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a b s t r a c t 

Carbon dioxide capture and reduction (CCR) process emerges as an efficient catalytic strat- 

egy for CO2 capture and conversion to valuable chemicals. K-promoted Cu/Al2 O3 cata- 

lysts exhibited promising CO2 capture efficiency and highly selective conversion to syngas 

(CO + H2 ). The dynamic nature of the Cu-K system at reaction conditions complicates the 

identification of the catalytically active phase and surface sites. The present work aims at 

more precise understanding of the roles of the potassium and copper and the contribution 

of the metal oxide support. While γ -Al2 O3 guarantees high dispersion and destabilisation 

of the potassium phase, potassium and copper act synergistically to remove CO2 from di- 

luted streams and promote fast regeneration of the active phase for CO2 capture releasing 

CO while passing H2 . A temperature of 350◦C is found necessary to activate H2 dissociation 

and generate the active sites for CO2 capture. The effects of synthesis parameters on the 

CCR activity are also described by combination of ex-situ characterisation of the materials 

and catalytic testing. 

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Drastic actions to abate CO2 emissions are required in the
short term to prevent global warming while transitioning to-
wards a more carbon neutral industry and economy. Carbon
capture and storage (CCS) strategies are technologically ma-
ture options to abate emissions from highly emitting sec-
tors as industry and energy production, by CO2 sequestra-
tion and storage in geological sites ( Haszeldine et al., 2018 ;
Marocco Stuardi et al., 2019 ). Current implementation of CCS
∗ Corresponding author.
E-mail: A.Urakawa@tudelft.nl (A. Urakawa) .
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1001-0742/© 2023 The Research Center for Eco-Environmental Sciences
strategies, however, is too slow to act as realistic solution
for the abatement of CO2 emissions ( Rubin et al., 2015 ). The
principal bottlenecks are the energy penalties and high costs
associated to sorbent regeneration, compression and trans-
portation steps. In addition, the CO2 is essentially treated as a
waste, thus CCS processes do not generate any economic re-
turn and ultimately fail to develop a closed carbon cycle. 

In this regard, carbon capture and utilisation (CCU) strate-
gies stand as favourable solutions to recover the captured CO2

and valorise it as a feedstock for production of more carbon
neutral chemical and fuels ( Aresta et al., 2014 ; Fernández et al.,
2020 ; Leclaire and Heldebrant, 2018 ). Despite its abundance,
CO2 utilisation in chemical industry is scarce due to its ther-
modynamic stability and relative inertness. A half of the CO2
, Chinese Academy of Sciences. Published by Elsevier B.V. 
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tilised as feedstock in industry is used in urea synthesis, but 
t is also employed in synthesis of carboxylic acids, in the 
O hydrogenation to methanol and as an additive in food in- 
ustry. However, these applications currently utilise a limited 

mount of CO2 , less than 1% of the CO2 emitted every year 
rom anthropogenic sources ( Mikkelsen et al., 2010 ). 

In order to extend the utilisation of CO2 as feedstock, it is 
esirable to convert it into more reactive C1 building blocks 

e.g., CO, CH4 , CH3 OH), which can be exploited in existing in- 
ustrial processes ( Keim, 1986 ). However, methanol synthesis 
nd reverse water-gas shift to CO suffer from thermodynamic 
imitation, requiring harsh conditions (temperature, pressure) 
o obtain adequate conversions, while exothermic methana- 
ion is favoured at low temperature where yields are kineti- 
ally limited ( Cui and Kær, 2019 ; Stangeland et al., 2017 ). More-
ver, conventional catalytic processes put a strong require- 
ent on the purity and compression of the CO2 feedstock, in- 

rementing the total costs and energy requirements. 
In this perspective, strategies that combine the capture 

f CO2 from diluted sources with its conversion to valu- 
ble chemicals are effective solutions to decrease the energy 
enalty associated with the purification and pressurisation 

teps ( Marocco Stuardi et al., 2019 ; Zhang et al., 2022 ). Aiming
t one-step capture and conversion of CO2 , a new CCU strategy 
eferred to as ‘integrated CO2 capture and conversion’ or ‘CO2 

apture and reduction’ (CCR) was recently demonstrated. This 
pproach effectively integrates in one process the sequestra- 
ion of CO2 from diluted streams (e.g. flue gases, air) with its 
onversion to more valuable molecules as CO and CH4 . Far- 
auto group proposed a bifunctional catalyst materials based 

n Ru and CaO with the ability of capturing CO2 and convert- 
ng it to CH4 by use of green H2 ( Duyar et al., 2015 ). Urakawa 
roup demonstrated the activity of catalysts made of earth- 
bundant elements in terms of CO2 capture efficiency and se- 
ective conversion to syngas (CO + H2 ) ( Bobadilla et al., 2016 ; 
yakutake et al., 2016 ). The overall reaction can be thought 
s a reverse water-gas shift reaction (RWGS) performed in an 

nsteady-state operation. A CO2 -containing feed is sent to the 
atalytic bed for CO2 capture followed by a H2 feed that re- 
uces the captured CO2 and releases it as CO. Thanks to the 
eversibility of the sorption, the capture and reduction pro- 
esses are operated at same temperature and pressure, elim- 
nating the need of sorbent (catalyst) regeneration step and 

otentially lowering energy requirements. Moreover, contin- 
ous CCR operation with excellent performances can be ob- 
ained in circulating fluidised bed reactors. A recent publica- 
ion ( Kosaka et al., 2022 ) demonstrated that CO2 can be cap- 
ured from low concentration feed (2%) and converted into 

igh concentration CH4 stream (20%) with high capture effi- 
iency and H2 conversion. 

