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Abstract 

Dual-functional materials (DFMs) combine CO2 capture from diluted sources with 

catalytic conversion to fuel. However, the contribution of the alkali phase is difficult to 

separate from that of reactive oxide supports. Here, Ru-Na and Ru-K DFMs were 

prepared on two carbon supports with different pore structures: mesoporous high-surface-

area graphite (HSAG) and predominantly microporous activated carbon (AC). The 

materials were evaluated in cycles of CO₂ capture from humid air at 40 °C followed by 

methanation in 20% H₂/Ar during heating to 300 °C. 

Activated-carbon-supported DFMs showed higher CO₂ capture capacities than their 

HSAG-supported counterparts. The use of a chemically inert carbon support enabled the 

clear assessment of intrinsic role of the alkali metal.  Alkali identity determined how 

efficiently the captured carbon was used: Ru-Na retained the captured species within the 

methanation temperature window and achieved nearly complete conversion to CH₄ with 

negligible CO₂ slip across the investigated loading range, whereas Ru-K released 

substantial CO₂ at higher loadings. RuNa(1:10) on AC maintained stable performance 

over 25 cycles after an initial conditioning period. Reducing the Ru content from 3 wt% 
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to 1.5 wt% preserved negligible CO₂ slip but decreased capture capacity by about 20%. 

These results show that DFM optimisation requires matching the stability and reactivity 

of the captured species with the catalytic methanation window rather than simply 

maximising CO₂ uptake. 

 

 

Keywords: direct air capture (DAC); integrated methanation; dual functional material 

(DFM); alkali metals; ruthenium catalyst 

 

 

1. Introduction 

CO2 capture and utilisation (CCU) or storage (CCS) are important routes for managing 

emissions and supporting a circular carbon economy [1,2]. Aqueous amines are widely 

used to capture CO₂ from flue gas, but their use involves corrosion, toxicity, water 

consumption and energy-intensive regeneration. Solid sorbents can reduce some of these 

limitations. Chemisorbents are particularly suitable for dilute CO₂ streams such as air 

(about 0.04 vol%) because they provide more selective adsorption even in  the presence 

of humidity [3]. Amines immobilized in solid sorbents have also been proposed but they 

have stability issues because decompose at moderate temperature[4]. In contrast, 

supported alkali compounds are attractive because they are inexpensive, non-corrosive 

and thermally stable. However, alkali phases[5,6] can react with oxide supports. For 

example, K-containing mixed phases can form on Al₂O₃ or MgO and hinder regeneration 

[5–8]. Basic oxide supports may also capture CO₂ themselves [9,10]. Carbon supports 

have therefore been investigated as a way to limit alkali-support reactions for DAC 

[11,12], and hydrophobic carbon surfaces can favour carbonation over competing 

hydration reactions [12,13]. 

Conventional capture produces a CO₂-rich stream that must be compressed, transported 

and either stored or converted. Integrating capture and conversion in one process can 

reduce these additional steps. This process, termed reactive capture [14–16], can be 

carried out using dual-functional materials (DFMs) that combine a sorbent phase with a 

catalytic phase. The proximity between the two functions may favour synergistic effects 

such as enhanced heat and mass transport, integration of conversion/regeneration, and 

intensification of the process.  DFMs have been studied for CO₂ concentrations ranging 

from flue gas [8,17–23] to air [19,24–29]. The capture phase is commonly an alkali 
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compound, while a transition metal catalyses conversion to CO or CH₄. Direct air capture 

is usually performed near ambient temperature to avoid heating large volumes of air, 

followed by a temperature increase for conversion. During this temperature swing, CO₂ 

can desorb before the catalyst becomes active, causing CO₂ slip [30]. Alkali identity 

affects capture capacity, carbonation kinetics, regeneration and cyclic stability[9–12,31], 

but these effects are difficult to separate from support-CO₂ and support-alkali interactions 

in oxide-supported materials [5,7,8]. 

Most DFMs for direct air capture use porous oxide supports such as alumina. These 

supports can form mixed phases with the alkali component and can also adsorb CO₂ on 

surface hydroxyl groups which is desorbed at low temperature [25,26,32,33]. Carbon 

supports provide a useful comparison because their contribution to CO₂ chemisorption is 

expected to be smaller, although this must be verified experimentally. There are limited 

instances of their application as supports for DFMs in DAC processes, such as carbon 

nanofibers [34,35] or high surface area graphite [31].Carbon-supported DFMs have been 

reported on carbon nanofibers. Ru-K/carbon nanofiber materials remained stable for 20 

cycles of DAC and methanation [34]. In our previous work[31], Ru-Cs/HSAG combined 

high CO₂ capture with stable cycling, whereas aggregation of the Ba promoter in Ru-

Ba/HSAG reduced the utilization of capture phase. These studies indicated that both 

alkali identity and the dispersion of the capture phase affect capture and conversion. 

