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Mechanistic insights into the CO2 capture and
reduction on K-promoted Cu/Al2O3 by
spatiotemporal operando methodologies†
Donato Pinto, Victor van der Bom Estadella and Atsushi Urakawa *

Integrated CO2 capture and conversion processes bring the promise of drastic abatement of CO2 emission
together with its valorisation to chemical building blocks such as CH4 and CO. Isothermal CO2 capture and
reduction (CCR) on a K-promoted Cu/Al2O3 was recognised as an effective catalytic strategy for removing
CO2 from diluted stream and converting it to syngas (H2 + CO) employing green H2 as reducing agent.
The dual functionality of the catalyst is the key of this dynamic process, in which the alkaline metal
introduces the capture functionality and copper ensures the selective conversion of the captured CO2 to
CO. However, the highly dynamic state of the catalyst at reaction conditions represents a barrier for the
identification of the catalytic mechanism of CCR, which is vital for rational process improvement and
design. In this work, we conducted a mechanistic investigation of CCR by means of spatiotemporal
operando methodologies, gaining insights into dynamic variation of temperature, gas concentration and
reactive surface species in the CCR reactor. The results show the unique potassium state exothermically
captures CO2 as surface carbonates which can be reduced to CO rapidly under H2 atmosphere. When the
surface carbonates are transformed to formates the reaction path is altered and the reduction to CO
becomes slower. By designing controlled catalytic experiments, we further demonstrate the active
involvement of CO in the capture mechanism and the effectiveness of CO2 capture in presence of an
oxidised surface, extending the perspectives and suitability of CCR to treat actual complex effluent
streams.

Introduction
The urgency of reducing anthropogenic emissions of CO2 has
given impulse to the elaboration of carbon capture and
utilisation (CCU) strategies. Such strategies are designed to
substantially reduce the CO2 emissions of industrial processes
and power plants by separating CO2 from exhaust gases and,
after purification and compression, making it available as
feedstock for chemicals and fuels production. Compared to
the alternative carbon capture and storage (CCS) that treat
CO2 as a waste, CCU technologies extract value from the
captured CO2 by employing it as a carbon source to produce
carbon-neutral commodities.1–4

Several technological options have been investigated and
developed for CO2 capture, including amine-based liquid
solutions, solid sorbents, separation membranes, ionic
liquids, cryogenic separation and biological systems among
others.5–8 Technologies employing amine-based solutions, in

particular monoethanolamine, are available at commercial
stage, although their employment put some constraints on
the capture process.9 The flue gases containing CO2 need to
be cooled down to an optimal temperature of operation,
which is around 40–60 °C for amines. Moreover, O2, dust,
NOx and SOx compounds often have to be separated from the
flue gas, since they act as poisoning agent provoking the
decomposition of the solvent. After saturation of the solution
with CO2, an energy-intensive CO2 desorption and solvent
regeneration has to be performed.

Solid sorbents, including metal oxides, zeolites, carbon,
polymers and metal organic frameworks, partially overcome
the constraints introduced by an absorbent in the liquid
phase, with great promises to reduce capital costs and energy
requirements for regeneration.10–12 Alkaline metal oxides,
especially CaO, present high affinity towards CO2 capture
and are tested in carbonation cycles.13 However, their
thermal regeneration requires high temperatures, leading to
particle sintering and capture efficiency losses.

Despite the promising readiness of the available
technologies, the operational costs related to CO2 capture
still represent the main limitation. Such costs become
prohibitive to capture diluted CO2, as in the case of flue gases
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emitted by power plants, cement and steel industry, in which
the capture cost can exceed 100 USD per ton of CO2.14

Furthermore, high purity CO2 needs to be separated and
compressed to be sourced to the chemical industry. The
current CO2 utilisation involves mainly urea synthesis and
other small-scale applications (food industry, methanol,
carboxylic acids synthesis, etc.), that accounts for transforming
an amount of CO2 equivalent to 0.5% of its annual
emissions.15,16 Consequently, it is more desirable to design
processes which can directly and successfully handle diluted
sources of CO2, as flue gases from power plants, or even make
use of the hundreds of ppm concentration in air, in order to
reduce the costs related to purification and compression steps.

Anticipating wider availability of economic green H2 in
the near future, the combination of CO2 capture with its
direct conversion to more appealing carbon-containing
molecules, can bring additional value to the product.