Bifunctional catalyst materials exhibiting the abilities to 
apture CO2 from flue gas and selectively convert it to the 
esired product are needed ( Duyar et al., 2015 ). CaO is well- 
nown for the CO2 capture ability through carbonation re- 
ction, but it needs high temperature for regeneration and 

enerally shows poor stability over the capture-regeneration 

ycles ( Abanades, 2002 ; Shimizu et al., 1999 ). It has been re-
orted that other alkali/alkaline-earth metals (Li, Na, K, Cs, Ba) 
re effective promoters, increasing the CO2 sorption capacity 
f the base materials ( Arco et al., 1989 ; Cimino et al., 2020 ;
yakutake et al., 2016 ; Oliveira et al., 2008 ; Roesch et al., 2005 ).
mongst them, K shows unique promotion properties by en- 
uring highly efficient CO2 capture and reactive desorption of 
aptured CO2 to CO under H2 atmosphere at isothermal con- 
itions in the temperature range of 300–500◦C ( Bobadilla et al.,
016 ; Lee et al., 2010 ; Walspurger et al., 2008 ). Besides the al-
ali promoter, the introduction of transition metals in the cat- 
lytic systems is fundamental to ensure the conversion of the 
aptured CO2 . The choice of the active metal greatly affects 
he reduction products. The use of Ni or Ru promotes cat- 
lytic methanation ( Duyar et al., 2015 ; Hu and Urakawa, 2018 ;
osaka et al., 2021 ) of the captured CO2, while Cu brings high 

electivity towards CO ( Bobadilla et al., 2016 ; Hyakutake et al.,
016 ). The latter case is attractive for the versatility of the tech-
ology and product, since the presence of product CO and un- 
onverted H2 during the reduction phase results in the pro- 
uction of a syngas, with H2 /CO ratio tuneable by changing 
peration conditions and further adding H2 in the product 
tream. 

Considering the relevance of designing efficient catalytic 
ystems, it is fundamental to understand the catalytic role 
f the different promoters and their participation in the CCR 

rocess. In reaction conditions, the two functionalities inter- 
lay in a highly dynamic system. In a previous attempt to 
lucidate the role of K and its interaction with Cu by means 
f operando XRD analysis ( Hyakutake et al., 2016 ), it was re-
orted that the generation of a highly dynamic state in re- 
ction conditions, with a profound change in the crystalline 
tructure of the material. However, the dynamic nature of the 
atalyst and catalytic process set the barrier high for detailed 

nvestigations on the roles of K and its synergistic interaction 

ith Cu. Another question mark regards the role of the sup- 
ort material and its contribution to the CCR activity. Studies 
bout the influence of support material on the mechanism 

f RWGS reaction led to the distinction between irreducible 
xides (Al2 O3 , SiO2 ) promoting activation of CO2 via formate 
oute and reducible oxides (TiO2 , CeO2 ) activating CO2 through 

xygen vacancies ( Zhu et al., 2020 ). Employment of γ -Al2 O3 

nd MgO-Al2 O3 mixtures as supports ensured high CCR per- 
ormance in various catalytic systems ( Arellano-Treviño et al.,
019 ; Bobadilla et al., 2016 ; Kosaka et al., 2021 ). Modification of
l2 O3 with basic metal oxides is known to increase the heat 
f CO2 adsorption and, in particular, a strong interaction be- 
ween the acidic γ -Al2 O3 support and the basic K2 CO3 is ex- 
ected ( Kantschewa et al., 1983 ). Hu and Urakawa (2018) re- 
orted activity in integrated CO2 capture and methanation for 
 ZrO2 -supported catalyst. However, their role as supports in 

ifunctional catalysts for integrated CO2 capture and conver- 
ion have not been clarified yet. 