In this work, we compare Ru-Na and Ru-K DFMs supported on mesoporous high surface 

area graphite (HSAG) and predominantly microporous activated carbon (AC) for de DAC 

and conversion. Alkali loading was varied at a constant Ru loading to determine how 

alkali loading, support porosity and alkali identity affect CO₂ capture, methanation and 

CO₂ slip. The best-performing composition was tested over 25 cycles, and the effect of 

Ru loading and impregnation sequence were examined. Finally, this DFM was 

benchmarked against those reported for direct air capture. 

 

2. Experimental 

2.1.Synthesis of dual-functional materials 

High-surface-area graphite (TIMREX HSAG 300, Imerys) and Norit SX Ultra Cat 

activated carbon (Cabot) were used as supports. The metals were added by successive 

incipient-wetness impregnation, first with the alkali precursor and then with the Ru 

precursor. The Ru loading was fixed at 3 wt% relative to the mass of carbon, and alkali-
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to-Ru molar ratios from 2.5 to 14.6 were prepared. The required amount of KNO₃ or 

NaNO₃ (Merck) was dissolved in a 4:1 water/ethanol mixture at the volume needed to fill 

the support pores. After impregnation, the powder was dried at room temperature for 12 

h and treated in N₂ at 300 °C for 1 h using a heating rate of 1 °C min⁻¹. Ru was then added 

by incipient-wetness impregnation using ruthenium nitrosyl nitrate (Johnson Matthey). 

The material was dried for 12 h, treated in N₂ at 300 °C for 1 h and reduced in H₂ under 

the same temperature programme before testing. 

 

2.2.Material characterisation 

N₂ adsorption-desorption isotherms were measured at 77 K using a Micromeritics ASAP 

2020 after outgassing the samples at 473 K for 4 h. The BET surface area was calculated 

over a relative-pressure range of 0.05-0.30. Total pore volume was estimated from the 

amount adsorbed at a relative pressure of 0.99. Pore-size distributions were calculated 

applying the DFT model. Micropore surface area was determined by the t-plot method, 

and mesopore surface area was obtained by subtracting the micropore area from the BET 

area. 

Temperature-programmed surface reaction (TPSR) experiments were performed in a 

Micromeritics AutoChem II. The DFMs were reduced at 300 °C, cooled and exposed at 

40 °C either to simulated air containing 400 ppm CO₂ or to 5% O₂/Ar. Air-exposed 

samples were heated to 110 °C in Ar to remove water, cooled to room temperature and 

then heated to 300 °C in 10% H₂/Ar at 10 °C min⁻¹. To distinguish the contributions from 

carbonation and oxidation, the sample was subsequently cooled to 40 °C in Ar, treated 

with 5% O₂/Ar and subjected to a second TPSR experiment. 

Crystalline phases were examined by X-ray diffraction (XRD) using a PANalytical 

X´Pert Pro powder diffractometer in Bragg-Brentano geometry with Cu Kα radiation (λ 

= 0.1544 nm, 45 kV and 40 mA). Patterns were recorded from 4° to 90° 2θ with a step 

size of 0.04°. Before XRD analysis, the DFMs were reduced in H₂ (30 mL min⁻¹) at 300 

°C for 1 h and subjected to the DAC step. 

X-ray photoelectron spectra were acquired using an ESCAPlus Omicron instrument for 

HSAG supported DFMs or a custom SPECS analyser assembled from Omicron hardware 

and equipped with a SPECS HSA 3500 analyser and SpecsLab Prodigy software for 

Norit-supported DFMs. Both systems used Mg Kα radiation. The energy scale was 
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calibrated against Ag 3d5/2 at 368.27 eV. Measurements were performed under ultrahigh 

vacuum (<10-10 Torr), and binding energies were referenced to the C 1s signal at 284.6 

eV. Spectra were fitted in CasaXPS using a Shirley background and GL(70) line shapes; 

the full width at half maximum was constrained to a maximum of 2 eV. 

High-resolution transmission electron microscopy (HRTEM) images were acquired 

using a JEOL JEM-GRANDARM 300cF microscope with a cold field-emission gun 

operated at 300 kV. Reduced samples were ground, dispersed ultrasonically in ethanol 

and deposited on carbon-coated Cu grids. Mean Ru particle diameters and standard 

deviations were calculated from at least 200 particles using dₚ = Σnᵢdᵢ/Σnᵢ. Local 

elemental analyses were obtained by energy-dispersive X-ray spectroscopy (EDS) using 

a JEOL Centurio silicon drift detector and a nominal spot size of 1 nm. 

