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Abstract: Carbon dioxide direct splitting (CDS;) has potential for converting CO, into feedstocks and reducing CO,
emissions. Nevertheless, it is severely restricted by its thermodynamic equilibrium, resulting in a minimal 0.00052% CO,
conversion at 900 °C. By selectively removing the oxygen product, a catalytic membrane reactor (CMR) can shift the
thermodynamic equilibrium of CDS, achieving CO, conversions that exceed equilibrium limits. However, issues remain in
CMRs, including low catalytic activity, high transport resistance, and inadequate driving force. At the same time, chemical
industries burn a substantial quantity of low-grade hydrogen (H,) resources, resulting in low-quality combustion and energy
inefficiency. Here, we construct a robust CMR that utilizes low-grade H, resources for CO; splitting, enabling an efficiency
of over 70% for CO, conversion at 900 °C. This ultra-high CO, conversion is achieved by matching the reaction with oxygen
separation in the CMR through the use of an active catalyst, a stable membrane, and an adequate driving force supplied by
the low-grade H, resource. This approach is projected to yield a significant reduction in CO, emissions, holding the potential
to mitigate carbon footprints across industrial sectors.

Keywords: CO, direct splitting; Membrane reactor; Low-grade H, resource utilization; Oxygen-permeable membrane

1. Introduction

As a major greenhouse gas, carbon dioxide (CO,) is the primary driver of climate change [1]. Utilizing CO, as an industrial
feedstock for the synthesis of value-added chemicals offers significant economic and environmental benefits [2-4]. CO,
direct splitting (CDS; 2CO, «>2CO + O,, enthalpy change AH>9gx =552 kJ-mol™!) is considered a potential technology for
CO; conversion and a sustainable approach for reducing CO, emissions. Nevertheless, in conventional CDS fixed-bed
reactors, the highest attainable CO, conversion remains exceedingly low, reaching a mere 0.00052% even at 900 °C due to
the thermodynamic equilibrium limit (Fig. 1(a)). It is possible to achieve a CO, conversion of 30% by elevating the
operational temperature to 2500 °C, followed by an ultra-fast quenching process. According to Le Chatelier’s principle [5],
this limitation can be overcome by intentionally eliminating the oxygen (O,) product from the reaction zone, thereby
prompting the reversible reaction to proceed in the desired direction. Therefore, the use of an oxygen-permeable membrane
capable of selectively removing O, is anticipated to enhance CO, conversion rates by shifting the equilibrium of the CDS
reaction. Notably, perovskite-based oxides with a formula of ABO;_; have emerged as extensively researched materials for
oxygen-permeable membranes, as they demonstrate an exceptionally high theoretical oxygen selectivity of 100% [6]. The
integration of a perovskite-type oxygen-permeable membrane with a catalyst enables the simultaneous execution of



heterogeneous catalytic reactions and the extraction of products within a single unit [7,8]. This system, referred to as the
catalytic membrane reactor (CMR), provides distinct advantages over fixed-bed reactors [9—12]. The CMR approach has the
potential to significantly reduce the necessity for downstream separation processes, which are often challenging to implement,
particularly for the separation of carbon monoxide (CO) and oxygen. Several strategies have been developed with the
objective of promoting CO, splitting in CMRs [13—17]. The highest CO, conversion achieved to date is 40% at 900 °C [16].
However, a substantial discrepancy remains between current achievements and the commercialization target of 60% single-
pass CO, conversion [18]. Thus increasing the CO, conversion to overcome this discrepancy has become a dominant concern
and major challenge in the field.
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Fig. 1. (a) The temperature-dependent thermodynamic equilibrium of CO, splitting, where the blue line represents the thermodynamic equilibrium
of the CDS reaction at different temperatures. (Inset) Diagram illustrating the CDS reaction and oxygen transportation by the catalytic membrane

reactor (CMR), in which £ and F)! are oxygen partial pressure on the feed side and the permeate side, respectively. (b) Schematic diagram

of the CMR for CDS, where the CMR configuration in this work comprises a four-channel hollow fiber and packed catalysts (SFTC:
Sro.9(FepoTag.1)0.0Cug.10;_5). (Inset) Digital photos of the four-channel hollow fiber membrane.

