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Tailoring sodium accessibility in RuCu-Na2ZrO3 catalyst for tunable CO2 hydrogenation 

pathways.  

 

Introduction 

 

Rising atmospheric CO2 concentrations driven by anthropogenic activities pose a significant threat to 

global climate stability, necessitating urgent mitigation strategies. Among available approaches, 

catalytic CO2 hydrogenation is particularly attractive as it integrates CO2 utilisation with renewable H2 

(Anwar et al., 2020). While methane has traditionally been targeted, increasing attention is shifting 

toward CO due to its role as a key syngas intermediate and versatile feedstock for downstream synthesis 

(Hu et al., 2024; Ye et al., 2025). However, CO2-to-CO conversion via the reverse water-gas shift 

(RWGS) reaction is thermodynamically favoured at elevated temperatures (T> 600 °C), resulting in 

high-energy demands and catalyst sintering. Consequently, the development of catalysts capable of 

operating efficiently at lower temperatures is critical.  

 

Ruthenium exhibits high activity and excellent H2 dissociation ability while copper offers favourable 

CO selectivity and cost advantages though prone to sintering at high temperature (Choi et al., 2024; 

Rabelo-Neto et al., 2022). Lots of studies show that alkali promotion, particularly with sodium, 

enhances surface basicity and facilitates formate intermediates, promoting CO formation while 

suppressing methanation (Liao et al., 2025; Seuser et al., 2023; Xu et al., 2021). Despite this, the 

influence of sodium distribution which is governed by synthesis route and its synergy with the support 

and metal site, remains unexplored. This study investigates its impact on CO2 conversion and product 

selectivity. 

 

Method  

 

2.1 Catalyst preparation 

Na2CO3, ZrO2, RuCl3.xH2O, and CuCl2.2H2O (≥ 99.9 %, Sigma Aldrich) were used as received. 

Catalysts (2 wt% Ru, 4wt % Cu) were synthesised via wet impregnation to isolate the effect of Na 

distribution. Method A (RuCu - Na2ZrO3-A): precursors were dissolved in 20 mL H2O, stirred (40 °C, 

480 rpm, 2 hr), dried (60 °C, overnight), ground, and calcined (720 °C for 10 h, 1 °C /min). Method B 

(RuCu - Na2ZrO3-B): As method A followed by filtration prior to drying to obtain a Na-depleted sample. 

Method C (RuCu - Na2ZrO3-C):As method A, using pre-synthesized Na2ZrO3 (Munro et al., 2020).  

 

2.2 Catalyst characterization 

 

X-Ray Diffraction (XRD) patterns were collected over 2θ range of 5-85 °C using a Bruker Nonius X8-

Apex2 CCD diffractometer. Surface composition was analysed by X-ray Photoelectric Spectroscopy 

(XPS, AI Kα, 1486.6 eV) under ultra-high vacuum (<1x10-9 mbar). 

 

2.5 Catalytic Activity Tests 

 

Reactions were conducted in a fixed-bed quartz reactor (30 mg of catalyst diluted with quartz sand). 

Experiments were performed at 240 °C and 400 °C (10 °C/min) under H2/CO2 flow of 3:1, with effluent 

gases analysed using a gasboard-3100 analyser. 

Blank tests were performed and subtracted. All experiments were conducted in triplicate with error 

being <12%.  

CO2 conversion, selectivity, and yield were calculated as: 

𝑋𝐶𝑂2 =
𝑛𝐶𝑂2 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑−𝑛𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝐶𝑂2 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 × 100  

𝑆𝐶𝑂/𝐶𝐻4 =
𝑛𝐶𝑂/𝐶𝐻4 𝑜𝑢𝑡

𝑛𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 × 100  

𝑌𝐶𝑂/𝐶𝐻4 =
𝑛𝐶𝑂/𝐶𝐻4 𝑜𝑢𝑡

𝑛𝐶𝑂2 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 × 100  
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Results and discussion  

 

Figure 1 shows the x-ray diffraction patterns of catalysts, all of which exhibit crystalline phases of ZrO2, 

Na2ZrO3, Ru-metal, RuO2, Na2CO3 and CuO. The diffractograms confirm monoclinic Na2ZrO3 as the 

primary crystalline phase. (2θ = 18.2° and 33.8°) across all samples. Catalyst C additionally shows a 

weak Na2CO3 peak at 30.4°, likely originating from unreacted synthesis residue. Catalyst B shows a 

prominent peak at 18.2 ° indicative of <50 % Na+ site occupancy of the Na layer because of the Na 

depletion during synthesis. It also displayed distinct peaks corresponding to both metallic Ru0 (42.4°, 

44.7° and 59.4°) and RuO2 (55.4°), a combination known to enhance CO2 hydrogenation activity 

(Chang et al., 2024). In contrast, Catalyst A and C only showed weak reflections of RuO2. Overall, the 

XRD patterns show that Ru and its oxide exist as separate crystalline phases rather than being 

incorporated into the sodium Zirconate lattice.  