2.3.Cyclic CO2 capture and methanation tests 

CO2 capture and regeneration experiments were performed with 50 mg of DFM (<100 

µm) mixed with SiC and placed in the centre of a vertical quartz reactor with a 6 mm 

outer diameter. A thermocouple positioned in the bed was connected to a Eurotherm 

temperature controller, and gas flow rates were controlled with Bronkhorst mass-flow 

controllers. Before each test, the DFM was reduced in H₂ (60 mL min⁻¹) at 300 °C for 1 h 

using a heating rate of 10 °C min⁻¹. During capture, 60 mL min⁻¹ (STP) simulated air 

containing 400 ppm CO₂ and 21% O₂ in Ar was fed up to the breakthrough curve reached 

380-400 ppm (30 min for most samples) while the reactor was held at 40 °C. Humid air 

was generated by passing the feed through water maintained at 30 °C. After CO₂ 

breakthrough, the reactor was purged first with Ar for 30 min and then with 20% 

H₂/Ar,for 15 min both at 60 mL min⁻¹, to remove physisorbed or weakly retained CO₂ 

and H₂O. Regeneration was performed in 20% H₂/Ar while heating to 200, 250 or 300 °C. 

Outlet gases were analysed with a Pfeiffer mass spectrometer by monitoring m/z = 2 (H₂), 

15 (CH₄), 18 (H₂O), 28 (CO), 40 (Ar) and 44 (CO₂). Signals were corrected against the 

Ar baseline. CO₂ and CH₄ concentrations were obtained by calibration of m/z = 44 and 

15, respectively. The CO contribution was calculated from m/z = 28 after subtracting the 

CO₂ contribution. Calibration was checked independently using an Arnel Clarus 690 gas 

chromatograph. 

The CO₂ capture capacity, expressed in mmol g-1of DFM was calculated by integrating 

the CO2 breakthrough curve: 
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𝐶𝑂2 ܿܽݕݐ݅ܿܽ݌= ிೌ೔ೝ௠ವಷಾ ∫(𝐶𝑂2 in-𝐶𝑂2 ௢௨௧) ݀ݐ                          eq. 1 

where F_air is the molar flow rate of simulated air at STP, m_DFM is the DFM mass, CO₂,in and 

CO₂,out are the inlet and outlet CO₂ concentrations, and t is time. Blank experiments with a SiC 

bed were used to correct the breakthrough curves for the response time of the experimental 

system. 

 

3. Results and discussion 

 

3.1. Characterisation of dual functional materials 

3.1.1. N2 physisorption 

The two carbon supports have distinct pore structures, as shown by their N₂ adsorption–

desorption isotherms (Figure 1). HSAG displays a type IV isotherm, typical of a 

mesoporous material, with a BET surface area of 298 m² g⁻¹ and a total pore volume of 

0.41 cm³ g⁻¹. In contrast, the Norit activated carbon displays a mixed type I/type IV 

isotherm, consistent with a microporous network that also contains mesopores. It has a 

higher BET surface area (935 m² g⁻¹) and total pore volume (0.77 cm³ g⁻¹). Micropores 

account for 8% of the total pore volume of HSAG and 31% of that of Norit AC. 

Several loadings of K (Figure 1 and Table 1) and Na (Figure S1 and Table S1 of 

supplementary material) were deposited on both supports. Surface areas and pore 

volumes were normalized to the support mass. Both quantities decreased as the alkali 

metal content increased for the RuK and RuNa series on both supports. For RuK/H 

samples, the main decrease occurred in the 2-20 nm mesopore range (Figure 1b), and the 

RuK (1:10)/H retained only 65% of the original mesopore volume. The reduction in 

mesopore volume is not attributable to a surface coating of the pores, which would result 

in pores with narrower diameters, but rather due to the complete filling of these 

mesopores. Therefore, K carbonate or oxide particles of sizes around 2-20 nm are 

expected in RuK/H samples.  For RuK/N samples, the largest decrease occurred in 

micropore volume, so that RuK(1:10)/N retained 95% of the original mesopore volume 

(Figure 1d and Table 1) . These results indicate preferential pore occupation or blocking 

of some pores by alkali. Although it is not a direct measurement of alkali-particle size, it 

suggests that K oxides or carbonates are confined to smaller pores on Norit (<2 nm) than 

on HSAG (2-20 nm). Similar conclusions can be derived from the textural properties of 

RuNa series (Figure S1 and Table S1). 
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Figure 1. N2 adsorption-desorption isotherms (left panels, a and c) and pore-size 

distribution calculated by DFT model (right panels, b and d) for RuK DFMs with different 

K loadings: (a,b) HSAG-supported materials and the bare HSAG support; (c,d) 

AC(Norit)-supported materials and the bare AC support. 