At present, CMRs are limited by their inferior catalytic performance and inadequate driving force for oxygen extraction.
In particular, catalyst activity in CMRs is seriously constrained by the deterioration of active sites during operation at elevated
temperatures, with such deterioration manifesting as agglomeration, fragmentation, and dissolution [19]. One potential
solution involves the in situ exsolution of metal nanoparticles from A-site-deficient perovskite oxide (A, BO;_s;, where x is
the defect concentration of A-site elements) [20,21]. This method mitigates the agglomeration of metal nanoparticles,
resulting in heightened catalytic activity and stability. In the pursuit of high-performance CMRs, the use of reducing gases to
rapidly consume oxygen has proven to be a viable approach.

We have observed that chemical industries generate a vast amount of purge gas resources, which consist of a considerable
amount of hydrogen (10-60 volume percent (vol%) H,, with light alkanes and inert gas; detailed components from
petrochemical plants are presented in Appendix A Table S8 as an example) [22]. Although these low-grade H, resources are
major industry byproducts, separating or recovering these resources is generally uneconomical. Most are used as low-calorific
fuels for heating or power generation in reformer plants, resulting in low-quality combustion, significant energy wastage, and
serious environmental pollution [23]. By redirecting these hydrogen-containing industrial waste gases into CMRs, it is
possible to harness the potential of these resources to facilitate oxygen consumption and augment the driving force for oxygen
extraction. Prior purification or separation of the H, is not required when such gases are applied in a CMR. Moreover, the
CMR approach offers the additional benefit of reducing the downstream separation requirements and costs associated with
the CO product, as it is not mixed with the industrial low-grade H, resource.

In this research, we constructed a CMR for CDS that integrates a packed exsolution-based catalyst with a hollow fiber
membrane, as illustrated in Fig. 1(b) and Appendix A Fig. S1. The catalyst is directly packed on the shell side of the hollow
fiber membrane. In the presence of the catalyst, the feed CO, is converted to CO and O,; the O, is transported as oxide ions
(O%) to the lumen side, where it reacts with industrial waste gases. The industrial waste gases rapidly consume the permeated



oxygen, resulting in an extremely low oxygen partial pressure. The synergistic function of the highly active catalysts and the
ultra-fast oxygen extraction delivers a high conversion for CDS.

2. Materials and methods
2.1. Preparation of the Cu/Srg o(FegoTay. 1)p.0Cuy 03 5 catalyst

The A-site-deficient Sroo(Fep9Tag 1)00Cuo105_s (SFTC) perovskite oxide was synthesized via the conventional solid-state
method. Stoichiometric amounts of SrCOs, Fe,03, Ta,0s, and CuO were mixed and ball-milled in ethanol at 280 r-min! for
24 h and then dried at 70 °C for 24 h. After calcination at 1250 °C for 5 h in static air with a heating and cooling rate of 2
°C-min!, the SFTC perovskite oxide was obtained. It was then granulated and mesh screened to obtain catalyst particles with
a size range of 250—425 um. Subsequently, the SFTC perovskite was reduced in an atmosphere comprising 5 vol% H,/Ar at
900 °C for 2 h to fabricate the Cu—SFTC catalyst.

