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A B S T R A C T   

Integrated CO2 capture and conversion (ICCC) using dual-function materials (DFMs) is one of the key technol
ogies for addressing critical global environmental and energy issues. DFMs generally consist of alkali or alkaline 
earth metals for CO2 capture and transition metal catalysts for CO2 conversion. In this study, we studied the ICCC 
to CO using transition-metal-free DFMs to demonstrate their potential to directly produce syngas from 
atmospheric-level CO2. Among the DFMs prepared herein, Na/Al2O3 exhibited excellent performance and ach
ieved a CO2 conversion exceeding 90% and CO selectivity exceeding 95% at a reaction temperature of 
450–500 ◦C. Na/Al2O3 maintained its capture and conversion capacity throughout a 50-cycle stability test 
without significant deactivation. Furthermore, in the scale-up experiments using Na/Al2O3 DFM, a syngas-like 
mixture an H2/CO molar ratio of 3.3 (48.1 vol% H2 and 14.5 vol% CO) was directly obtained from 400 ppm 
CO2. These results suggest that ICCC using the transition-metal-free Na/Al2O3 DFM may be practicable provided 
the CO2 capture capacity of the DFM is further improved while maintaining the aforementioned advantages.   

1. Introduction 

The development of carbon dioxide capture, utilization and storage 
(CCUS) technologies is essential for addressing critical global environ
mental and energy issues. CCUS technologies capture CO2 from indus
trial exhaust gases or the atmosphere and convert it into value-added 
products such as fuels and chemicals, or store it safely underground 
[1–6]. In general, CO2 capture and utilization/storage are performed in 
physically separate processes. Therefore, energy- and cost-intensive 
operations such as CO2 purification, compression, and transportation 
to a utilization/storage site are required following CO2 capture [7,8]. 

Recently, integrated CO2 capture and conversion (ICCC) processes 
using dual-function materials (DFMs) have emerged as advantageous 
alternatives for CCUS [9–12]. DFMs generally consist of alkali or alka
line earth metals for CO2 capture and transition metal catalysts for CO2 
conversion. In the initial step of an ICCC process, a CO2-containing gas is 
supplied to a reactor packed with the DFM, as illustrated in Fig. 1. CO2 is 
selectively captured by the DFM, mainly via carbonation (Eq. 1), and the 

CO2-free gas exits the reactor.  

MxO + CO2 ⇌ MxCO3                                                                     (1) 

Subsequently, the gas stream is switched to renewable H2. CO2 is 
released by the reverse reaction of Eq. 1, namely decarbonation, and 
converted into fuels and chemicals through reaction with H2. The 
transformation may take place directly through an active surface in
termediate without releasing CO2. The advantage of ICCC over con
ventional CCUS is that energy-and cost-intensive operations such as 
purification and transportation are obviated, and dilute CO2 can be 
directly converted into target chemicals [10,12]. 

The majority of studies on ICCC using DFMs focus on the methana
tion of CO2 by the Sabatier reaction (Eq. 2).  

CO2 + 4 H2 ⇌ CH4 + 2 H2O                                                            (2) 

Farrauto’s research group pioneered ICCC using Ru, CaO/γ-Al2O3 as a 
DFM [13]. Subsequently, new types of DFMs have been proposed, 
including those containing inexpensive Ni catalysts [14–16] and those in 

Abbreviations: DFM, dual-function material; CCUS, carbon dioxide capture, utilization and storage; ICCC, integrated CO2 capture and conversion; RWGS, reverse 
water gas shift. 
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which the sorbent (CO2) and the transition metal catalyst are directly 
combined by the sol-gel method in the absence of a support [17,18]. In 
addition to fundamental and mechanistic in situ and operando studies 
[19–21], industrially important kinetic analyses [22,23] are ongoing. 
However, due to the chemical stability of CH4, CO2-derived CH4 might 
be utilized mainly as a fuel gas without further conversion. 

In contrast, several studies have attempted to convert CO2 into CO by 
the reverse water gas shift (RWGS, Eq. 3) reaction [24–30].  

CO2 + H2 ⇌ CO + H2O                                                                  (3) 

Via the RWGS reaction, a mixture of CO and H2, named syngas, can 
theoretically be obtained by completely converting CO2 with a stoi
chiometric excess of H2 and removing the moisture by condensation. In 
particular, syngas having an H2/CO ratio of 2–3 is a feedstock for the 
well-developed methanol synthesis (Eq. 4) and Fischer-Tropsch syn
thesis (Eq. 5) for the production of liquid fuels or chemicals.  