 

 

 

Table 1. Textural properties of RuK DFMs supported on HSAG and AC normalised 

to the support mass. 
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HSAG  298 0,41 n.d. n.d. 298 0,41 100 

RuK(1:2.5)/H 145 0,35 n.d. n.d. 145 0,35 94,4 

RuK(1:3.7)/H 131 0,31 n.d. n.d. 131 0,31 93,2 

RuK(1:7.4)/H 83 0,27 n.d. n.d. 83 0,27 89,6 

RuK(1:10)/H 72 0,25 n.d. n.d. 72 0,25 87,3 

RuK(1:14.6)/H 63 0,25 n.d. n.d. 63 0,25 83,4 

        

Norit AC  935 0.77 615 0.24 320 0.53 100 

RuK(1:3.7)/N 780 0,65 492 0,19 288 0,46 93,2 

RuK(1:7.4)/N 723 0,65 402 0,16 321 0,49 89,6 

RuK(1:10)/N 652 0,61 343 0,13 309 0,48 87,3 

* calculated from the N2 adsorption isotherm using the t-plot method 

n.d.: not reliably determined by the t-plot method  

 

3.1.2. X-ray diffraction 

Figure 2 shows the XRD patterns of the DFMs after reduction and DAC step. HSAG-

supported materials (Figure 2a,b) display the reflections of hexagonal graphite (PDF 01-

0646) at 26.4º, 42.8º, 44.6º, 54.4º and 77.4º of the support (HSAG300). In contrast, Norit-

supported materials (Figure 2c,d) show broad features from disordered carbon and weak 

reflections assigned to SiO₂ impurities in the support. The SiO2 impurity was inert in the 

reactions involved in this study. No reflections assigned to Ru (38.4°, 42.0° and 44.7°) or 

RuO₂ (28.1°, 35.0° and 54.4°) were detected. This result indicates that crystalline Ru-

containing domains were below the XRD detection limit (4 nm). 

At the lowest alkali loadings, the XRD patterns closely resembled those of the carbon 

supports, indicating that the alkali-containing phases were poorly crystalline or highly 

dispersed. Weak additional reflections appeared at higher loadings and increased in 

intensity with alkali content, particularly for RuK. In the K-containing DFMs, these 

reflections were assigned to K₂CO₃ (PDF 87-0730) and KHCO₃ (PDF 70-1167). In the 

Na-containing DFMs, they were tentatively assigned to Na₂O (PDF 02-1285), Na₂CO₃ 

(PDF 37-0451) and trona, Na₂CO₃·NaHCO₃·2H₂O (PDF 78-1064). The increasing 

intensity is consistent with the formation of larger and/or more crystalline alkali-rich 

domains at high loading. The weaker reflections of the Na-containing DFMs indicate 
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either lower crystallinity or higher dispersion than in the corresponding K-containing 

samples. 

  

  

Figure 2. XRD patterns of DFMs after CO2 capture from air at room temperature: (a) 

RuK/HSAG; (b) RuNa/HSAG; (c) RuK/AC; (d) RuNa/AC. 

 

3.1.3. Transmission electron microscopy (TEM) 

The Ru morphology and dispersion, and the spatial distribution of the alkali phase were 

investigated by high-resolution transmission electron microscopy (HRTEM), scanning 

transmission electron microscopy in high-angle annular dark-field mode (STEM-

HAADF) and energy-dispersive X-ray spectroscopy (STEM-EDS). Figure 3 presents the 

results obtained for RuNa(1:10)/H DFM, and Figures S2-S5 show those for other 

representative DFMs.  Na and K cannot be resolved reliably by HRTEM because of their 

low atomic number and limited contrast against carbon. Conversely, Ru provides 

sufficient contrast for structural analysis. 

Ru nanoparticles were well dispersed and showed lattice fringes consistent with metallic 

Ru (Figure 3a). Some particles also displayed spacings compatible with RuO₂, probably 
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because of surface oxidation during air exposure. RuNa(1:10)/H had a mean Ru diameter 

of 1.7 nm (Figure 3b). Across the samples examined, mean diameters ranged from 1.3 to 

1.7 nm (Figures S2 and S3). The distributions broadened slightly at high alkali loading, 

particularly on HSAG, but the mean Ru size remained similar. STEM-EDS maps showed 

Ru and the alkali elements distributed uniformly over the same support regions, with no 

large alkali-rich domains in the areas examined (Figure 3c and Figures S4 and S5). 

Because the mean Ru particle size varied only slightly across the examined samples, Ru 

size alone is unlikely to explain the differences in capture and methanation discussed 

below. Alkali speciation, size and proximity to Ru should contribute to the different 

behaviour, but the present microscopy study is not able to quantify these effects. 

 

 

 

c 

   

Figure 3. Characterisation of RuNa(1:10)/H: (a) HRTEM image with a magnified Ru 

nanoparticle and its FFT; (b) Ru particle-size distribution; and (c) STEM image and EDS 

maps of Ru (green) and Na (orange). 
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3.1.4. Temperature programmed surface reaction 

Figure 4 compares H₂ consumption during TPSR experiments for AC-supported DFMs 

exposed at 40 °C either to simulated air containing 400 ppm CO₂ (solid lines) or to 5% 

O₂/Ar (dashed lines) after a previous reduction at 300 °C. Therefore, for the continuous 

line TPSR, the DFM was both oxidised and carbonated at 40ºC whereas, for the 

discontinuous line, the DFM was exclusively oxidised at 40ºC. This allows decoupling 

the contributions of carbonation and oxidation. The O₂-treated samples show a low-

temperature peak assigned to reduction of reoxidised Ru. This peak occurs near 110 °C 

for RuNa and 120 °C for RuK and shifts slightly to higher temperature as alkali loading 

increases. Therefore, the surface oxidation of Ru is more pronounced in the presence of 