2.2. Catalytic membrane reactor setup

The Bag 3Sry7Fey9Mog 10;3-5 (BSFM) four-channel hollow fiber membrane was fabricated according to our previous study
[24]. It was sealed in a quartz tube, and the SFTC perovskite (without pre-reduction) was directly packed on the shell side of
the BSFM membrane. The resulting CMR was placed within a tubular furnace and elevated to 900 °C in a continuous helium
(He) stream (to prevent oxidation). Once the temperature reached 900 °C, the SFTC perovskite was then reduced in situ in
order to drive the exsolution of copper (Cu) nanoparticles. The reduction process was conducted under a continuous flow of
5 vol% H, (20 mL-min~!, Ar balanced) at a temperature of 900 °C for a period of 2 h.

Following the reduction, a flow of 3—6 mL-min! of pure CO, (with a space velocity of 550—-1100 h™!) was fed to the shell
side, while 3.33-60.00 vol% H, (He balanced) was fed to the lumen side. The flow rates of the gases were controlled by mass
flow controllers (Model D07-19B, Beijing Sevenstar Electronics, China). The pressure on each side of the membrane was
maintained at atmospheric pressure. The effective area of the asymmetric membrane was approximately 0.33 cm?. The
components of the outlet gases were subsequently determined by means of gas chromatography (Model GC-2014, Shimadzu,
Japan) equipped with a 5A molecular sieve column and a Porapak-Q column. The CO, conversion was calculated as follows:

Fco,,in=Fco,, out

XCOZ = X 100% (1)

Fco,,in

where Xco, is the CO; conversion, and Fco, in and Fco, our are the inlet and outlet flow rate of CO,, respectively. The
selectivity toward CO was deemed to be optimal, at 100%, due to the negligible quantity of coke and other byproducts, as
these were undetected throughout the entirety of the testing process. Following the CMR operation, the equipment was
maintained in a helium environment throughout the cooling phase to prevent oxidation. The gas cylinders were supplied by
Nanjing Special Gas Factory Co., Ltd., China.

2.3. Characterizations

The hydrogen temperature-programmed reduction (H,-TPR) and CO, temperature-programmed desorption (CO,-TPD)
were characterized by means of a high-temperature chemisorption instrument (BELCAT II, MicrotracBEL Corp., Japan).
The sample was subjected to 30 min of treatment in a flow of helium gas at 400 °C, with the objective of removing impurity
gases. Thereafter, the sample was cooled to room temperature. A 5 vol% H,/He mixture gas was employed for the H,-TPR,
with the thermal conductivity detector (TCD) signal being recorded from 50 to 1000 °C at a heating rate of 10 °C-min~!. For
the CO,-TPD, 5 vol% CO,/He was employed at room temperature for a period of 2 h to achieve complete CO, adsorption.
The gas was then switched back to helium, and the TCD signal was recorded from 50 to 1000 °C at a heating rate of 10
°C'min~".

A focused ion beam (FIB) workstation (Strata 400S, FEI, USA) operating at 15 kV was employed to extract a cross-section
slice of the Cu—SFTC sample. The sites of interest were protected from the gallium ion beam by locally depositing a carbon
layer, followed by the application of a thicker platinum layer. The gallium ion beam was then used to carve out a lamella,
which was mounted on a transmission electron microscopy (TEM) grid and ion milled until it became electron-transparent.
The as-prepared lamella was observed using high-resolution transmission electron microscopy (HRTEM; Talos F200S,
America) operated at an accelerating voltage of 300 kV and equipped with an energy-dispersive X-ray (EDX) spectrometer.



The crystalline structures of the samples were characterized by means of X-ray diffraction (XRD; Rigaku MiniFlex 600,
Rigaku, Japan) with Cu-Ka radiation at room temperature. The experimental diffraction patterns were collected in air by step
scanning in the range of 20° < 20 < 80° with an increment of 0.02°. An X-ray photoelectron spectrometer (XPS;
ESCALAB 250, Thermo Fisher Scientific, USA) equipped with an Al-Ko X-ray source was utilized to analyze the surface
chemical composition and surface element valence state of the Cu—SFTC, both before and after H, reduction. The binding
energies were referenced to the adventitious C 1s line (284.8 eV). The coke species in the spent samples were identified using
Raman spectroscopy (LabRAM HR, Horiba, Japan), with an excitation laser of 514 nm.