In this work, we employed K-promoted Cu/ γ -Al2 O3 cat- 
lysts as the model system to identify the fundamental 
atalytic properties to develop the CCR activity. Catalysts with 

ariable composition were prepared and tested to elucidate 
he roles of potassium promotion and of the Cu active metal 
s well as their synergetic behaviour to develop efficient CO2 

apture and selective reduction to CO. Synthesis parameters,
ncluding the choice of the potassium precursors and the 
onditions of the impregnation synthesis, were evaluated 

o clarify their influence on the formation of the active CCR 

hase. Besides, the peculiarities of the γ -Al2 O3 as support 
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were investigated in comparison to TiO2 rutile and ZrO2 

counterparts. Temperature-dependant catalytic activity was
studied to identify the conditions for the formation of the
catalytically active phase for CCR. The empirical evidences
collected in this work suggest that an highly amorphous state
of potassium, whose formation is favoured by high dispersion
on the γ -Al2 O3 support, interacts with the metallic Cu phase
to synergistically develop the unique CCR catalytic activity. 

1. Materials and methods 

1.1. Catalyst synthesis 

Aluminium oxide ( γ -phase, Alfa Aesar, catalyst support), ti-
tanium oxide (rutile, Alfa Aesar, > 99.5%) and zirconium ox-
ide (monoclinic, Alfa Aesar, catalyst support) were employed
as support material. Cu and K were introduced by incipient
wetness impregnation using copper nitrate trihydrate (Merck
Sigma, > 99.5%) and potassium carbonate anhydrous (Merck
Sigma, > 99.0%) as precursors. Potassium nitrate (ACS reagent,
Merck Sigma, > 99.0%) and potassium bicarbonate (Merck
Sigma, > 99.5%) were also employed as potassium precursors.
A two-step impregnation procedure was used. First, the sup-
port material was impregnated with the aqueous solution of
copper nitrate, dried overnight at 80◦C and calcined at 500◦C
for 5 hr in air. Then, the resulting catalyst was further impreg-
nated with an aqueous solution of the potassium precursor,
followed again by overnight drying at 80◦C and calcination at
500◦C for 5 hr in air. 

1.2. Catalyst characterisation 

Powder X-ray diffractograms were acquired on a Bruker D8
Advance diffractometer with Bragg-Brentano geometry using
monochromatic Co K α radiation ( λ = 1.7902 Å) or Cu K α ra-
diation ( λ = 1.5405 Å). BET surface area of the catalysts was
determined from N2 adsorption isotherms at 77 K using a Mi-
cromeritics TriStar II 3020 instrument. H2 temperature pro-
grammed reduction (H2 -TPR) was carried out in a dedicated
set-up, consisting of a tubular furnace in which a 6 mm inter-
nal diameter quartz tube for holding the sample is inserted
and equipped with thermal conductivity detector (TCD) to
monitor H consumption. Experiments were performed using
a diluted H2 stream (10 vol.% in Ar) with a 30 mL/min flow
rate. 100 mg of sample were charged in the tube, and its tem-
perature was raised from 25 to 800◦C with a ramp rate of
10◦C/min. Scanning electron microscopy and energy disper-
sive X-ray spectroscopy (SEM-EDS) measurements were car-
ried out on a JEOL JSM-6010LA InTouchScope operated in high
vacuum mode, with acceleration voltage set at 20 kV. Trans-
mission electron microscopy was carried out on a Jeol JEM1400
plus TEM. 

1.3. Catalytic reaction 

The catalytic testing was carried on a dedicated set-up, in a
configuration similar to the one reported in previous works
( Hyakutake et al., 2016 ). A schematic representation of the re-
action set-up is presented in Appendix A Fig. S1. The inlet feed
was controlled by a system of mass flow controllers (MFCs,
Bronkhorst) and two electric 4-way valves to switch amongst
different gas flows at the inlets. The reactor consisted of a
tubular quartz tube reactor (4 mm ID, 6 mm OD), loaded with
200 mg of catalyst material, pelletized, crushed and sieved in
200–300 μm range. Prior to each reaction, the catalyst under-
went an activation treatment consisting of 50 mL/min of pure
H2 at 450◦C for 1 hr. The temperature of the bed was controlled
by a thermocouple inserted in the quartz reactor. The catalytic
performance was evaluated under CCR conditions at differ-
ent temperatures (300, 350, 400 and 450◦C) and ambient pres-
sure. A typical reaction cycle consisted of the alternation of
25 mL/min of 10 vol.% CO2 in He, to a reduction phase con-
sisting of 50 mL/min of H2 (100 vol.%). An inert phase of He
(80 mL/min, 100 vol.%) was flushed between the CO2 and H2

phases (and vice versa). The composition of the product gas
mixture was evaluated quantitatively by Fourier transform in-
frared (FTIR) spectroscopy (ALPHA Bruker) with a time resolu-
tion of 5 s. Valve switching and spectral acquisition were syn-
chronised by LabView software. The data presented resulted
from the average of multiple cycles of stable operation, after a
reproducible activity was achieved. 

Quantitative comparison of the CCR activity of different
catalyst was made on the basis of the capture capacity defined
by Eq. (1) : 

Capture capacity =
∫ 

( CO ) /gcat (1)

as the total amount of CO released during the reducing
H2 pulse per gram of catalyst ( gcat ) expressed in μmol/g
( Kosaka et al., 2021 ). 