K compared to Na, and is further enhanced with a higher loading of alkaline metal.  A 

weak feature near 250 °C may arise from either oxidised alkali species or oxygen-

containing surface groups on the carbon support. Relative to the O₂-treated sample, the 

air-exposed DFM shows a shoulder at 120-150 °C, particularly for RuK, which is 

consistent with reaction of bicarbonate-derived species. A broader high-temperature peak 

appears at 200-225 °C for RuNa and above 280 °C for RuK. This peak shifted to higher 

temperatures as the alkali loading increased and it is associated with hydrogenation of 

carbonate-derived species and concomitant CH₄ formation. 
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Figure 4. TPSR profiles of (a) RuNa/N and (b) RuK/N with different alkali loadings. 

Solid lines correspond to samples reduced at 300 °C and exposed to simulated air 

containing 400 ppm CO₂ at 40 °C. Dashed lines correspond to reduced samples treated 

with 5% O₂/Ar at 40 °C. 

 

 

3.1.5. XPS 

The Na 1s spectra were fitted with components centred at 1071.6 and[36][36] 1073.1 eV, 

assigned to carbonate/bicarbonate [36] and oxide/hydroxide environments [37,38], 

respectively (Figure 5 a, b). A third component near 1075 eV appeared[39] only at the 

highest loadings. This component cannot be assigned to a specific Na phase because this 

binding energy is not commonly reported for Na 1s and the carbon-supported samples 

may undergo differential charging. For instance, Na 1s peak at 1075 eV was only found 

for Na+ in a highly insulating and electron-withdrawing microenvironment of a fluoride 

materials[39]. The relative contribution of Na carbonates with respect to oxidized Na 

decreases with the loading. This could indicate the presence of larger Na oxide particles 

as loading increases. In larger Na particles, carbonation is likely restricted to the surface, 

leaving the core as sodium oxide due to the hindered diffusion of CO2.  

The fitting of O 1s peak is more ambiguous because the overlapping of oxygen from 

oxygenated groups of carbon with inorganic oxygen from alkali metal oxides and 

carbonates. Nevertheless, we performed the fitting of O 1s and assigned the peaks 

according to the literature (Figure S6 of supplementary material). We have made the 

following observations that have to be treated with caution because the ambiguity of the 

fitting. The relative contribution of C-O and COOH with respect to C=O increased with 

loading, particularly for the AC support. As alkali loading increases, we also observed an 

increased intensity of chemisorbed water (more hydrophilic) and of the Na KLL Auger 

peak at 536.5 eV. The Na KLL feature in the O 1s region confirms the proximity of Na 

and O [40]. Therefore, while the XPS spectra show clear alkali-loading dependent trends 

that suggest changes in the material, the interpretation of these changes remains 

inconclusive.  



13 

 

Ru 3p spectra were fitted according to the procedure reported in [41] (Figure S7). At the 

lowest alkali loading, HSAG-supported DFMs showed a larger metallic-Ru contribution 

than the corresponding AC-supported samples. Increasing alkali loading decreased the 

metallic-Ru contribution on HSAG until it became comparable with that on AC. TEM 

showed similar mean Ru particle sizes at low and high loadings, so the XPS trend cannot 

be attributed directly to Ru particle size. Differences in surface oxidation, local chemical 

environment or charging may contribute, but the present data do not distinguish among 

these effects. One hypothesis may be a decrease of electron density donation from Na to 

Ru as loading increases due either to more oxidised Na species or to larger Na particles 

with lower interphase with the support.  

 

 

Figure 5.  Fitting of Na 1s XPS peaks of RuNa DFMs with different alkali loadings on 

the two supports: (a) Na 1s peak for HSAG-supported DFM; (b) Na 1s peak for AC-

supported DFM. 
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3.2.1. Effect of regeneration temperature and air humidity 

The effect of regeneration temperature was examined for RuNa(1:2.5)/H and 

RuK(1:2.5)/H by heating in 20% H₂/Ar to 200, 250 or 300 °C and holding for 30 min 

(Figure 6). CH₄ and CO₂ outlet profiles are shown as solid and dashed lines, respectively. 

CH₄ onset temperatures, apparent initial production rates and total yields were calculated 

from these profiles (Table S2). The onset temperatures were similar for RuNa and RuK, 

but RuK gave a sharper peak and a higher apparent rate at 250 and 300 °C. RuNa 

produced a broader profile that reached a plateau near 250 °C, which is maintained until 

the dwell temperature is reached. Upon reaching this target temperature, the CH4 

concentration decayed during the constant temperature period. Regeneration at 200 °C 

gave substantially less CH₄, indicating incomplete regeneration. Heating to 300 °C 

increased the total CH₄ yield, particularly for RuNa, and was therefore selected for the 

subsequent experiments. 
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Figure 6. CH4 and CO2 outlet profiles during regeneration of (a) RuNa(1:2.5)/H and (b) 

RuK(1:2.5)/H to different final temperatures. Solid lines show CH₄ and dashed lines show 
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CO₂.  (c) Cumulative CH4 yield calculated from panels (a) and (b). CO₂ was captured 

from humid air at 40 °C. 