3. Results and discussion
3.1. Preparation and characterization of Cu/SFTC

First, we designed the exsolution-based catalyst for CDS. The synthesis of the catalyst involved two major steps: (D the
fabrication of parent A-site-deficient SFTC perovskite by means of the conventional solid-state method (Fig. S2 in the
Appendix A) and @) the reduction of the SFTC perovskite at high temperature (Fig. 2(a)). In general, the temperature of the
reduction determines the exsolution of nanoparticles. To preliminarily ascertain the optimal reduction temperature, H,-TPR
was conducted. As illustrated in Fig. 2(b), the three reduction peaks at 250-500, 580-660, and 700-760 °C, respectively,
correspond to the reduction of Cu?* to Cu® [25], the reduction of Fe3* to Fe?" [24], and the liberation of lattice oxygen [26].
It is widely acknowledged that the liberation of lattice oxygen generates oxygen vacancy defect sites, which considerably
enhance the chemical adsorption of nonpolar CO, at high temperatures [27,28]. To align with the CDS reaction temperature
and the CMR operation temperature, the SFTC oxide was exposed to 5 vol% Hy/Ar at 900 °C for a period of 2 h. Subsequently,
the reduction process yielded the Cu—SFTC catalyst. The well-distributed Cu nanoparticles (highlighted in yellow in Fig.
2(c)) were clearly identifiable on the surfaces. The average diameter of the Cu nanoparticles in the Cu—SFTC was 350 nm
(Fig. S3 in Appendix A).
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Fig. 2. Structure evolution of the Cu—SFTC catalyst. (a) Schematic diagram of the exsolution-based SFTC oxide. Cu nanoparticles were exsoluted
in situ from A-site-deficient SFTC oxide under the following exsolution conditions: 900 °C, 5 vol% H,/Ar for 2 h. (b) H,-TPR profile of the SFTC
oxide sample. (c) Scanning electron microscopy (SEM) image of the Cu—SFTC sample. (d) High-angle annular dark-field (HAADF) images and
corresponding EDX mapping images of the cross-section of the Cu—SFTC sample. (¢) XRD pattern (SFT: SrFegoTag105.). (f) Cu 2p and (g) O
1s XPS spectra of the SFTC and Cu—SFTC samples (O,4: adsorbed oxygen; Ojuice: lattice oxygen).

To elucidate the microstructure evolution of the Cu—SFTC catalyst after the reduction process, we employed an FIB to
extract a cross-section slice around the Cu nanoparticles and then analyzed it through HRTEM. The high-angle annular dark-
field (HAADF) images and the corresponding EDX mapping in Fig. 2(d) demonstrate a uniform distribution of Sr, Fe, Cu,
and O throughout the bulk of the Cu—SFTC, with a notable aggregation of Cu on the surface. This observation provides
further evidence to support the presence of metallic Cu nanoparticles and the parent perovskite oxide components in the Cu—
SFTC heterostructure. Fig. 2(d) also illustrates the juncture between the Cu nanoparticles and the SFTC parent oxide. The
inter-planar crystal spacing of 0.21 and 0.28 nm is ascribed to Cu(111) and SFTC perovskite oxide (110) facets, respectively.
The red line indicates the interfaces between these two facets. The Cu nanoparticles emerge as oblate spheroids, with
approximately 35% being submerged into the parent oxide surface. The in situ exsolution process not only constructs physical
barriers to isolate the exsolved metal nanoparticles from each other but also anchors them to the surface of the perovskite
oxide, thus preventing the agglomeration of active sites [29]. The epitaxial anchored feature of the nanoparticles contributes
to a robust metal-support interaction, strengthening the thermal stability of the catalyst when applied in a high-temperature
CMR [30].