CO + 2 H2 → CH3OH                                                                     (4)  

nCO + (2n+1)H2 → CnH2n+2 + nH2O                                               (5) 

Therefore, the conversion of captured CO2 into syngas could be a more 
attractive and versatile option than converting it into CH4. 

In ICCC processes focusing on the RWGS, DFMs with and without 
supports can both be utilized. Examples of the former include FeCrCu/ 
K/MgO-Al2O3 [24] and K/Ba-promoted Cu/Al2O3 [25], while examples 
of the latter include Fe5Co5Mg10CaO [28] and Ni/CaO [27,30]. In some 
studies, ICCC has been performed in the absence of transition metals 
using unsupported CaO [18,29]. Although conducting ICCC using solely 
CaO reduces the cost of the DFM, the formation of CO is slow, and the 
CO2 capture and release temperatures are 600–700 ◦C. The cycle sta
bility at such elevated temperatures is low. Although a 
transition-metal-free DFM in which only alkali or alkaline earth metals 
are carried on the support would have a smaller CO2 capture capacity, it 
would overcome the aforementioned shortcomings. Such materials have 
been studied only as CO2 sorbents [31–33] and not as DFMs. 

In addition, the low concentration of the CO generated is a common 
shortcoming of ICCC processes based on the RWGS reaction. Compared 
to the conventional process which employs a simultaneous supply of 
CO2 and H2, ICCC processes using DFMs exhibit higher CO2 conversion 
because of the kinetically driven process [12]. However, the molar ratio 
of unreacted H2 to the produced CO is excessive for syngas. The ability of 
ICCC processes using DFMs to achieve a practical H2/CO ratio for syngas 

remains unproven. 
In this study, transition-metal-free DFMs, in which only CO2 sorbents 

such as Na, K, or Ca was dispersed over an alumina support, were pre
pared, and evaluated for ICCC to CO. Initially, the amount of CO2 
captured, the conversion of captured CO2, and selectivity for CO were 
compared for screening of DFM performance. Thereafter, the effects of 
the reaction temperature throughout the ICCC experiments and the H2 
flow rate in the conversion step were discussed, and the stability of the 
DFM was investigated. Finally, the practical value of the process was 
evaluated by operating the process on a 60 times larger scale using the 
best performing DFM with 5 vol% and 400 ppm CO2 to verify a pro
duction of syngas with a practical H2/CO ratio under model flue-gas or 
direct air capture modes of operation. 

2. Materials and methods 

2.1. Preparation of DFM 

γ-Al2O3 (Neobead MSC#300, Mizusawa Industrial Chemicals, Ltd.) 
was used as a support for the DFM. Na2CO3, K2CO3, and Ca(NO3)2･ 
4 H2O (guaranteed reagent, Fujifilm Wako Pure Chemical Corp.) were 
used as precursors. Table 1 lists the DFMs prepared. All the DFMs were 
prepared by the impregnation method as follows: Initially, γ-Al2O3 was 
impregnated with an aqueous solution containing a predetermined 
amount of one of the precursors, and subsequently dried at 110 ◦C for 
12 h. The dried samples were calcined in air at 550 ◦C for 4 h to obtain 
Na/Al2O3, K/Al2O3, and Ca/Al2O3, according to the selection of pre
cursor. The alkali and alkaline earth metal loading was set at 1.5 mmol 
per 1 g of DFM in carbonate form. 

Fig. 1. Conceptual diagram of integrated CO2 capture and conversion using DFMs.  

Table 1 
Compositions of the as-prepared DFMs.  

DFM support precursor loadinga 

[wt%] [mmol/g-DFM] 

Na/Al2O3 γ-Al2O3 Na2CO3  16  1.5 
K/Al2O3 ditto K2CO3  21  1.5 
Ca/Al2O3 ditto Ca(NO3)2･4 H2O  15  1.5  

a Loading was calculated in carbonate form. 
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2.2. Characterization of DFM 

The textural properties were analyzed by N2 adsorption-desorption 
isotherms at − 196 ◦C using a surface area and pore size distribution 
analyzer (BELSORP MAX, Microtrac MRB). The specific surface area was 
calculated by the Brunauer-Emmett-Teller (BET) method using the 
adsorption data in the relative pressure (P/P0) range of 0.05 − 0.25. The 
pore volume was obtained by accumulating up to P/P0 = 0.95. The pore 
size distribution was determined by the nonlinear density functional 
theory (NLDFT) method using desorption branch isotherm. To deter
mine the crystalline structures, powder X-ray diffraction (XRD) was 
conducted by operating a diffractometer (SmartLab SE, Rigaku Corp.) at 
40 keV and 50 mA. A Cu Kα radiation (λ = 1.5418 Å) was used as an X- 
ray source. Wide-angle XRD patterns were collected in the 2θ range of 
10 − 80◦ using a step size of 0.02◦ and a scanning rate of 2 s per step. 