 

The effect of humidity was assessed with RuNa/H samples of different Na loadings 

(Figure 7). Capture from humid air systematically resulted in slightly higher CO₂ uptake 

and negligible CO₂ release during regeneration. After capture from dry air, a significant 

fraction of CO₂ desorbed below 100 °C, before CH₄ formation began (Figure 7b). After 

humid-air capture, CO₂ remained on the DFM until the temperature approached the CH₄ 

onset near 180 °C and was then converted to CH₄ (Figure 7b). 

 

 

Figure 7. Comparison between capture from humid and dry air. (a) carbon balances for 

RuNa/H samples with different Na loadings; (b) CH4 and CO2 profile during regeneration 

of RuNa (1:2.5)/H. 

Humidity therefore plays the dual role of slightly increasing capture capacity and 

changing the retention or speciation of the captured CO₂. Under dry conditions, part of 

the CO₂ is weakly adsorbed and desorbs below the methanation onset. Under humid 

conditions, the captured carbon remains retained until hydrogenation over Ru becomes 

kinetically significant. Water thus improves not only the CO2 uptake but, more 

importantly, the overlap between CO₂ release and catalytic conversion. This study does 

not address the identification of the surface species, which will be the objective of future 

works. 
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3.2.2. Comparison of HSAG and activated carbon supports 

Figure 8 compares carbon balances for RuNa and RuK on HSAG and Norit AC. Na 

loading has little effect on CO₂ uptake for RuNa/H series, whereas for RuNa/N series 

uptake increased up to RuNa(1:10)/N and then levels off (Figure 8c). RuK showed a 

similar loading effect: capture increased up to RuK(1:12.5)/N on Norit AC, but only up 

to RuK(1:7.4)/H on HSAG and then levels off. The sub-proportional increase in CO₂ 

uptake with alkali loading indicates that a decreasing fraction of the added alkali remains 

accessible for CO2 capture. The decreasing fraction of accessible alkali would agree with 

an increasing alkali particle size. Although the characterisation techniques did not allow 

to determine the exact alkali particle size, there are some indirect evidences of an 

increasing alkali size such as the appearance of crystalline alkali-containing phases by 

XRD, the progressive pore filling/blocking observed by N₂ physisorption, and the 

increasing contribution of non-carbonated/oxidised Na species detected by XPS. AC-

supported DFMs reached higher maximum CO2 uptakes than their HSAG-supported 

counterparts, approximately 800 µmol g⁻¹ for RuK/N and 400 µmol g⁻¹ for RuNa/N, 

respectively. This could be also tentatively explained by a smaller alkali size on AC than 

on HSAG, which would agree with a confinement effect within the micropores.  

At comparable loading, RuK generally captured more CO₂ than RuNa. However, alkali 

identity had the opposite effect on CO₂ utilisation. RuNa released negligible CO₂ during 

regeneration and converted almost all captured carbon to CH₄. In contrast, RuK showed 

little CO₂ slip only at the lowest loadings and, at higher K loadings, 30-50% of the 

captured carbon was released as CO₂. 
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Figure 8. Carbon balances showing captured CO2, produced CH4 and released CO2 for 

the different alkali loadings: (a) RuNa/HSAG; (b) RuK/HSAG; (c) RuNa/Norit AC; (d) 

RuK/Norit AC. Note that the vertical scales differ between right and left panels. The error 

bar corresponds to standard deviation of 5 cycles. 

 

Figures 9 and 10 show the CH₄ and CO₂ outlet profiles during regeneration for HSAG- 

and AC-supported DFMs, respectively. Cumulative CH₄ yields, onset temperatures and 

apparent initial rates are reported in Tables S3 and S4. RuK on both supports (Figures 9c 

and 10c) released CO₂ near 150 °C and formed CH₄ at higher temperatures, whereas RuNa 

released negligible CO₂. The CH₄ onset and peak temperatures were generally higher for 

RuK (Tables S3 and S4), indicating that K addition inhibits the methanation reaction to a 

greater extent than Na. The apparent initial rates were sometimes higher for RuK because 

its CH₄ peak occurred later in the temperature ramp and was sharper. Two observations 

are particularly noteworthy across all the dataset. The lowest-loading HSAG samples 
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lower apparent initial rates. Norit-supported samples generally gave significantly higher 

initial rate and narrower CH₄ profiles than HSAG-supported samples. This would agree 

with a different alkali metal size proposed above. The comparison of initial rates is 

somehow ambiguous because they reflect not only the intrinsic reactivity of the catalyst 

but also with diffusional control, which would prevail for larger alkali metal particles or 

longer distance between the capture and catalytic sites. Because the mean Ru particle size 

remained similar across the series, these differences are more likely related to the 

chemical environment and accessibility of the capture phase rather than to changes in Ru 

dispersion. 