2. Results and discussion 

CO2 capture and reduction was performed experimentally by
exposing the catalytic bed to the periodic alternation of a di-
luted CO2 feed (10 vol.% in He) and pure H2 . The gas compo-
sition of the reactor outlet stream was analysed by FTIR. The
gaseous concentration profile for a blank CCR experiment is
reported in Fig. 1 . Each CCR cycle of operation consisted of a
CO2 pulse (0–420 sec), followed by the reducing H2 pulse (570–
990 sec). For the purposes of this investigation, inert flushing
phases (He, 420–570 sec and 990–1140 sec) were introduced be-
tween the CO2 and H2 pulses to avoid mixing of the reactants
phases, to eliminate possible side reactions activated in co-
feed conditions and to univocally identify the role of the cat-
alytic materials in the capture and reduction phases. 

2.1. Catalytic role of potassium 

Bifunctional materials guarantee the activity in CO2 cap-
ture and reduction reactions (CCR), introducing both the
strong affinity to CO2 and the selectivity towards the de-
sired carbon products. Following the previous contribution
( Hyakutake et al., 2016 ), we employed a Cu-K/Al2 O3 catalyst
(Cu 11 wt.%, K 10 wt.%) as a model system to investigate the
catalytic roles of the two promoters. 

The X-ray diffractograms acquired on the synthesised ma-
terials are reported in Appendix A Fig. S2. Potassium would
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Fig. 1 – Reactor outlet CO2 concentration obtained by FTIR 

spectroscopy during a blank CCR experiment on a 
Cu-K/Al2 O3 catalyst (11 wt.% Cu, 10 wt.% K) at room 

temperature. CCR cycle consists of the alternation of diluted 

CO2 feed (blue region, 25 mL/min, 10 vol.% in He, 0–420 sec), 
He flush (50 mL/min, 420–570 sec), pure H2 feed (red region, 
50 mL/min, 570–990 sec), He flush (50 mL/min, 
990–1140 sec). 
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Fig. 3 – H2 -TPR profiles of γ-Al2 O3 supported catalysts. 
Sample were treated under H2 flow (10 vol.% in Ar, 
30 mL/min) and heating rate of 10◦C/min. 
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e expected in the carbonate form, considering its employ- 
ent as precursor for the synthesis and the calcination per- 

ormed in air. However, no K2 CO3 reflexes were detected. Sim- 
lar results were previously reported ( Bansode et al., 2013 ),
ointing out the existence of a highly dispersed K phase in 

he form of nanocrystallites or thin layers. The appearance 
f narrow metallic Cu reflexes in the XRD reflects a sinter- 

ng phenomenon, indicating that the amount of copper em- 
loyed exceeds the conditions to obtain a uniform dispersion 

f nanocrystals. 
To isolate the promotional effect of potassium, we com- 

ared the catalytic performance of the catalysts at increasing 
otassium loadings ( Fig. 2 ). Fig. 2a shows that the unpromoted 

atalyst (11 wt.% Cu / Al2 O3 ) does not possess the ability to 
apture CO2 . During the CO2 pulse, CO was produced from the 
irect interaction with the reduced catalyst. No COx species 
ere released in the H2 pulse, indicating that the capture of 
O2 is not active in absence of potassium. Low loadings of 
ig. 2 – Concentration profiles of CO2 (blue) and CO (red) during C
5 mL/min vs. 100% H2 (red region) at 50 mL/min over a) Cu/Al2 O
u-K/Al2 O3 (Cu 11 wt.%, K 10 wt.%). He flush phase at 80 mL/min
otassium are not sufficient to develop the active phase for 
O2 capture, as indicated by the results obtained in Fig. 2b for 
 K -promoted Cu/Al2 O3 catalyst (11 wt.% Cu, 2 wt.% K). How- 
ver, the presence of potassium undermined the CO2 reduc- 
ion responsible for CO produced in the CO2 pulse, indicating 
n interaction between the copper and potassium phases. At 
igher loading of K (10 wt.% K, 11 wt.% Cu), the emergence 
f the typical CCR catalytic activity was noticed ( Fig. 2c ). CO2 

as sequestrated from the feed, and then selectively con- 
erted and released as CO in the H2 pulse. No other carbon- 
ontaining products were detected within the detection limit.
he results indicated that an optimum loading of potassium 

xists and high CCR catalytic activity may be obtained when 

articular conditions of high dispersion of potassium phase 
nd intimate contact with copper are fulfilled. 