The reducibility and surface basicity of the DFMs were studied by H2 
temperature-programmed reduction (H2-TPR) and CO2 temperature- 
programmed desorption (CO2-TPD) using a catalyst analyzer (BELCAT 
II, Microtrac MRB) equipped with a thermal conductivity detector (TCD) 
and a quadrupole mass spectrometer (BELMASS, Microtrac MRB). Prior 
to H2-TPR measurement, 0.1 g of sample was loaded in a quartz tube and 
pre-treated at 50 ◦C in a 5.05 vol% H2/Ar stream (15 mL/min) until the 
TCD signals were stable. The H2-TPR profiles were recorded at 0–500 ◦C 
using a 5.05 vol% H2/Ar flow (15 mL/min) and a heating rate of 10 ◦C/ 
min. The signals of H2, H2O, CO, and CO2 were detected by m/z ratios of 
2, 18, 28, and 44, respectively. Prior to CO2-TPD measurement, the 
sample was reduced by a H2 flow (50 mL/min) at 500 ◦C for 1 h, and 
purged by an Ar flow until the temperature of sample was decreased to 
50 ◦C and the TCD signals were stable at that temperature. The reduced 
samples were treated by a 5 vol% CO2/Ar (50 mL/min) at 50 ◦C for 
30 min, and purged by an Ar flow of 50 mL/min to remove physically 
adsorbed CO2. The CO2-TPD profiles were obtained by heating the CO2- 
adsorbed sample at 0–800 ◦C using a heating rate of 10 ◦C/min and an 
Ar flow of 30 mL/min. 

2.3. CO2 capture and conversion to CO 

Fig. 2 shows a schematic of the experimental apparatus. It consists of 
mass flow controllers for gas supply, an electric furnace, a stainless-steel 
reactor (i.d. 9 mm, length 400 mm), a thermoelectric cooler, and a 
continuous gas analyzer. One gram of DFM was packed in the fixed-bed 
reactor, and the bed height was approximately 20 mm. Thermocouples 
covered by a stainless-steel tube was inserted into the reactor to monitor 
the reaction temperatures at the top, middle, and bottom part of the 
packed bed. As a pre-treatment to activate the CO2-capturing capacity of 
the DFM by decarbonation (reverse of Eq. 1), the packed bed was heated 
to 500 ◦C at 10 ◦C/min in a 100 mL/min flow of H2 and maintained at 

that temperature for 1 h. 
The ICCC experiments were composed of four steps, as listed in  

Table 2. In step 1, 5 vol% CO2/N2 was supplied to the reactor at a flow 
rate of 500 mL/min for 3 min to capture CO2. In step 2, the gas stream 
was switched to N2 to purge the CO2. In step 3, H2 was fed to the reactor 
at a predetermined flow rate to convert the captured CO2. Finally, in step 
4, N2 was supplied in the same manner as in step 2 to purge H2 and the 
converted products remaining in the reactor. Upon completion of step 4, 
the experimental operation was repeated from step 1. The reaction 
temperature was varied in the range of 350–500 ◦C between runs, 
although each individual run was isothermal. In addition, the H2 flow 
rate in step 3 was regulated in the range of 25–500 mL/min, which 
corresponds to a weight hourly space velocity (WHSV) of 1.5–30 L/ 
(h⋅g). During that time, the H2 supply time was changed to maintain a 
constant total H2 input. In each experiment, steps 1–4 were repeated for 
a minimum of four cycles, and the values observed were expressed as 
means ± standard deviations. For reference, identical experiments were 
conducted using γ-Al2O3. 

In analysis, the moisture in the outlet gas was condensed and 
removed by the thermoelectric cooler, and the concentrations of CO2, 
CO, CH4, and H2 were measured using a continuous gas analyzer 
(Rosemount X-STREAM Enhanced XEGP, Emerson Electric Co.). For 
quantitative analysis, the amount of CO2 captured (CCO2 ) per unit weight 
of DFM (W) was calculated by integrating the CO2 profile during steps 
1–2 as follows: 

CCO2 =
1
W

[ ∫ t1

t0

{
FCO2,f (t) − FCO2 (t)

}
dt −

∫ t2

t1
FCO2 (t)dt

]