 

 

Figure 1 Diffraction patterns for A) RuCu-Na2ZrO3-A; B) RuCu-Na2ZrO3-B; C) RuCu-Na2ZrO3-C  

 

XPS analysis (Table 1) revealed that the surface Ru and Cu contents were significantly lower than their 

nominal loadings, with Ru near 1 at% and Cu ranging from 0.4- 1.53 at.%. The Na-depleted RuCu-

Na2ZrO3-B showed 40% less Na than the other Na-containing samples, confirming its synthesis route 

and aligning with XRD results (Figure 1). Notably, Na depletion increased the Ru:Cu surface ratio, 

indicating reduced site blocking and improved formation of Cu-Zr interfacial sites 

 

Table 1: Atomic concentrations (%) showing dispersion of metals for RuCu-Na2ZrO3-A, -B, -C. 

Catalyst Na 1s (%) Cu 2p (%) O 1s (%) Ru 3p (%) Zr 3p (%) C 1s (%) 

RuCu -Na2ZrO3 -A 16.9 0.39 

Cu (II) 

45.54 1.12 

Ru (IV) 

6.27 

Zr (IV) 

29.84 

 

RuCu -Na2ZrO3 -B 7.2 1.53 52.21 1.07 16.2 20.39 

RuCu -Na2ZrO3 -C 21.6 0.42 

Cu (II) 

45.42 0.91 

Ru (IV) 

3.45 

Zr (IV) 

27.48 

 

 

Results of catalytic reaction are presented in Figure 2, with CH4 and CO as the primary products. At 

400 °C (Figure 2a) clear differences are observed among the catalysts. RuCu-Na2ZrO3-B shows the 

highest activity, achieving superior CO yield (44.7 mmolg-1h-1), CO2 conversion (31.3 %), and CH4 

yield (6.9 mmolg-1 h-1). This indicates effective promotion of both RWGS and subsequent 

methanation. The enhanced performance is attributed to optimised sodium distribution, where partial 
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Na removal reduces site blocking while maintaining sufficient basicity for CO2 adsorption, consistent 

with reports of decreased conversion at higher Na loadings (Seuser et al., 2023). In contrast, RuCu-

Na2ZrO3-A and RuCu-Na2ZrO3-C exhibit lower activity due to less favourable Na configurations, 

which limit  active site accessibility and hydrogenation (Sanna et al., 2025). 

 

 

Figure 2 a): CO2 conversion and product yields (CO, CH4) at 400 °C b) product selectivity at 400 °C; 

c): CO2 conversion and yields over at 240 °C; d) product selectivity trends at 240 °C for RuCu-

Na2ZrO3-A,B,C 

 

Figure 2b presents the selectivity profiles at 400 °C, complimenting the activity trends. All catalysts 

show high CO selectivity (86-91 %), and low CH4 selectivity, confirming RWGS dominance, which 

can be linked to Cu-assisted CO desorption and moderated hydrogenation pathways (Choi et al., 

2024).  

In Fig 2c & d, the performance at 240 °C are reported, the activity trend remains unchanged when 

comparing the three materials with results obtained at 400 °C, but conversions are consistently lower. 

Another key difference is that selectivity on CH4 increases for all three materials, however, only 

RuCu-Na2ZrO3-B could maintain a relatively high CO selectivity (55.4 %) at 240 °C where 

methanation is thermodynamically favoured. Overall, RuCu-Na2ZrO3-B achieves the best balance 

between RWGS and methanation, while RuCu-Na2ZrO3-A and -C prioritise selectivity at the expense 

of activity.  

 

Conclusion  

 

This work set out to investigate the effect of sodium distribution, which is controlled via synthesis 

route, on the performance of RuCu-Na2ZrO3 catalysts for CO2 hydrogenation. The results demonstrate 

that tailoring sodium accessibility, rather than simply its loading, is critical to catalyst design. The 

filtration-modified synthesis (RuCu-Na2ZrO3-B) produced a more favourable sodium environment 

that minimised site blocking while preserving sufficient basicity, thereby enabling enhanced CO2 

activation and improved utilisation of active Ru and Cu sites. This led to superior catalytic 

performance (31.3% conversion, 44.7 mmol g-1 h-1 CO yield, and 6.9 mmol g-1 h-1 CH4 yield) at 400 

°C and even under low-temperature conditions (240 °C) where CO2 activation is limited. In contrast, 

excess or structurally constrained sodium in RuCu-Na2ZrO3- A and -C limited active site accessibility, 

reducing overall efficiency. The observed activity-selectivity trade-off further confirmed that sodium 

distribution governs the balance between competing RWGS and methanation pathways. This study 
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establishes synthesis-controlled sodium distribution as a key lever for tuning Ru-Cu supported 

catalyst performance, providing a practical strategy for designing efficient systems for CO2 utilisation.  
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