Compared with the alumina-supported RuNa materials reported previously [32], the 

carbon-supported RuNa series maintained low CO₂ slip over a wider range of Na 

loadings. This behaviour is consistent with a negligible contribution from support-derived 

CO₂ as demonstrated by bare-support control experiments. Accordingly, carbon support 

is a convenient support for uncoupling the intrinsic thermal-dependent behaviour of 

different alkali metals from the effect of the support on the capture and methanation.  The 

RuNa results indicate that most captured carbon remains retained until a temperature at 

which methanation kinetics becomes relevant. RuK, by contrast, appears[32] to form a 

broader distribution of retained species: a weakly bound fraction is released before 

methanation, while another fraction reacts only at higher temperature. This temperature 

mismatch explains how RuK combine high capture capacity with lower overall 

conversion efficiency. 
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Figure 9. Regeneration of HSAG-supported DFMs. Left panels: CO2 (dashed line) and 

CH4 (solid line) outlet profiles for (a) RuNa/H and (c) RuK/H. Right panels: cumulative 

CH4 yield for (b) RuNa/H and (d) RuK/H calculated from profiles in left panels. 
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Figure 10. Regeneration of Norit AC-supported DFMs. Left panels: CO2 (dashed line) 

and CH4 (solid line) outlet profiles for (a) RuNa/N and (c) RuK/N. Right panels: 

cumulative CH4 yield for (b) RuNa/N and (d) RuK/N calculated from profiles in left 

panels. 

 

3.2.3. Optimisation and cyclic stability 

RuNa(1:10)/N was selected for cyclic testing because it combined high capture capacity 

with negligible CO₂ slip (Figure 8c). The material was tested over 25 capture-methanation 

cycles (Figure 11). In the first cycle, the measured CH₄ yield exceeded the CO₂ captured 

in the preceding step, indicating a contribution from labile carbon or residual carbon-

containing species in the fresh material. The carbon balance approached closure after the 

first three conditioning cycles. From cycle 4 onwards, the capture capacity remained close 

to 380 µmol g-1 and the conversion of captured CO₂ remained close to 100%. These results 

demonstrate stable performance over the 25 cycles tested. 
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Figure 11. Captured CO₂, CH₄ yield and released CO₂ for selected cycles during the 25-

cycle test of RuNa(1:10)/N.  

 

Reversing the impregnation sequence, by adding Ru before Na, slightly decreased 

performance (Figure 12a). The original impregnation sequence was therefore retained. 

To reduce Ru use, samples containing 0.5, 1.5, 2.3 or 3 wt% Ru were prepared at a 
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was similar at 2.3 and 3 wt% (Figure 12a and Table 2). Therefore, a higher amount of Ru 

contributes to a higher CO2 uptake probably because a more complete regeneration of the 

capture sites. Moreover, increasing Ru loading shifted the CH₄ onset and peak to lower 

temperatures (Figure 12b and Table 2), indicating the enhanced hydrogenation as Ru 

loading increased. The 0.5 wt% Ru sample showed the lowest apparent CH₄ rate and the 

highest CO₂ slip (Figure 12b and c). The increase of CH4 production kinetics as Ru 

loading increases agrees with recent reports [42]. A Ru loading of 2.3 wt% gave 

performance comparable with 3 wt%, [42] 1.5 wt% maintained negligible CO₂ slip with 

an approximately 20% lower capture capacity. Reducing Ru to 0.5 wt% impaired both 

capture and carbon utilisation. 
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Figure 12. Effect of Ru loading at a constant Na content of 6.8 wt% on RuNa/N 

performance. (a) Carbon balance after capture and regeneration; the reverse-impregnation 

sample NaRu(6.8:3 wt%)/N is included for comparison. The error bars correspond to the 

standard deviation of 5 cycles (b) CH₄ and CO₂ outlet profiles and temperature 

programme during regeneration of samples containing 0.5-3 wt% Ru. (c) Cumulative CH₄ 

yield calculated from panel (b). 
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Table 2. CH₄ onset and peak temperatures, apparent initial CH₄ production rate and total 

CH₄ yield for RuNa/N with 6.8 wt% Na and different Ru loadings. 