In the last decade, several research groups have proposed
and demonstrated integrated CO2 capture and conversion
processes.17,18 By using a properly functionalized solid
catalyst, CO2 from diluted streams is captured and stored in
the material. Successively, employing H2 as a reducing agent,
the captured CO2 can be selectively converted to more
appealing carbon-containing molecules like CO and CH4 with
a wider range of applications in chemical industry than CO2.
With economic green H2 availability, such processes will
become competitive options to close the carbon-cycle.

Farrauto and coworkers19 proved the feasibility of the
concept by means of a bifunctional catalyst, in which a
combination of alkaline metal oxide (CaO) and transition
metal (Ru) supported on �-Al2O3 provided efficient capture of
CO2 from diluted streams and its subsequent conversion to
CH4 when the atmosphere was switched to H2. A key
characteristic of the process is that both capture and
conversion steps can take place at the same pressure and in
isothermal conditions. Thanks to the nanodispersion of the
alkali component on the support, the regeneration of the
sorbent in H2 was achieved at temperatures as low as �300
°C, permitting to reduce the energy requirements compared
to the case of bulk CaO regeneration. A similar integrated
process, referred to as CO2 capture and reduction (CCR), was
demonstrated by our research group employing catalysts
containing abundant chemical elements.20 Potassium was
introduced as efficient promoter for CO2 sorption, while the
combination of Fe, Cu and Cr exhibited high performance
targeting the selective formation of CO, in view of obtaining
a valuable syngas mixture (H2 + CO) in the product stream.

The interest in the catalytic process has grown recently
with the exploration of alternative catalytic formulations.
Several alkali (Li, Na, K, Cs) and alkali earth promoters (Ca,
Ba) can be employed to introduce the CO2 capture
functionality.21–24 The conversion of the captured CO2 is
selectively driven towards the desired product by proper
selection of the active metal phase. In particular, Cu-based
catalysts exhibited selective reduction to CO,20,25 while Ru
and Ni were employed for methanation.26–29

Recently, Kosaka et al.30 demonstrated the beneficial effect
of increasing reaction pressures (up to 9 bar) to enhance the
performances of direct CO2 capture at the level of the
atmosphere and CH4 formation on a Na-promoted Ni/Al2O3

catalyst.
Despite a trending research directed towards optimisation

of CCR processes, knowledge regarding the fundamental
catalytic mechanism is still limited. Ex situ investigation of
the catalytic materials inherently lacks information about the
active catalytic state. Hyakutake et al.25 employed a
K-promoted Cu/Al2O3 catalyst as model systems to investigate
the peculiar characteristics of the active phase for CO2

capture and reduction. Operando diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) suggested the
formation of surface intermediates assigned to formates on
potassium, while operando XRD analysis revealed a highly
dynamic system in reaction conditions, with a complex state
composed of an highly amorphous potassium state and
nanodispersed copper. At the operation temperatures, the
dynamic nature of the catalytic system varies in time and
space, requiring spatiotemporal analytical techniques to
elucidate the CCR chemistry and to identify the catalytic roles
played by the K and Cu phases.

In this contribution, we aimed to deepen the
comprehension on the catalytic mechanism responsible for
CO2 capture and reduction on a K-promoted Cu/Al2O3 system,
by identifying active reaction paths of the CCR catalysis.
Spatiotemporal sampling of temperature and gas
composition along the catalytic bed were used, while
operando DRIFTS was used to identify spatiotemporal
variations of reactive surface species. Unprecedented
mechanistic insights were gained by the substitution of CO2

with CO at the inlet stream and from the evaluation of how
CCR operates when Cu is oxidised.

Results and discussion
A Cu–K/�-Al2O3 catalyst (11 wt% Cu, 10 wt% K) was
synthesised by a two-step incipient wetness impregnation
method, following the procedure already reported for similar
materials.25 The successful outcome of the synthesis was
verified by X-ray diffraction (Fig. S1†).

Fig. 1 shows a representative concentration profile during
the CCR catalytic test performed at 350 °C on the Cu–K/�-
Al2O3 catalyst.