(6)  

where t0, t1, and t2 represent the time at the start of the experiment, the 
end of step 1, and the end of step 2, respectively. FCO2,f and FCO2 denote 
the CO2 molar flow rates of the feed stream and outlet gas, respectively. 
In addition, the outflowing amount (ni) of component i (i = CO2, CO, 
CH4) was calculated by integrating the concentration profile during 
steps 3–4 as follows: 

ni =
1
W

∫ t4

t2
Fi(t)dt (7)  

where t4 and Fi represent the time at the end of step 4 and the outlet 
molar flow rate of component i, respectively. From these values, the 
conversion based on the amount of CO2 captured (XCO2 ), the selectivity 
for CO (SCO), the yield of CO (YCO), and the material balance of carbon 
(BC) were calculated as follows: 

XCO2 =
nCO + nCH4

CCO2

× 100 (8)  

SCO =
nCO

nCO + nCH4

× 100 (9)  

YCO =
nCO

CCO2

× 100 =
XCO2 SCO

100
(10)  

BC =
nCO2 + nCO + nCH4

CCO2

× 100 (11)  

Fig. 2. Schematic diagram of experimental apparatus.  

Table 2 
Experimental conditions for ICCC using 1 g of DFM.  

step supply gas temperature 
[◦C] 

pressure 
[MPa] 

flow rate 
[mL/min] 

time 
[min] 

1 5 vol% 
CO2/N2 

350–500 spontaneous 
(0.1) 

500 3 

2 N2 ditto ditto 500 3 
3 H2 ditto ditto 25–500 6–120 
4 N2 ditto ditto 500 3  
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2.4. Syngas production from atmospheric-level CO2 

To enrich the CO concentration, scale-up experiments were per
formed. Sixty grams of the DFM was packed in a fixed bed reactor (i.d. 
25 mm, length 400 mm) made of stainless steel, and the bed height was 
approximately 250 mm. In a 500 mL/min flow of H2, the packed bed 
was heated at 10 ◦C/min up to 500 ◦C and maintained thereat for 2 h. 
Although the ICCC experiments were performed using the procedure 
described in Section 2.3, step 4 was omitted because the experiments 
were not cyclically repeated. The experimental conditions for steps 1–3 
are listed in Table 3. The changes were that the CO2 feed concentration 
in step 1 was set at 5 vol% or 400 ppm, and the gas flow rates of all the 
steps were arbitrarily doubled because a high flow rate would be 
required to maintain the WHSV employed in the 1 g-DFM experiments. 
The H2 flow rate in step 3 was experimentally optimized as described in 
the following section. 

In analysis, a dual-channel micro gas chromatograph (GC) equipped 
with TCDs (Agilent 490, Agilent Technologies, Inc.) was used in addition 
to the continuous gas analyzer. The analytical method with the micro- 
GC is described below. The exhaust gas from the continuous gas 
analyzer was collected in a gas bag for analysis during step 3. In channel 
1 of the micro-GC, a Molsieve 5 Å column(Agilent Technologies, Inc.) 
was used to measure the concentrations of H2, CO, and CH4. Ar was used 
as the carrier gas, and the column temperature and pressure were 100 ◦C 
and 170 kPa, respectively. In channel 2, a PoraPLOT Q column (Agilent 
Technologies, Inc.) was used to determine the concentration of CO2. He 
was used as the carrier gas, and the column temperature and pressure 
were 80 ◦C and 170 kPa, respectively. 

3. Results and discussion 

3.1. Characterization of DFM 

The results of the characterization are shown in the Supplementary 
Materials and are briefly described in this section. Table S1 shows the 
textural properties of the as-prepared DFMs as measured by N2 
adsorption-desorption analysis. Compared to the bare alumina support, 
the DFMs prepared using alkali or alkaline earth metals exhibited 
smaller BET surface areas and pore volumes, although the pore sizes 
were nearly identical. This result suggests that DFMs maintain appro
priate porous structures. The crystalline structures were analyzed using 
XRD, as shown in Fig. S1. Small diffraction peaks attributed to the 
corresponding alkali carbonate were detected in addition to the γ-Al2O3 
peaks in the XRD patterns of Na/Al2O3 and K/Al2O3. In contrast, only 
γ-Al2O3 peaks were detected in the XRD pattern of Ca/Al2O3. This result 
indicates that alkali or alkaline earth metals are uniformly dispersed on 
the alumina support. 