To gain insights into the interaction between Cu and K 

hase in the catalytic system, H2 temperature programmed 

eduction (H2 -TPR) analysis was conducted ( Fig. 3 ). For the 
npromoted Cu/Al2 O3 catalyst, complete Cu(II) reduction to 
etallic Cu(0) is achieved at 300◦C. The profile presents a main 

eak at around 235◦C with a small shoulder centred at around 

70◦C. The first peak can be assigned to the presence of highly 
ispersed CuO nanoparticles, while the shoulder can be re- 

ated to bulk oxidation of bigger agglomerates ( Luo et al., 2014 ).
CR at 350◦C, 1 bar with 10% CO2 in He (blue region) at 

3 (Cu 11 wt.%), b) Cu-K/Al2 O3 (Cu 11 wt.%, K 2 wt.%), c) 
 in between the CO2 and H2 pulses. 
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Fig. 4 – TEM images for the Cu-K/Al2 O3 (Cu 11 wt.%, K 10 wt.%) fresh (left) and spent after 50 CCR cycles at 350◦C (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to the unpromoted Cu/Al2 O3 catalyst, the reduction
peak of CuO shifted towards higher temperatures in presence
of potassium, from ca. 235◦C to 325◦C in case of 10 wt.% K load-
ing. Conversely, the decomposition of K2 CO3 was enhanced at
lower temperatures thanks to the formation of metallic Cu. In
fact, the reduction profile peaked at around 570◦C observed
for the K/Al2 O3 catalyst (10 wt.% K) was lost in the catalyst
containing Cu in favour of a wide reduction shoulder between
390 and 690◦C detected in the Cu-K/Al2 O3 system (10 wt.% K,
11 wt.% Cu). 

The decomposition of K2 CO3 , a crucial step for the acti-
vation of the catalyst towards CO2 capture, can be depicted
as the results of a dynamic interplay of reactions. When the
catalyst is exposed to H2 feed and heated, the reduction of
CuO produce H2 O ( Eq. (2) ). The resulting metallic Cu activates
the H2 molecule ( Eq. (3) ), making H species available on the
catalyst surface (H(ads) ) ( Christmann, 1995 ). It has been re-
ported that the K2 CO3 decomposition ( Eq. (4) ) is significantly
enhanced in presence of water release from CuO reduction
( Eq. (5) ) ( Duan et al., 2012 ). This is confirmed by the TPR pro-
files of Fig. 3 , where the reduction of the K2 CO3 phase in
the Cu-containing catalysts is promoted at lower tempera-
tures compared to the K/Al2 O3 system. When the CuO is fully
reduced, as in CCR reaction conditions, H species from H2

dissociation on metallic copper can drive K2 CO3 decompo-
sition further. Operando DRIFTS results suggest that, in CCR
conditions, a KOH phase can be generated by interaction
of the K2 CO3 with adsorbed H species ( Eq. (6) ) ( Pinto et al.,
2022 ). 

CuO+ H2 = Cu+ H2 O( g) (2)

Cu + H2 = Cu + 2 H( ads ) (3)

K2 CO3 = K2 O + CO2 (4)

K2 CO3 + H2 O = 2KOH + CO2 (5)
K2 CO3 + 2H( ads ) = 2KOH + CO (6)

During the catalyst activation step in H2 , the reduction of
CuO triggers the decomposition of K2 CO3 initially as an effect
of water release and then by continuous supply of H species
from dissociation of gaseous H2 on metallic Cu. Cu and K
phases interact strongly in reaction conditions. In situ XRD
measurements on a similar system ( Hyakutake et al., 2016 ),
revealed that in reaction conditions a highly dynamic state
is generated, with a profound change in the crystalline struc-
ture. In such state, the absence of crystalline CuO or metallic
Cu reflexes was noticed and addressed to a nanodispersion of
the Cu phase induced by the contact with the highly dynamic
K phase. Transmission electron microscopy images collected
for the Cu-K/Al2 O3 catalyst (10 wt.% K, 11 wt.% Cu) after 50
CCR cycles at 350◦C, shown in Fig. 4 (catalytic results in Ap-
pendix A Fig. S3), support the previous observation. While CuO
nanoparticles up to 10 nm diameter are clearly observed in
the fresh sample, small dispersed Cu nanoparticles (2–3 nm)
are observed in the sample after reaction condition. A similar
behaviour was reported on a K-promoted Pt/Al2 O3 ( Luo et al.,
2014 ), for which they related the formation of finely dispersed
Pt species under thermal ageing to the interaction with an ex-
tremely mobile K phase. Preliminary investigation by in situ
soft-X-ray absorption spectroscopy (Appendix A Fig. S4-S6)
also revealed a change in the state of K in reaction conditions
possibly due to the generation of a highly disordered potas-
sium phase with increased dispersion on the γ -Al2 O3 support .
Such high dispersion and the intimate contact between the
metallic Cu and the K phase are expected to play a key role for
the activity of the catalyst towards CCR. 