In a typical CCR catalytic test, 0.25 g of catalyst are first
activated by exposure to a reducing stream at 450 °C (100%
H2, 50 mL min�1, 1 h). During this pretreatment, CuO is fully
reduced to metallic Cu, while the highly dispersed K2CO3

phase is partially decomposed. The presence of copper
enhances the decomposition of K2CO3 at lower temperature
compared to bulk K2CO3 or K/Al2O3 system, as confirmed by
TGA analysis (Fig. S3†). As a result, active sites for the capture
of CO2 are generated. Then, the catalyst is cyclically exposed
to the alternating reactive gases. First, a CO2 feed (10% in
He, 15 mL min�1) is passed to the catalyst bed, from which

Catalysis Science & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
5/

20
22

 5
:1

9:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 
C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cy00228k


Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2022

CO2 is captured until saturation of the active sites. For this
catalytic test (Fig. 1), an excess of CO2, compared to the CO2

capture capacity of the catalyst, is passed to the reactor in
order to study the reaction paths before and after catalyst
saturation. It is possible to maximize the full CO2 capture
period by adjusting gas flow rate, catalyst amount and CO2

concentration. An inert flush phase (He, 30 mL min�1) is then
introduced to the reactor to remove weakly-adsorbed species
and avoid mixing of reactants and related gas-phase reactions
for more precise mechanistic studies. After that, H2 is
introduced to the reactor (100%, 15 mL min�1) to remove the
adsorbed CO2 in the form of CO and regenerate the
catalytically active phase, followed by an additional inert
flush phase (He, 30 mL min�1). Fig. 1 reports the average of
the cycles with stable catalytic activity achieved after the first
non-reproducible cycle. Compared to the CO2 profile
obtained for a blank experiment performed on the inactive
catalyst bed at room temperature, the delay in the
appearance of CO2 at the outlet (20 s) suggests that CO2 is
aggressively captured by the catalyst. Quantitative evaluation
of the outlet stream composition clarifies that ca. 100% of
CO2 was captured during this initial period. No CO signal is
detected in this time interval within the detection limit (ca.
100 ppm), resulting in virtually a COx-free reactor effluent.

Once saturation of the capture sites is achieved, most of
the CO2 entering the reactor is directly released to the reactor
outlet apart from a small fraction reacting to produce CO.
The detection of CO only after the end of the initial active
capture period suggests that the active sites generated on this
catalyst may be active for both CO2 and CO capture.
Interestingly, the outlet gas analysis (Fig. 1) highlighted the
formation of water during the capture phase. The formation
of water in the CO2 atmosphere indicates the presence of

active H or OH species, generated during catalyst exposure to
gaseous H2 and stored on the catalyst surface. The
identification of such species seems directly related to the
catalytically active phase and will be targeted in the following
sections.

Upon switching to the reduction (H2) feed, the captured
CO2 is instantaneously and selectively reduced to CO and no
other carbon-containing products such as CH4 are observed
within the detection limit (Fig. 1). The sharp peak of CO
detected at the outlet is not accompanied by water formation.
The water signal starts to rise with a significant delay (ca. 60
s) compared to the start of the H2 phase (595 s). This
excludes a direct correlation of water formation to the main
reduction mechanism of captured CO2 towards CO
formation.Fig. 1 Outlet gas concentrations during CCR performed at 350 °C. 1

CCR cycle consists of CO2 feed (0–420 s, 15 mL min�1, 10% in He),
inert flush (420–595 s, 30 mL min�1, He), H2 (595–1015 s, 15 mL min�1,
100%), inert flush (1015–1190 s, 30 mL min�1, He) and the cycle is
repeated. Results are averaged over 18 CCR cycles. CO2 blank signal
(dotted line) obtained as average of 2 CCR cycles during blank
experiment at room temperature. The inset shows the concentration
profiles during the initial phase of the CO2 capture phase (0–100 s).

Fig. 2 Outlet gas concentrations of CO2 (�) and CO (�) and signal of
H2O (�) during CCR performed at 350 °C (yellow profiles), 400 °C (red
profiles), 450 °C (magenta profiles). Results are averaged of 18 CCR
cycles. CO2 blank signal (dotted line) obtained as average of 2 CCR
cycles during blank experiment at room temperature.
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The presence of unconverted H2 and CO in the effluent
stream generates a syngas, whose quality, after separation of
water in the product stream, is generally defined by the H2/
CO ratio. The beauty of the CCR is the flexibility of the
process, since this ratio can be tuned by the H2 flow rate, the
reduction period, the reduction rate defined by the catalyst
and also the reaction temperature.

Effect of reaction temperature

In general, reaction temperature is one of the process
parameters greatly affecting CCR performance. Fig. 2
compares the CCR activity at three different temperatures,
namely 350, 400 and 450 °C. At higher temperatures, the CO2

is detected in the reactor effluent during the capture phase
increasingly delayed, revealing an higher capture capacity of
the material. Increasing the temperature is beneficial for the
CCR reaction. At higher temperature, a larger portion of
potassium active sites for capture is likely regenerated in H2

atmosphere at each cycle. This is in line with the increased
weight loss detected at 450 °C during H2-TGA, which is
related to decomposition of the potassium phase (Fig. S2†).
As a consequence, the amount of CO2 removed from the feed
gas increases from 54 �mol gcat

�1 (350 °C), 95 �mol gcat
�1

(400 °C) to 130 �mol gcat
�1 (450 °C).