Fig. S2 shows the H2-TPR profiles of the DFM samples. All the sam
ples underwent the desorption of H2O in the range of 50–300 ◦C. For the 
DFMs, trace amounts of CO2 and CO were detected at temperatures 
exceeding 400 ◦C. They were not detected when using the bare alumina 
support. This result implies that the release of CO2 by decarbonation 
(reverse of Eq. 1) and the conversion of CO2 to CO (Eq. 3) occur when 
using the DFMs. Fig. S3 shows the CO2-TPD profiles of the DFMs. For all 
the samples, a broad CO2 peak appeared at approximately 100 ◦C, which 

indicates the desorption of weakly adsorbed CO2. The DFMs prepared 
using alkali or alkaline earth metals have higher basicity than the bare 
alumina support and consequently exhibit a more intense CO2 peak. An 
additional CO2 peak that was attributed to decarbonation was observed 
at temperatures exceeding 600 ◦C. CO2-TPD conducted in an inert at
mosphere required a high temperature for decarbonation compared to 
H2-TPR conducted in a reducing atmosphere. 

3.2. Screening of supported alkali/alkaline-earth metals 

Fig. 3 shows the concentration profiles plotted during the ICCC ex
periments using the prepared DFMs at 450 ◦C and an H2 flow rate of 
100 mL/min. The effluent gas volume and time elapsed since the start of 
step 1 are both plotted along the horizontal axes. The time scale for step 
3 is different from that for the other steps because of the lower flow rate. 
As shown in Fig. 3(a), when using Na/Al2O3, CO2 was not detected 
immediately upon commencing the CO2 supply in step 1, which means 
that CO2 was aggressively captured in the DFM during the initial period. 
Following the breakthrough, the CO2 concentration increased rapidly 
and approached the feed concentration. While purging CO2 using N2 in 
step 2, the CO2 concentration decreased rapidly. Immediately upon the 
commencement of H2 supply in step 3, the CO concentration increased 
rapidly, and gradually decreased after reaching the maximum. At the 
end of step 4, the H2 concentration was confirmed to fall below 0.5 vol% 
(data not shown). 

Similar gas responses were observed from K/Al2O3, as shown in 
Fig. 3(b). As shown in Fig. 3(c), the CO peak produced in step 3 was 
lower when using Ca/Al2O3. Finally, as shown in Fig. 3(d), the break
through in step 1 when using the reference alumina occurred earlier 
than that for the DFMs, and a small amount of CO was detected in step 3. 
These results indicate that the transition-metal-free DFMs developed in 
this study facilitate rapid conversion of CO2 into CO at a lower tem
perature than previously reported CaO-based ICCCs [18,29]. 

For quantitative discussion, the amounts of CO2 captured and 
outflow of each component during steps 3–4 are shown in Fig. 4. The 
amount of CO2 captured decreased in the following order: K/Al2O3 
> Na/Al2O3 > Ca/Al2O3 > Al2O3, which indicates that alkali or alkaline 
earth metals play an important role in CO2 capture. For all the DFMs, the 
majority of the captured CO2 was converted into CO, and the amount of 
CO produced was of the same order as the amount of CO2 captured. In 
addition, the released amount of unreacted CO2 was small. From these 
results, we infer that the direct synthesis of CO may proceed from alkali 
or alkaline earth carbonates (Eq. 12) through an overall reaction of 
decarbonation (reverse of Eq. 1) and the RWGS (Eq. 3).  

MxCO3 + H2 ⇌ MxO + CO + H2O                                                 (12) 

Additionally, a trace amount of CH4 was also produced. There are two 
possible reaction pathways for CH4 formation: (i) parallel formation 
with CO by the Sabatier reaction (Eq. 2) and (ii) sequential formation 
from CO by methanation (Eq. 13).  

CO + 3 H2 ⇌ CH4 + H2O                                                             (13) 

The conversions of captured CO2, selectivities for CO, CO yields, and 
carbon material balances achieved by the DFMs are compared in  
Table 4. The highest conversion of 90.2% was obtained using Na/Al2O3. 
The CO selectivity of all the DFMs exceeded 90%, with Na/Al2O3 
achieving the highest selectivity. The CO yield of Na/Al2O3 was the 
highest because of its well-balanced ICCC performance. The carbon 
material balance was approximately 90–95% for all the DFMs, which 
indicates that nearly all of the captured CO2 was released as CO2, CO, or 
CH4. 