To investigate the phase structure and ionic valence state, we employed XRD and XPS. The XRD pattern in Fig. 2(e)
shows that the Cu—SFTC catalyst retains a conventional perovskite phase after high-temperature H, reduction. Three
additional characteristic peaks at 43.3°, 50.4°, and 74.1° are identified as Cu’, corresponding to the nanoparticles on the
surface of the Cu—SFTC. The main diffraction peak of the parent SFTC perovskite phase, which is located around 32°, exhibits

5



a slight shift lower after reduction. This shift is indicative of an increase in the lattice parameters, which can be attributed to
the reduction of the transition metals to a lower valence state, resulting in a larger ionic radius. Moreover, the XPS spectra of
the SFTC and Cu—SFTC corroborate the chemical state transformation of Cu (Fig. 2(f)). The peaks at the binding energies of
approximately 932.0, 932.5, and 934.1 eV are associated with Cu®, Cu*, and Cu?*, respectively [31,32]. Consequently, the
valence states of Cu in the SFTC and Cu—SFTC are predominately +2 and 0, respectively, as corroborated by the Cu LM2
Auger spectra in Fig. S4 in Appendix A. In addition, there is no discernible distinction in the corresponding peak positions
of the Fe element (Fig. S4(c)), indicating that exsolution of Fe? is not present. This is because the Gibbs free energy (AG) for
the reduction of Cu is lower than that of Fe, indicating that Cu is more likely to exsolve than Fe [33]. With regard to oxygen
(Fig. 2(g)), the lattice oxygen binding energy of the Cu—SFTC sample is observed to be higher than that of the SFTC oxide,
with a value of 529.2 eV as opposed to 528.6 eV. This result indicates that the H, reduction process generates additional
oxygen vacancies. The abundant presence of oxygen vacancies is believed to facilitate CO, chemical adsorption and the
transportation of oxygen species. Furthermore, the parent perovskite oxide retains its oxygen ionic conductivity, thus
providing an extra oxygen ionic transport pathway for the CMR.

3.2. Preparation of the BSFM oxygen-permeable membrane

Subsequently, we fabricated the BSFM four-channel hollow fiber membrane, whose scanning electron microscopy (SEM)
micrographs are displayed in Fig. S5 in Appendix A. Distinct asymmetric structures can be observed, including finger-like
backbones and a thin, dense separation layer with low mass transfer resistance. The outermost surface shown in Fig. S5(d)
displays a typical polycrystalline ceramic structure with clear grain boundaries. Previous research has demonstrated that
BSFM exhibits exceptional thermal stability, particularly when exposed to CO,- or Hy-containing atmospheres at elevated
temperatures [24]. As illustrated in Fig. S6 in Appendix A, the dense BSFM hollow fiber membrane is capable of transporting
oxygen while simultaneously blocking any other gases, including H,, N, CO,, and CH,4. Fig. S7 in Appendix A illustrates
that the multi-channel hollow fiber configuration has been demonstrated to be the most optimal design, as it outperforms
other configurations such as disk-like, tubular, or single-channel hollow fibers [6]. A four-channel design provides a larger
permeation area for a given volume (i.e., a higher membrane-packing density) and, most importantly, greater mechanical
strength [24]. The breaking load of a multi-channel hollow fiber is 5-100 times greater than that of a conventional single-
channel hollow fiber membrane.