After the initial active capture, the amount of CO
produced by direct interaction of CO2 with the catalyst
slightly increases with temperature. Some considerations can
be made from the qualitative analysis of the water signals
evolved during the CO2 stream at different temperatures. On
the one hand, the slight increase in water signal with
temperature, associated to the increased amount of CO
formation, indicates that a CO2 hydrogenation path to CO is
active, which is enhanced at higher temperatures in
accordance with the endothermic RWGS reaction.31 As
mentioned earlier, CO is only detected after saturation of the
capture sites, when the CO2 signal starts to rise. The initial
absence of CO detection suggests that CO has affinity
towards the capture sites and may directly participate in the
capture mechanism.

The analysis of the gaseous species at the reactor outlet
permits to identify three main reactions taking place during
the CO2 capture phase:

CO2 + � = CO2(a) + H2O (1)

CO2 + 2H(a) = CO + H2O (2)

CO + � = CO(a) (3)

where (�) represent an active sites for COx capture on the
catalyst. CO2(a) and CO(a) do not necessarily indicate simple
adsorbed states of the respective molecules, but rather
molecules trapped in the form of surface/bulk chemical
species like carbonate. Determining the type of adsorbed
species formed during COx capture is crucial to identify the

active sites for CCR and such studies are described in the
following sections.

When the feed gas is switched to H2, the comparison of
the catalytic activity profiles at different temperatures
clarifies the presence of two distinct mechanisms involved in
the formation of CO.

The first mechanism is associated with the initial fast
release of CO. At higher temperatures, the peak of CO
reaches higher values, consistent with the higher amount of
CO2 captured. Interestingly, this initial CO release is not
accompanied by any water formation (vide supra). The
absence of a marked release of water at this stage suggests
the absence of CuO formation during the CO2 capture stage,
as evidenced in a previous work.25 This also excludes the
relevance of a redox reaction involving a Cu/CuxO cycle as
mechanism for CO2 reduction for this catalytic system.
Rather, CO2 is reduced by active H species formed by H2

dissociation on Cu (reaction (4)). However, this reaction does
not follow a standard hydrogenation path (RWGS, reaction
(5)) leading to CO and water release as a consequence of CO2

reduction. Rather, during the initial reduction phase of CCR,
the excess of active H species generated in the reduction
phase may induce the destabilisation of the surface
intermediates formed during CO2 capture, provoking the fast
selective release of CO (reactions (6) and (7)). Results from
the investigation of surface species and their dynamics in
capture and reduction phases are fundamental to elucidate
the type of mechanism involved.

H2 = 2H(a) (4)

CO2(a) + H2 = CO + H2O (5)

CO2(a) + 1/2H2 = OH(a) + CO (6)

CO(a) + 1/2H2 = H(a) + CO (7)

After the fast initial release, a second mechanism is
responsible for the long tailing in the CO signal. This slowly
decaying CO signal seems to be correlated with the water
signal. Interestingly, both CO and water profiles deriving
from this mechanism are not affected by change in reaction
temperature. This contrasts with the hypothesis of a reverse
water-gas shift type of reaction which would in turn be
favoured at higher temperatures. Mass transfer limitations
generated in the packed bed reactor, as well as the presence
of less active catalytic sites may be responsible for this
reaction. However, the analysis of the outlet stream
composition lacks of spatial resolution to answer the
question.

Spatiotemporal operando studies of temperature,
concentration and surface species in the reactor

The analysis of the catalytic activity profiles characterised by
the outlet stream concentrations offers relevant indications
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on the type of reactions involved in CCR. However, the
information retrieved at the reactor outlet lacks spatial
resolution, potentially missing any temperature or
concentration gradients developed in the reactor bed.
Moreover, such results are detached from any consideration
on the catalyst state and dynamic of surface species involved
in the capture of CO2 and selective conversion to CO. In
particular for the Cu–K/Al2O3 system, the unique catalytic
state reached in operation conditions does not permit to
make conclusive statements based on ex situ data.25 To
obtain deeper understanding of the reaction mechanisms
involved in CCR, we performed operando spatiotemporal
sampling of temperature and gas concentration along the

reactor bed. In addition, with the aim of identifying the
surface reaction mechanisms involved in the CCR reaction,
we performed spatiotemporal operando DRIFTS and
compared the dynamics of surface species with the evolution
of the catalytic activity.