In summary, the transition-metal-free DFMs prepared herein using 
alkali or alkaline earth metals facilitated the capture of CO2 and its se
lective conversion into CO. Although the amounts of CO2 captured and 
CO produced were highest for K/Al2O3, the CO yield was the highest for 

Table 3 
Experimental conditions for ICCC using 60 g of DFM.  

step supply gas temperature 
[◦C] 

pressure 
[MPa] 

flow rate 
[mL/ 
min] 

time 
[min] 

1 5 vol%, 
400 ppm CO2/ 
N2 

500 spontaneous 
(0.1)  

1000 15, 
720 

2 N2 ditto ditto  1000 15 
3 H2 ditto ditto  200 60  
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Na/Al2O3. Hence in subsequent experiments, the Na/Al2O3 DFM was 
employed. 

3.3. Effect of reaction temperature and H2 flow rate on integrated CO2 
capture and reduction 

Fig. 5 shows the experimental results when Na/Al2O3 was used as the 
DFM and the reaction temperature was varied in the range of 
350–500 ◦C. During this investigation, the H2 flow rate in step 3 was set 
at 100 mL/min, as described in the previous section. The CO production 
peak in step 3 increased in intensity as the reaction temperature 
increased. The amount of CO2 captured, conversion of captured CO2, 
and selectivity for CO are summarized in Fig. 6. The amount of CO2 
captured, shown using a bar chart is higher at lower temperatures. This 
occurred because CO2 capture by carbonation (Eq. 1) is exothermic, and 
lower temperatures are thermodynamically favorable. The CO2 con
version, shown as a square symbol, drastically increased with temper
ature, and the values at 450 and 500 ◦C were almost identical at 
approximately 90%. The CO selectivity (shown as the circle symbol) 
exceeded 95% in the temperature range of 350–500 ◦C. However, it 

Fig. 3. Concentration profiles during integrated CO2 capture and conversion with (a) Na/Al2O3, (b) K/Al2O3, (c) Ca/Al2O3, and (d) Al2O3 at 450 ◦C and an H2 flow 
rate of 100 mL/min. 

Fig. 4. CO2 capture and conversion performance of the prepared DFMs at 
450 ◦C and an H2 flow rate of 100 mL/min. 

Table 4 
Comparison of the conversion of captured CO2 (XCO2 ), selectivity for CO (SCO), 
CO yield (YCO), and carbon material balance (BC) achieved by the prepared 
DFMs.  

sample XCO2 [%] SCO [%] YCO [%] BC [%] 

Na/Al2O3 90.2 ± 1.8 96.9 ± 0.3 87.4 ± 2.0 94.6 ± 1.9 
K/Al2O3 85.0 ± 2.7 93.9 ± 0.7 79.8 ± 1.9 89.4 ± 2.8 
Ca/Al2O3 86.2 ± 3.7 96.0 ± 1.9 82.7 ± 2.6 93.6 ± 4.1 
Al2O3 20.3 ± 0.2 89.6 ± 0.3 18.1 ± 0.2 47.1 ± 0.6  
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decreased slightly at higher temperatures. 
Furthermore, the effects of H2 flow rates in step 3 were studied at 

450 ◦C as shown in Fig. 7. The maximum CO concentration increased as 
the H2 flow rate decreased. A similar trend was observed at other tem
peratures (data not shown). The conversion of captured CO2 and 
selectivity for CO were calculated from the concentration profiles in 
Fig. 7, and are summarized in Fig. 8 with the results obtained at different 

temperatures. The H2 flow rate and the corresponding WHSV are plotted 
along the horizontal axes. Comparing the results generated at identical 
H2 flow rates in Fig. 8(a), higher temperatures evidently resulted in 
higher CO2 conversions, although there was no significant difference 
between the values at 450 and 500 ◦C. The main reaction, namely the 
production of CO by the RWGS reaction (Eq. 3), is endothermic. 
Consequently, higher temperatures are favorable in terms of thermo
dynamics and kinetics. Comparing the results generated under identical 
temperatures, a lower flow rate, that is, a longer residence time, resulted 
in a higher conversion. As shown in Fig. 8(b), the CO selectivity 
decreased marginally with increase in the temperature and decrease in 
the H2 flow rate. The decrease in the CO selectivity indicates a higher 
proportion of CH4 in the product. Both the CH4 formation reactions (Eq. 
2, Eq. 13) are exothermic; therefore, they are thermodynamically un
favorable at high temperatures. This suggests that the formation of CH4 
is kinetically limited in this system. Therefore, the CH4 formation with a 
low reaction rate proceeds at a lower H2 flow rate, that is, a longer 
residence time, resulting in the slight decrease in the CO selectivity. 