3.3. Catalytic membrane reactor performance

We then evaluated the performance of the CMR equipped with the Cu—SFTC catalyst (abbreviated as C-CMR). The initial
investigation focused on the impact of the flow rate of the mixed 10% H, purge gas. As illustrated in Fig. 3(a), a robust
positive correlation was evident between the flow rate increment and the CO, conversion. An increase in the flow rate from
50 to 150 mL-min~! at 900 °C resulted in a notable increase in the CO, conversion from 42.3% to 70.8%. The increasing flow
rate of the purge gas accelerates the real-time oxygen consumption, resulting in a lower oxygen partial pressure (from 5.4 x
10713 to 7.3 x 107'* Pa) and a greater driving force for oxygen extraction. The C-CMR successfully achieved the
commercialization target of 60% single-pass CO, conversion [18]. To obtain a better understanding of the flow regimes
within the membrane and of the conversion of the CMR, we calculated the Reynolds numbers and the residence time of the
purge gas (Table S9 in Appendix A). The Reynolds number of the purge gas ranged from 235 to 706 (equivalent to 50-150
mL-min~1!), which is indicative of laminar flow. Given the relatively narrow inner diameter of the hollow fiber membranes
(0.7 mm), the fluid employed within them often operates at a low flow rate, which results in a low Reynolds number. The
residence time was 6.54 x 10™* s when the flow rate was 150 mL-min~!. Such an ultra-short residence time was adopted due
to the high kinetics of hydrogen combustion at elevated temperatures, which facilitate oxygen consumption.

In order to ascertain the function of the Cu—SFTC catalyst, we also conducted a performance test on the CMR in the
absence of the Cu—SFTC catalyst (denoted as N-CMR). In comparison with the C-CMR, the flow rate of the sweep purge gas
exerted a comparatively minor influence on the CO, conversion in the N-CMR. The CO, conversion in the N-CMR was
approximately 7%—27% lower than that in the C-CMR. These findings indicate that the Cu—SFTC catalyst effectively
accelerates the rate of the CO, splitting reaction, thereby preventing it from being the rate-determining step in the overall
process. It is worth mentioning that the selectivity toward CO was considered to be optimal, with an ideal value of 100%,
due to the negligible amount of coke or other byproducts, which were undetected throughout all the tests.
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Fig. 3. CMR performance. (a) Effect of the flow rate of 10 vol% H,/He mixed gas on CO, conversion in the C-CMR and CMR without Cu—SFTC
catalyst (N-CMR) (900 °C, 3 mL-min™! of pure CO, on the shell side, 50-150 mL-min™! of 10 vol% H,/He on the lumen side). (b) Effect of the
operating temperature on CO, conversion in the C-CMR and N-CMR (750-900 °C, 3 mL-min! of pure CO, on the shell side, 50 mL-min! of 10
vol% Hy/He on the lumen side). (¢) Effect of the composition of mixed gases on the C-CMR performance (900 °C, 3 mL-min! of pure CO, on

the shell side, 50 mL-min~! of mixed gases on the lumen side; PSA: pressure swing adsorption; SMR: stream methane reforming; COG: coke
oven gas).

In addition to the flow rate of the purge gas, we examined the effect of operating temperature on CMR performance. Given
the highly endothermic nature of CDS, CO, conversion is favored as the operating temperature increases. As depicted in Fig.
3(b), as the operating temperature increases from 750 to 900 °C, the CO, conversion in C-CMR and N-CMR rises from 22.1%
to 42.3% and from 2.4% to 35.7%, respectively. The elevated temperature results in a narrowing of the performance gap
between C-CMR and N-CMR, due to an increase in reaction kinetics and a faster reaction rate. It is also evident that the Cu—
SFTC prevents the CO, splitting reaction from being the rate-determining step throughout the entire process and displays
catalytic activity promoting CDS.

We also investigated the impact of the CO, flow rate on the shell side on C-CMR performance. As shown in Fig. S8 in
Appendix A, the CO, conversion increases as the CO, flow rate decreases. As depicted in Table S9, the residence time of
CO, increases from 0.83 to 1.67 s as the flow rate decreases from 6 to 3 mL-min™'. A longer residence time would significantly
improve the completeness of the CO, splitting reaction.