2.2. Influence of synthesis conditions 

The extremely dynamic nature of the catalytic system in re-
action conditions challenges the identification of the potas-
sium active phase for developing CCR catalysis. The nature
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Fig. 5 – Capture capacity and pore volume for Cu-K/Al2 O3 

(Cu 10 wt.%, K 10 wt.%) synthesized with different amount 
of water in potassium impregnation step (1–5 × pore 
volume of support). 
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f this potassium phase, however, is independent of the K 

recursor employed in the synthesis. In this work, three Cu- 
/Al2 O3 catalysts (Cu 10 wt.%, K 10 wt.%) were synthesized 

mploying different K precursors, namely potassium carbon- 
te, bicarbonate and nitrate. Those salts were chosen in view 

f their different thermal stability. Bulk KNO3 decomposition 

s reported at temperatures higher than the calcination tem- 
erature of 500◦C employed in this work ( Gordon and Camp- 
ell, 1955 ; Udupa, 1976 ), while KHCO3 starts decomposing to 

2 CO3 already at temperatures as low as 100◦C ( Hartman et al.,
019 ). 

Interestingly, though the as-synthesized materials exhib- 
ted some differences in terms of structural and morphologi- 
al properties (Appendix A Table S1), the CCR activity was pre- 
erved and similar catalytic behaviour was observed for all the 
amples. Catalytic activity (Appendix A Table S1 and Fig. S7) 
ndicated that the active K phase was generated in reaction 

onditions for all the catalysts, independently of the K precur- 
or employed during the synthesis. The results suggest that,
uring catalyst activation and CCR reaction, a similar potas- 
ium state was generated for all the samples. Such indication 

as confirmed by the X-ray diffractograms of the spent sam- 
les (Appendix A Fig. S8), that showed comparable patterns 
fter CCR reaction. 

The potassium-derived catalytically active phase is crucial 
n the generation of CO2 capture and reduction activity, thus 
t appears meaningful to investigate its dependence on syn- 
hesis conditions. To this scope, we synthesized and tested 

 different Cu-K/Al2 O3 (Cu 11 wt.%, K 10 wt.%). Each catalyst 
as synthesized using an increasing amount of water in the 
otassium impregnation step, with the objective of transition- 

ng from the incipient wetness impregnation regime to condi- 
ions closer to wet impregnation synthesis. For incipient wet- 
ess impregnation synthesis, the volume of potassium pre- 
ursor solution matches the pore volume of the powder to be 
mpregnated (defined here as 1 unit of pore volume). In this 
ase, capillary forces drive the solution inside the pores max- 
mising the dispersion of K. 

Employing an excess of water (2, 3 and 5 units of pore 
olume in this work) in the impregnation, the deposition 

f the solute inside the material pores is expected to be 
ainly governed by diffusional forces, requiring longer times 

o achieve an equilibrium composition ( Marceau et al., 2009 ).
-ray diffractograms of the samples showed similar patterns 
ppendix A Fig. S9). Only low intensity broad reflexes associ- 
ted to dispersed CuO nanocrystallites and the γ -Al2 O3 sup- 
ort were detected. The absence of K-related reflexes con- 
rmed the low crystalline character of the phase. SEM-EDX 

omposition analysis (Appendix A Table S2) suggested that 
xcess of water in the K impregnation leads to a lower con- 
entration of potassium in the catalyst bulk, preventing uni- 
orm dispersion and possibly favouring surface segregation 

f the potassium phase. Both BET surface area and pore vol- 
me of the catalysts increased with the amount of water em- 
loyed in the potassium impregnation step, indicating that,
pproaching wet impregnation synthesis conditions, pore fill- 
ng with the potassium solution and deposition of the potas- 
ium phase were avoided (Appendix A Table S3). Fig. 5 shows 
he performance of the different catalysts in terms of CO2 cap- 
ure capacity, as defined in the Materials and Methods section 

 Eq. (1) ). 
The employment of excess water in the K impregnation 

tep undermined the activity of the Cu-K/Al2 O3 catalysts. The 
eproducibility of the synthesis procedure was tested, and the 
atalytic activity results were confirmed (Appendix A Table 
4), with the descending trend of capture capacity at increas- 

ng water amount in the K impregnation. The catalyst pre- 
ared with incipient wetness impregnation (i.e. 1 unit of pore 
olume of water solution) showed the highest performance,
ndicating that, besides exhibiting lower surface area and pore 
olume, the uniform dispersion of potassium and the maximi- 
ation of contact with the copper phase are decisive properties 
o maximise CCR activity. 

.3. Catalytic role of copper 

he role of transition metals in bifunctional materials for the 
ntegrated capture and conversion of CO2 is promoting the re- 
uction of the captured CO2 and selectively driving its conver- 
ion towards the desired products (CO or CH4 ). Copper, espe- 
ially, is known to provide high selectivity towards CO2 conver- 
ion to CO. For this reason, Cu-based catalysts are frequently 
mployed for CO2 reduction reactions, as the reverse water- 
as shift (RWGS) ( Porosoff et al., 2016 ). Reduced copper species 
re reported to dissociate gaseous H2 and provide active H 

pecies that increase the reducibility of CO2 and selectively 
orm CO ( Chen et al., 2000 ; Ernst et al., 1992 ). In this section,
e investigate the role of copper in the development of the 
O2 capture and reduction activity. 

