al. (2019)
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catalytic activity results were obtained on the present CZA-K
catalyst due to the presence of K in the framework of CZA.

4. Conclusions

The greater CO2 hydrogenation activity of CZA-K catalyst

was attributed to its superior surface Cu1+/Cu0 content
obtained through K2CO3/KOH precipitation. Further,
KAOA(CO)AO surface species formation limited the CO2 dis-

sociation to form CO to some extent. Steady CO2 hydrogena-
tion activity was observed for 100 h of continuous operation
on CZA-K catalyst under studied reaction conditions. Hence,

it is a promising catalyst candidate and has the potential to be
employed in the bulk methanol production using CO2 and H2.
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