By understanding how varying H, concentrations affect CO, conversion, our objective is to identify the most effective
strategies for maximizing the use of low-grade hydrogen resources. There is significant opportunity for hydrogen recovery
through pressure swing adsorption (PSA) [34,35]. However, it is crucial to acknowledge that the tail gas produced by PSA,
which includes concentrated yet low-grade hydrogen, holds substantial potential for effective utilization. Accordingly, the H,
concentration of the purge gas was adjusted within a wide range of 3.33 vol%—60.00 vol% in order to simulate the PSA tail
gas from a variety of industrial units. As shown in the blue columns in Fig. 3(c), the conversion of CO; rises from 34.6% to
58.8% as the H, concentration rises from 3.33 vol% to 25.00 vol% in the C-CMR. The CO, conversion further climbs to
75.9% when using 60.00 vol% H, as the sweep purge gas, although 60.00 vol% H, is thought to be worth recycling.



Additionally, we conducted simulations of other low-grade hydrogen resources, including stream methane reforming
(SMR) gas from hydrogen generation plants and coke oven gas (COG) from steel plants, with the objective of evaluating the
universality of our reactor. Methane (CH,) was introduced to represent the light alkane components present in industrial waste
gases. The simulated SMR gases consisted of 25 vol% H, and 25 vol% CH, and of 60 vol% H; and 30 vol% CHy, respectively.
As illustrated in the red column of Fig. 3(c), the introduction of an additional 25 vol%—30 vol% CH, only resulted in a slight
increase in CO, conversion, indicating that CH,4 plays a minor role in the reactor. Thus, the oxidation reaction of H, occurs
at a significantly faster rate than that of CH,4, which is consistent with the equilibrium constant. To illustrate, at 900 °C, the
equilibrium constant of the H, combustion reaction is 2.16 x 10'®, while that of the partial oxidation of the CH, reaction is
2.04 x 101,

In addition, we investigated the impact of the CO, component on C-CMR performance using COG (a mixture with a
composition of 60 vol% H,, 30 vol% CHy, and 10 vol% CO,) [36]. The CO, conversion declined from 76.4% to 61.4% due
to the weak-oxidant nature of CO,. Taken together, the results from our investigations indicate that the C-CMR holds
significant potential for industrial application.

3.4. A comparison of CMR performance

To gain deeper insights into the conversion improvement resulting from the decrease in oxygen chemical potential, we
calculated the oxygen partial pressures on both sides of the membrane under various operating conditions (the detailed
calculation is provided in Section S1 in Appendix A). The black line in Fig. 4(a) represents the calculated theoretical limit of
CO; splitting at 900 °C using the equilibrium constant. The overarching objective is to approach this theoretical limit. In the
case of the C-CMR (red data points), a nearly linear and well-parallel alignment with the CO, splitting theoretical limit is

observed. The horizontal distance between the red data points ( P, ) and the blue data points ( P, ) represents the oxygen

partial pressure drop (lg Rg —lg Ri ). The oxygen partial pressure drop can be viewed as the required driving force for CDS,

in alignment with the driving force term in the Wagner equation, as illustrated in Fig. 4(b). In the C-CMR, this distance is
observed to remain at approximately 1.4 orders of magnitude under different operational conditions, revealing that decreasing
the oxygen partial pressure on the lumen side is an efficient way to enhance CO, conversion. In essence, the CO, conversion
is predominantly governed by the bulk diffusion step—particularly the oxygen diffusion across the membrane—rather than
surface exchange reactions (e.g., CO, adsorption, dissociation, or H, oxidation). It is worth noting that the oxygen removal

ratio is close to 100% because of the extremely low oxygen partial pressure Péz . When it comes to the N-CMR, the orange

data points in Fig. 4(a) are situated away from the CO, splitting theoretical limit and display nonlinear characteristics. The
decrease in oxygen partial pressure has minimal influence on CO, conversion in the N-CMR. In the absence of the Cu—SFTC
catalyst, CDS becomes the rate-determining step, resulting in the need for a greater driving force compared with that observed
in the C-CMR. When compared with state-of-the-art CDS CMRs [13,15,16], our C-CMR demonstrates superior advantages
in approaching the theoretical limit; it also has the lowest required driving force for CDS.
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Fig. 4. Comparison of CMR performance. (a) The oxygen partial pressure ( /, ) and (b) the required driving force at 900 °C in the C-CMR, N-
CMR, and other CMRs [13,15,16] (Aug, : total oxygen chemical potential difference; R: gas constant; 7: temperature). The theoretical limit for