A K/Al2 O3 catalyst (K 10 wt.%) was synthesized to investi- 
ate the catalytic behaviour in absence of copper. The activa- 
ion pretreatment of the catalyst in H2 (1 hr at 450◦C) leads to 
he decomposition of the K phase generating active sites for 
apture. After that, capture of CO2 from the feed was noticed 

uring the first cycle of CCR operation at 350◦C (Appendix A 

ig. S10). However, the regeneration of the active phase is ki- 
etically slow at reaction temperature and the short duration 

f the H2 pulse in operating conditions (420 sec) prevented the 
ull regeneration of the catalyst after the first cycle. As shown 

n Fig. 6a , the ability to capture CO2 was drastically abated 

n the following reaction cycles and continuous CCR activity 
ould not be achieved. In absence of copper, only a limited por- 
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Fig. 6 – Concentration profiles of CO2 (blue) and CO (red) during CCR at 350◦C, 1 bar with 10% CO2 in He (blue region) at 
25 mL/min vs. 100% H2 (red region) at 50 mL/min over (a) K/Al2 O3 (K 10 wt.%), (b) Cu-K/Al2 O3 (Cu 1 wt.%, K 10 wt.%), (c) 
Cu-K/Al2 O3 (Cu 11 wt.%, K 10 wt.%). He flush phase at 80 mL/min in between the CO2 and H2 pulses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tion of the potassium phase can be decomposed at low reac-
tion temperature. As a consequence, the catalyst exhibits very
low CO2 capture capacity (65.5 μmol/g). 

A substantial enhancement of the activity in reduction of
captured CO2 was obtained already at low Cu loadings (Cu
1 wt.%, K 10 wt.%), as shown in Fig. 6b . During the H2 pulse
(570–990 sec), the high release of CO indicates that kinetic of
reduction was clearly boosted, resulting in a drastic improve-
ment of CCR performance in terms of CO2 capture capacity
(210.2 μmol/g). Metallic copper introduced the selective reduc-
tion of the captured CO2 and promoted fast regeneration of
the active phase for capture, key properties to develop isother-
mal cyclic CCR operation. H species generated by H2 activa-
tion on Cu appear to be decisive for the decomposition of the
potassium phase and the selective release of CO. 

Fig. 6c shows that increasing the loading of copper (Cu
11 wt.%, K 10 wt.%) does not play a decisive role in enhancing
the performance of the catalytic system, since only a minor in-
crease in capture capacity was detected (227.5 μmol/g). More
than the absolute loading of copper, a decisive role seems to
be played by the dispersion of K and Cu and the optimal con-
tact between the two phases at reaction conditions. In analogy
with a proposed mechanism for RWGS reaction ( Porosoff et al.,
2016 ), the close contact between the phases may favour the
spillover of H species from the metallic copper to the capture
sites, providing the reduction of CO2 to CO ( Conner and Fal-
coner, 1995 ). 

2.4. Contribution of metal oxide support to ccr catalysis 

In the previous sections, the role of Cu and K in the devel-
opment of the CO2 capture and reduction catalysis has been
elucidated. In the attempt of determining the role of the metal
oxide support in generating the catalytically active phase for
CCR, we investigated the reaction on similar Cu-K catalytic
systems supported on TiO2 (rutile) and ZrO2 (Cu 10 wt.%, K
10 wt.%). XRD of the catalysts are reported in Appendix A Fig.
S11. The catalytic activity results are shown in Fig. 7 . Negligi-
ble activity in CO2 capture is noticed for the TiO2 -supported
catalyst, as reflected in the low amount of CO evolved in the
H2 pulse. The formation of a K-Ti mixed oxide phase, which
is stable in reaction conditions, may explain the inability of
the catalyst of generating an active potassium state for CO2
capture (Appendix A Fig. S11). Although showing some activ-
ity, the ZrO2 -supported catalyst performed significantly worse
than its γ -Al2 O3 -based counterpart ( Fig. 2c ). Appendix A Fig.
S12 reports the CO2 capture capacities of the three catalytic
systems measured at 350◦C and their BET surface area. The
results suggest that, thanks to its high surface area, γ -Al2 O3

support markedly enhances the CCR activity ensuring ade-
quate dispersion of the Cu nanoparticles and maximizing the
contact between Cu and K phases. 

Comparing different support materials employed for RWGS
reaction, high dispersion of Cu on Al2 O3 and ZrO2 was
found on catalysts prepared by deposition precipitation
method, with Cu/Al2 O3 exhibiting the highest catalytic activ-
ity ( Jurković et al., 2017 ). Relations between the catalytic activ-
ity and the acidity of metal oxides should also be considered.
γ -Al2 O3 exhibit strong Lewis acid sites while weaker acidity is
found for the amphoteric TiO2 and ZrO2 ( Álvarez et al., 2017 ;
Ferretto and Glisenti, 2003 ; Lahousse et al., 1993 ). The added
potassium promoter is known to strongly interact with acidic
supports ( Bansode et al., 2013 ; Garcia Cortez et al., 2003 ), caus-
ing their neutralisation. In this sense, the acidity of γ -Al2 O3

can promote a peculiar interaction with the K2 CO3 . The fine
dispersion and the strong interaction with Al2 O3 have been
shown to enhance the K2 CO3 decomposition at lower tem-
peratures in comparison with bulk K2 CO3 ( Kantschewa et al.,
1983 ; Walspurger et al., 2008 ), as also detected in the TPR re-
sults of Fig. 3 . Such increased destabilisation of the K2 CO3

phase helps to generate the potassium active state for CO2

capture and reduction. 