In summary, a higher reaction temperature slightly reduced the 
amount of CO2 captured and the selectivity toward CO, but significantly 
improved the conversion of captured CO2. Therefore, a reaction tem
perature of 450–500 ◦C was found to be preferable for ICCC to CO using 
the transition-metal-free DFM. Reducing the flow rate of H2 increased 
the conversion but slightly reduced the CO selectivity. An H2 flow rate of 
approximately 100 mL/min, that is, a WHSV of 6 L/(g⋅h), was found to 
be optimal. Under the optimized conditions, the conversion and selec
tivity exceeded 90% and 95%, respectively. 

3.4. Stability of DFM 

Fig. 9 shows the transitions of the amounts of captured CO2 and 
produced CO during 50 cycles of ICCC using the Na/Al2O3 DFM. The 

Fig. 5. Concentration profiles during integrated CO2 capture and conversion using Na/Al2O3 at 350–500 ◦C and an H2 flow rate of 100 mL/min.  

Fig. 6. Effect of reaction temperature on amount of CO2 captured, CO2 con
version, and CO selectivity using Na/Al2O3 at an H2 flow rate of 100 mL/min. 
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reaction temperature was 450 ◦C, and the H2 flow rate was 100 mL/min. 
In the second cycle, the amount of CO2 captured decreased to approxi
mately 80% of that in the first cycle. Thereafter, this value remained 
nearly constant. The amount of CO2 captured in the first cycle was 
particularly high because the pre-treatment of DFM was conducted at 
500 ◦C, which was higher than the reaction temperature of the ICCC 
experiments (450 ◦C). Decarbonation (reverse of Eq. 1) would proceed 
more efficiently during the pre-treatment than during step 3 for CO2 
conversion in each cycle. The amount of CO produced did not change 
significantly during the 50 cycles. As mentioned in Section 3.2, Na/ 
Al2O3 achieved a high carbon material balance of approximately 95%; 
consequently, no carbon was accumulated during the cycles, resulting in 

high stability. 
The textural properties and crystalline structures of as-prepared and 

used Na/Al2O3 DFM were compared. As shown in the aforementioned 
Table S1, the textural properties of used Na/Al2O3 such as the BET 
surface areas, pore volumes, and pore sizes were nearly identical to 
those of as-prepared Na/Al2O3. The crystalline structures analyzed using 
XRD are shown in Fig. S4. A significant difference was not observed 
between as-prepared and used Na/Al2O3. In summary, these findings 
demonstrate the reusability of the Na/Al2O3 DFM for repetitive ICCC to 
CO without significant deactivation. 

Fig. 7. Concentration profiles during ICCC using Na/Al2O3 at 450 ◦C and an H2 flow rate of 25–500 mL/min.  
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3.5. Syngas production from atmospheric-level CO2 

In this section, the scale-up ICCC experiments with 5 vol% and 
400 ppm CO2 were performed to verify a production of syngas with a 
practical H2/CO ratio. Fig. 10 shows the concentration profiles using 
5 vol% CO2 and 60 g of Na/Al2O3 DFM, which was 60 times larger scale 
than the previous experiments. Fig. 10(a) and (b) show the results of 
steps 1–3 (CO2 capture, purging using N2, and CO2 conversion, respec
tively). The time span depicted in each figure is different. The vertical 
axes are common in Fig. 10(a) and (b). Fig. 10(c) is an enlarged view of 
the initial 3 min of step 3, and the concentrations of CO2, CO, CH4, and 

H2 are shown on the same scale. As shown in Fig. 10(a), in step 1, the 
CO2 concentration was lower than 0.1 ppm until approximately 4 min, 
whereafter it rapidly increased to the feed concentration. During step 2, 
the CO2 concentration decreased rapidly. As shown in Fig. 10(b) and (c), 
the formation of CO was observed immediately upon commencement of 
step 3. The CO concentration reached a very high value of 25 vol% at the 
maximum, and the corresponding CO2 concentration was surprisingly 
low, less than 0.5 vol%. Simultaneously, the concentration of H2 
increased and finally approached 100 vol%. 

Furthermore, we also challenged the direct syngas production from 
very dilute CO2 at the atmospheric level (400 ppm) as shown in Fig. 11. 
As expected, a significantly longer time elapsed until the breakthrough 
in step 1 owing to the lower feed concentration of CO2 (Fig. 11(a)). In 
step 2, the CO2 concentration did not decreased from the value at the 
end of step 1. Because of the very dilute feed concentration of CO2, a 
slight CO2 release from the DFM in an inert N2 atmosphere was 
remarkably observed. As shown in Fig. 11(b) and (c), the maximum CO 
concentration exceeded 20 vol% even from 400 ppm CO2. This result 
indicates that Na/Al2O3 DFM can directly convert and enrich atmo
spheric level CO2 into CO with more than 500 times higher 
concentration. 