CO; splitting at 900 °C is represented by the black line. (¢) The CO, splitting conversion performance of the C-CMR in comparison with other
approaches (MIEC: mixed ionic—electronic conducting). (d) Long-term stability test of the C-CMR at 900 °C, 3 mL-min™! of pure CO; on the
shell side, and 150 mL-min"! of 10 vol% H, mixed gas on the lumen side.

Fig. 4(c) presents a comparison of the CDS performance of our C-CMR with state-of-art technologies, including traditional
CMRs [13,15,16,37], plasma-assisted membrane reactors [17,38], solid oxide electrolysis cells [28,39—43], and the solar-
driven redox process [14,44—47]. (Further details regarding this comparison are provided in Table S10 in Appendix A.) The
comparison demonstrates that our C-CMR displays a notable advantage in terms of both CO, conversion and operational
temperature. The scalability of the BSFM four-channel hollow fiber membrane, with each channel being 70 cm in length, is
convincingly demonstrated in Fig. S9 in Appendix A, making the proposed C-CMR well-suited to industrial applications.
However, in the laboratory-scale research process, a temperature gradient was observed from the center of the tubular furnace
along the axial direction to the furnace mouth, which presents a challenge in controlling the reaction process in long
membranes. The design for a long membrane reactor module is currently in progress, and experiments are being conducted.

Fig. 4(d) demonstrates the long-term stability of the C-CMR at 900 °C with 3 mL-min~! of CO, on the shell side and 150
mL-min~! of 10% H, on the lumen side. The CO, conversion remains constant at 70.8% for 120 h without any observed
degradation, indicating that the Cu—SFTC catalyst and BSFM hollow fiber membrane exhibit resistance to CO,- and CO-
induced degradation. As shown in Figs. S10-S13 in Appendix A, respectively, the SEM, XRD, XPS, and CO,-TPD analyses
for the spent Cu—SFTC catalyst demonstrate that it exhibits high activity and thermal stability for CDS. As depicted in Fig.
S14 in Appendix A, the unclear grain boundary of the BSFM hollow fiber membrane indicates that the dense surface has
undergone corrosion. Despite this, the BSFM hollow fiber membrane remains dense and reliable for oxygen separation and
the membrane reactor. We employed Raman spectroscopy to detect carbon deposition after the stability test (Fig. S15 in
Appendix A). Notably, no obvious deposited carbon signals (i.e., the D band of active carbon and the G band of graphitic
carbon between 1300 and 1600 cm™!) were observed in the spent BSFM membrane or the spent Cu—SFTC catalyst, indicating
their excellent resistance to carbon deposition [48—50].

4. Conclusions

We have successfully developed a CMR for CDS by integrating a high-temperature, stable Cu—SFTC catalyst with a
scalable BSFM four-channel hollow fiber membrane. The Cu—SFTC catalyst exhibits remarkable activity and stability toward
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CO; splitting, which can be attributed to its superior surface distribution and coverage of anchored Cu nanoparticles. The
utilization of an industrial low-grade H, resource enables the attainment of a CO, splitting conversion exceeding 70% at 900
°C. This remarkable CO, conversion benefits from the synergistic actions of the catalyst and membrane, as well as the
adequate driving force provided by the low-grade H, resource. This novel CMR significantly enhances process efficiency,
potentially generates additional revenue through the production of valuable resources, and provides a novel solution for
effective CO, capture and utilization in the fossil-fuel-based chemical industry.
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