DFM CH4 peak 

onset 

CH4 peak 

maximum 

Initial CH4 

rate 

Total CH4 

yield 

 ºC ºC µmol g-1 s-1 µmol g-1 

RuNa (0.5:6.8 wt%)/N 254 300 0.19 228±12 

RuNa (1.5:6.8 wt%)/N 206 294 0.71 331±16 

RuNa (2.3:6.8 wt%)/N 179 238 0.60 399±20 

RuNa (3:6.8 wt%)/N 155 224 0.51 382±19 

 

3.2.4. Benchmarking against reported DFMs for DAC 

Reported DFMs for direct air capture can be grouped into two categories: (i) systems 

operating under isothermal conditions, where CO2 capture and conversion occur at the 

same elevated temperature (Table S5) [28,29,43], and (ii) systems operating under 

dynamic temperature conditions, where CO2 is captured at near ambient temperature and 

subsequently heated and converted at elevated temperature (Table S6) [15,19,24–27,30–

32,34,35,44–49]. The isothermal studies in Table S5 operated at 320-400 °C. Reported 

CO₂ uptakes were generally 100-200 µmol g⁻¹. Isothermal operation avoids CO₂ release 

during a heating ramp, generally leading to lower CO2 slip than dynamic conditions. 

However, it requires heating enormous volumes of air in the capture step due to the high 

dilution of CO2. In principle, this indicates that the dynamic operation would be less 

energy consuming but it should be assessed at process level. Dynamic operation avoids 

heating the air during capture step and the heat is supplied during regeneration step, which 

is a shorter step. The uptake values compiled in Table S6 are often higher than those in 

Table S5, although the studies use different humidity, pressure, capture time, mass basis 

and cycle number. Dynamic operation commonly produces substantial CO₂ slip during 

heating. Values above 20% were reported in many studies [24–27,30,32,34,35,44–47,49]. 

Few studies reported a low CO₂ slip  [15,19,31,48] along with the present work. In 

reference [15], a DFM consisting of 1 wt% Ru + ~20 wt% Na on FAU zeolite achieved a 

CO2 uptake of 281 µmol g-1 with negligible CO2 slip. The authors claimed that the CO2 

slip was eliminated because CO2 was strongly adsorbed on Na, whereas Ru was reduced 

and became active at a lower temperature (~115°C) than the CO₂ desorption temperature 
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(>150°C). In reference [19], the negligible CO2 slip could be attributed to the effect of 

pressure (at 0.9 MPa), which favours the Sabatier reaction and inhibits CO2 desorption. 

However, the reported CO2 uptake was relatively low (168 µmol g-1) in comparison to 

other DFMs. The last example of negligible CO2 slip in Table S6 was an unsupported 

DFM (10 wt% NiCa9Zr) [48], which provided an exceptionally high CO2 uptake of 7420 

µmol g-1. However, this DFM requires a higher temperature for regeneration (450ºC) and 

its cyclic stability was demonstrated for only five cycles. These systems differ 

substantially in pressure and regeneration temperature, so uptake alone is not an adequate 

performance metric. 

Both our previous Ru-Ba/HSAG[31] and the present Ru-Na/Norit material showed 

negligible CO₂ slip under dynamic conditions. Among the DFMs reported exhibiting low 

CO2 slip in Table S6, the present material combines one of the highest CO2 uptake (380 

µmol g-1) with stable performance over 25 cycles. Our previous Ru-Na/Al₂O₃ material 

reached a higher uptake of 740 µmol g⁻¹ and 96% conversion at an optimised Na loading 

[32], but its CO₂ slip was more sensitive to Na loading and capture duration. The main 

advantage observed here is therefore not the highest absolute uptake, but a wider Na-

loading range over which CO₂ slip remains low. 

 

 

Conclusions 

Ru-Na and Ru-K DFMs supported on Norit AC showed higher CO₂ capture capacities 

than the corresponding HSAG-supported materials. Capture increased with alkali loading 

on Norit AC but changed little at high loadings on HSAG. N₂ physisorption, XRD and 

XPS indicated increasing pore occupation and crystallinity and decreasing utilisation of 

alkali-containing phases with loading. 

Alkali identity controlled how efficiently the captured carbon was converted. RuNa 

exhibited negligible CO₂ slip and nearly complete conversion to CH₄ across the 

investigated loading range. RuK captured more CO₂ at comparable loading but released 

30-50% of the captured CO2 at high K loadings. The regeneration profiles indicated that 

RuK contains both weakly retained species, which are released before methanation 

becomes fast, and species that react only at higher temperature. In contrast, weakly 
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captured species are absent in RuNa.  Efficient DFM design therefore requires matching 

the temperature windows of stability of the captured species and the catalytic 

methanation. After the first three conditioning cycles, RuNa(1:10)/N maintained a capture 

capacity close to 380 µmol g⁻¹ and nearly complete conversion during the 25 cycles 

tested. The Ru loading could be reduced to 2.3 wt% with performance comparable to 3 

wt%. At 1.5 Ru wt%, negligible CO₂ slip was maintained with an approximately 20% 

loss in capture capacity. These results identify Ru-Na/AC as a promising DFM combining 

high CO2 uptake, negligible CO2 slip and cyclic stability. Carbon support played here a 

dual role: it enabled to study the effect of the alkali metal identity and eliminated the CO2 

slip, which was associated inherently to other reactive oxidic support. 
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