For quantitative analysis, the outlet gas fractions in the vicinity of the 
CO peak that are indicated by the gray-shaded area in Fig. 10(c) and 
Fig. 11(c) were collected to analyze the composition by micro-GC. The 
analysis results of CO2, CO, CH4, and H2 are summarized in Table 5. 
When the feed concentration of CO2 in step 1 was 5 vol%, the concen
trations of CO and unreacted H2 in step 3 were 19.7 and 55.9 vol%, 
respectively. Therefore, the H2/CO ratio was 2.8, which is practically 
feasible for the Fischer-Tropsch synthesis (Eq. 5). In addition, similar to 
the experimental results with 1 g-DFM described above, the amounts of 
unreacted CO2 and produced CH4 were negligible. When using 400 ppm 
CO2, even though the feed concentration of CO2 was two orders of 

Fig. 8. Effect of H2 flow rate and reaction temperature on (a) CO2 conversion 
and (b) CO selectivity of Na/Al2O3. 

Fig. 9. Transitions of the amounts of CO2 captured and CO produced during the 
50-cycle stability test at 450 ◦C. 

Fig. 10. Concentration profiles recorded during (a) the CO2-capturing step for 
5 vol% CO2 and (b, c) the conversion step using 60 g of Na/Al2O3 at 500 ◦C. 
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magnitude lower than that when using 5 vol% CO2, a high CO concen
tration of 14.5 vol% was obtained. A slight decrease in the CO produc
tion resulted from the smaller amount of captured CO2. A near-practical 
H2/CO ratio of 3.3 was also achieved using 400 ppm CO2. 

Table S2 in the Supplementary Materials shows the amount of CO2 
captured, conversion of captured CO2, and selectivity for CO. Although 
the CO selectivity was similar to the experimental results obtained using 
1 g-DFM at 500 ◦C, the amount of CO2 captured and the conversion 
decreased. This occurred mainly because the bed height when using 
60 g-DFM was approximately 250 mm, and there was an axial temper
ature distribution (Figs. S5 and S6). This is not a shortcoming of the DFM 
and can be improved by constructing an appropriately scaled experi
mental apparatus. 

So far, only a pioneer work of Hu and Wang’s research group has 
reported the scale-up ICCC to CO using DFMs [28]. They demonstrated 
that 25 g of Fe5Co5Mg10CaO DFM produced CO with the maximum 
concentration of approximately 15 vol% at 650 ◦C following CO2 cap
ture using a simulated flue gas containing 10 vol% CO2. An H2/CO ratio 
was not mentioned in the work. The transition-metal-free Na/Al2O3 
DFM prepared herein demonstrated the potential to directly produce 
syngas with a near-practical H2/CO even from atmospheric-level CO2 at 
a lower reaction temperature. 

4. Conclusion 

In this study, ICCC experiments were performed to synthesize CO by 
employing transition-metal-free DFMs prepared by impregnation of al
kali or alkaline earth metals on γ-Al2O3. During the screening of the 
DFMs prepared, although the capacity of Na/Al2O3 for CO2 capture was 
slightly lower than that of K/Al2O3, Na/Al2O3 was selected because it 
exhibited the highest yield of CO. The effect of the operating conditions 
on CO2 capture and conversion using Na/Al2O3 DFM was investigated. 
Although increasing the reaction temperature slightly reduced the 
amount of CO2 captured and the selectivity for CO, it significantly 
improved the conversion of captured CO2. Reducing the flow rate of H2 
increased the conversion, but marginally decreased the CO selectivity. 
The optimized conditions were a reaction temperature of 450–500 ◦C 
and an H2 WHSV of 6 L/(g⋅h), under which the conversion and selec
tivity exceeded 90% and 95%, respectively. A 50-cycles stability test 
revealed that the Na/Al2O3 DFM is reusable for repetitive ICCC to CO 
without significant deactivation. Finally, the scale-up experiments 
demonstrated that the transition-metal-free DFM has the potential to 
directly produce syngas from atmospheric-level CO2, which leads to 
further conversion into value-added products such as fuels and chem
icals. In conclusion, ICCC using the transition-metal-free DFM developed 
in this study may be practicable provided the CO2 capture capacity of 
the DFM is further improved while maintaining the aforementioned 
advantages. For that purpose, mechanistic in situ and operando studies 
for revealing the state of the active Na species need to be performed in 
the future. Further investigations with realistic flue gas containing im
purities such as O2 and H2O are also important to verify the practical 
availability of the DFMs. 
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