Fig. 3 contains the results obtained from spatiotemporal
sampling of concentration and temperature by means of a
moving capillary system under CCR with Cu–K/�-Al2O3 at 350
°C. The reaction condition employed was identical to that of
the experiment shown in Fig. 1. A schematic of the sampling
positions is represented in Fig. 3A. The sampling positions
inside the bed are indicated with the relative position, where
positions 0 and 1 correspond to quartz wool at the front and

Fig. 3 Spatiotemporal profiling of temperature and gas phase composition (MS) along the catalyst bed during CCR at 350 °C. Schematic of
different sampling positions (A) shown in the relative position (0: beginning of the catalyst bed, 1: end of the catalyst bed). Position 0 and 1
correspond to quartz wool at the front and after the catalyst bed, respectively. CO2 (B) and CO (C) concentration profiles obtained for the initial
stage of the capture phase and reduction phase, respectively. Dashed black line correspond to the signal collected at position 0 in the quartz wool
in front of the bed. Temperature of the catalyst bed sampled at different positions from the front to the end of the catalyst bed during the initial
stage of the capture phase (D) and reduction phase (E).
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after the catalyst bed, respectively. Fig. 3B highlights the
evolution of CO2 sampled at different positions along the
catalyst bed during the initial stages of the capture phase
and analysed by mass spectrometry. Moving along the bed
(relative position from 0 to 1), the CO2 is detected at
progressively increasing times, confirming the existence of an
active adsorption front proceeding until saturation of the
active sites at each position.

At the same time, a temperature increase is detected
before the detection of gaseous CO2 at each position
(Fig. 3D vs. B). The capture is then associated with an
exothermic process which can result from the adsorption of
CO2 from the gas phase. This is consistent with the
exothermic reaction of CO2 with K2O or KOH to form
carbonate or bicarbonate species (reactions (8)–(11)).32

However, the generation of water during the capture reaction
suggests that the mechanism of CO2 capture may involve a
potassium hydroxide phase with formation of carbonates
species (reaction (10)).

K2O + CO2 = K2CO3 �H300K = �386 kJ mol�1 (8)

K2O + 2CO2 + H2O = 2KHCO3 �H300K = �176 kJ mol�1 (9)

2KOH + CO2 = K2CO3 + H2O �H300K = �154 kJ mol�1 (10)

KOH + CO2 = KHCO3 �H300K = �156 kJ mol�1 (11)

In order to verify this, the analysis of the dynamics of surface
species during an analogous CCR experiment is reported in
Fig. 4A–D, in comparison with the reactor outlet gas stream
concentrations (Fig. 4E). To optimise the temporal behaviour
of the surface species analysis, the inlet flow condition for
these experiments were set to 10 mL min�1 for the CO2 feed
(1% in He) and the H2 feed, while the He flush was kept at
30 mL min�1. The spectra are the average of 8 cycles after
achieving a stable operation (quasi steady-state). The last
spectrum of the cycle, collected at the end of the inert
flushing phase, is used as the background to calculate the
absorbance.

When CO2 is fed to the catalyst bed (0–420 s), we observe
the rise of specific vibrations in the CO stretching region
(�(CO) = 1640 and 1290 cm�1). The outlet stream
concentrations (Fig. 4E) clarify that those species are
appearing on the surface before the rise of CO2 signal at the
outlet (ca. 200 s). When the saturation is reached at one
position of the bed, the surface intermediates start forming
at positions further in the bed. The delay observed at each
position for the appearance of the �(CO) stretching bands
reproduces quite well the spatially-resolved profile of CO2

along the catalytic bed obtained with operando gas sampling
experiments (Fig. 3B). This confirms that those signals are
directly related to the surface intermediates formed during
CO2 capture.

Such species were previously assigned to specific formates
on potassium. Contrarily to what happens in H2 + CO2 cofeed

operation,33 the rise of CH stretching bands (2700–2900
cm�1) during the CO2 capture is not observed here, indicating
that formates may be not a stable intermediate for the

Fig. 4 Dynamic evolution of surface species elucidated by operando
DRIFTS during CCR at 350 °C at different positions (A = 3.3 mm, B =
6.4 mm, C = 9.5 mm, D = 12.6 mm) of the catalyst bed from front (A)
to back (D). Outlet gas composition (E) obtained by averaging 5 cycles
at 350 °C. CO2 blank signal (dotted line) obtained as average of 2 CCR
cycles during a blank experiment at room temperature.
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