2.5. Temperature and generation of the catalytically 
active phase 

Fig. 8 reports the catalytic activity results obtained for the Cu-
K/Al2 O3 catalyst (Cu 11 wt.%, K 10 wt.%) in four different ex-
periments at varying reaction temperatures. Looking at the
catalytic behaviour, the typical CCR activity was noticed start-
ing from a temperature of 350◦C. A significant change in the
reduction mechanism was observed at this temperature. The
higher CO formation detected at 350◦C during both CO2 and H2

pulses revealed an enhancement of direct CO2 hydrogenation
and captured CO2 reduction, respectively. The results indicate
that a temperature of 350◦C is decisive for the formation of the
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Fig. 7 – Concentration profiles of CO2 (blue) and CO (red) during CCR at 350◦C, 1 bar with 10% CO2 in He (blue region) at 
25 mL/min vs. 100% H2 (red region) at 50 mL/min over a) Cu-K/TiO2 (Cu 10 wt.%, K 10 wt.%) and b) Cu-K/ZrO2 (Cu 10 wt.%, K 

10 wt.%). He flush phase at 80 mL/min in between the CO2 and H2 pulses. 

Fig. 8 – Concentration profiles of CO2 (blue) and CO (red) during CCR at 350◦C, 1 bar with 10% CO2 in He (blue region) at 
25 mL/min vs. 100% H2 (red region) at 50 mL/min over Cu-K/Al2 O3 (Cu 11 wt.%, K 10 wt.%) at different reaction temperatures. 
He flush phase at 80 mL/min in between the CO2 and H2 pulses. 
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ctive phase for CO2 capture and reduction in the Cu-K/Al2 O3 

ystem. The TPR profiles of Fig. 3 also displayed an increased 

2 consumption in this temperature range, assignable to both 

uO reduction and K2 CO3 decomposition. In reaction condi- 
ions, with the copper already in its metallic state, 350◦C is 
ecessary to activate H2 dissociation ( Rodriguez et al., 2003 ).
t this temperature, the increased availability of surface H 

pecies promotes the decomposition of the potassium phase 
enerating the catalytically active state for CO2 capture. At 
igher temperatures, a kinetic enhancement of the CO2 reduc- 
ion was registered, in agreement with the endothermic na- 
ure of the reaction and in similarity with the RWGS ( Daza and
uhn, 2016 ). As a result, the CO2 capture capacity of the cata- 

yst increased with temperature and the profiles of CO release 
n the H2 pulse exhibited a higher and narrower initial peak.
rom the point of view of the process development, temper- 
ture stands out as a key operating parameter to control the 
uration of the CO2 and H2 pulses. Higher temperatures can 

n fact shorten the H2 pulse for regenerating the catalyst and 

t the same time, by concentrating the CO release in time, can 

une the H2 /CO ratio in the syngas product to flexibly target 
he needs of the downstream processes. 
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3. Conclusions 

The activity towards CO2 capture and selective reduction to
CO derives from a complex interaction between the Cu and
K promoters and the γ -Al2 O3 support. Potassium introduces
the CO2 affinity, but its intimate interaction with the metal-
lic Cu is vital to generate the active phase for capture. The γ -
Al2 O3 excels as catalyst support, providing high surface area
end ensuring high dispersion of potassium and intimate con-
tact with the Cu phase. A strong interaction between the acidic
sites of γ -Al2 O3 and the basic potassium carbonate enhances
the decomposition of the potassium-derived phase, gener-
ating active sites for CO2 capture. The formation of the ac-
tive phase for CO2 capture was found to be independent of
the type of potassium precursor employed in the synthesis.
However, the high dispersion and intimate contact between
copper and potassium phases proved to be key parameters
for the activity towards CCR. The generation of active cap-
ture sites, in the H2 pulse, was found to be activated at a
temperature between 300 and 350◦C in presence of copper.
Metallic Cu activates H2 dissociation and provides H species
that enhance the decomposition of the potassium phase. In
such a dynamic state, the synergy between Cu and K per-
mits to aggressively capture CO2 from the feed and selec-
tively releasing CO when exposed to H2 , providing at the same
time fast regeneration of the CO2 capture active sites. These
results furnish insights for improved catalyst design of bi-
functional catalysts for integrated CO2 capture and reduction
processes. 
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