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            Abstract
Oxide nanoparticles with elemental and structural diversity are widely studied for catalysis and energy applications. While compositional control holds great promise for materials discovery, current oxide nanoparticles are typically limited to a few cations due to the intrinsic complexity in nanoscale multi-element mixing. Here we report the rational design and synthesis of single-phase multi-element oxide nanoparticles with tunable composition, size and structure. We have identified temperature-, oxidation- and entropy-driven synthesis strategies to mix a range of elements with largely dissimilar oxidation potentials (including palladium), thus greatly expanding the compositional space. Through rapid synthesis and screening, we obtained a denary multi-element oxide catalyst showing high performance and superior stability for catalytic methane combustion over 100â€‰hours due to the high-entropy design and stabilization. Our work therefore provides a viable synthesis route with clear guidelines for multi-element oxide nanoparticles and enables materials design in the multi-element space towards highly stable catalysts.
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                    Fig. 1: Compositional and structural design of MEO nanoparticles featuring up to ten cations.[image: ]


Fig. 2: Synthesis strategies for MEO nanoparticles.[image: ]


Fig. 3: Thermodynamic analysis of MEO formation and their structural stability.[image: ]


Fig. 4: MEO catalyst design and screening for methane combustion.[image: ]
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                Data availability

              
              Experimental procedures and material characterization of the oxide nanoparticles are available within this paper and the Methods. Powder diffraction file (PDF) cards of compounds used in this work are available at the Joint Committee on Powder Diffraction Standards. The atomic coordinates of the optimized oxide structure and initial and final configurations of the oxides are provided in the Supplementary Data. Other data that support the plots within this paper and the findings of this study are available from the corresponding authors on reasonable request.

            

Code availability

              
              Density functional theory calculations on the formation of multi-element oxides were performed using VASP. The structural and thermal stabilities of multi-element oxides were computed by applying the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). The open-source LAMMPS computer code is available at https://lammps.sandia.gov. The parameters used for the calculations are listed in the Methods, Supplementary Methods or available from the corresponding author upon reasonable request.
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Extended data

Extended Data Fig. 1 10-MEO-MgMn sample before and after the high-temperature synthesis and size control.
a, SEM images of the sample prior to synthesis. Mixed salt precursors were uniformly loaded onto the CNF substrate. b, SEM images of the 10-MEO-MgMn nanoparticles uniformly dispersed on the CNFs by the high-temperature conditions (1500 K, 50 ms). c, d, SEM images of the 10-MEO-MgMn nanoparticles synthesized at different durations, including 10 ms (c) and 500 ms (d) at 1500 K. e, Particle size distribution of the 10-MEO-MgMn nanoparticles made at 1500 K and at different durations. f, Temperature profiles used in our synthesis. High temperature (~1500 K), short time (within 1 second), and high cooling rate (~104 K/s) are beneficial for the MEO nanoparticle formation.


Extended Data Fig. 2 XRD and SEM patterns of unary metal and oxide nanoparticles dispersed on the CNF substrate.
a, XRD patterns. The formation of unary metal (for example, Co, Ni) and oxide (for example, MnO, CaO) nanoparticles is closely related to the Ellingham diagram (Fig. 2a in the main text). Elements above the carbothermic reduction curve (2C+O2=2COâ†‘) are easily reduced to metallic states, while those elements beneath the curve can maintain their oxidized states after the high-temperature synthesis (~1500 K). b, c, SEM images of metal In (b) and oxide ZnO (c) nanoparticles on CNFs. The SEM images and their XRD patterns demonstrate the formation of unary metal or oxide nanoparticles using our high-temperature synthesis.


Extended Data Fig. 3 MEO nanoparticles synthesized by temperature- and oxidation-driven strategies.
a, b, Elemental mapping of single-phase (Zr,Ce,Hf,Ti,La,Y)O2-x (a) and denary (Zr,Ce,Hf,Ti,La,Y,V,Nb,Ca,Mn)O2-x (b) nanoparticles by temperature-driven mixing. c, d, XRD (c) and elemental mapping (d) of (Mg,Zn,Co,Ni,Cu)O nanoparticles synthesized by oxidation-driven mixing, showing a single-phase rocksalt (indexed to MgO (PDF#65-0476)) structure.


Extended Data Fig. 4 The stabilization of Pd in the denary oxide nanoparticles.
a, XRD patterns of samples synthesized by our rapid high-temperature synthesis, including denary MEOs with noble Pd content of 10at% (single phase), 15at% (phase separation), and 20at% (phase separation). In these samples with higher Pd contents, although the strategy of entropy-driven mixing and rapid synthesis was used, the metallic Pd phase starts to emerge due to increasing concentration of Pd in MEOs, which lowers the diffusion distance and eventually causes phase separation and reduction of Pd. b, Elemental mapping of the denary MEO with 10at% Pd, showing uniform elemental mixing. c, XRD and d, SEM of the denary MEO with 10at% Pd synthesized by the conventional heating method (annealed under Ar at 1,273â€‰K for 2 h), showing phase separation and particle aggregation. This result suggests the capability of our high-temperature non-equilibrium method to synthesize and stabilize the noble element into single-phase MEO nanoparticles.


Extended Data Fig. 5 MEO nanoparticles synthesized by entropy-driven strategies.
a, b, Elemental mapping of ternary oxide (Ti,Mn,Co)Ox (a) showing phase separation of Co from other elements. By adding 7 more elements, the denary oxide (Zr,Ce,Hf,Ti,La,Y,Gd,Mn,Fe,Co)O2-x (b) shows single-phase MEO formation, indicating entropy-driven mixing effect. Scale bar = 50 nm. c, d, Elemental mapping of senary oxide (Zr,Hf,Ti,Fe,Co,Ni)Ox (phase separation) (c) and denary oxide (Zr,Hf,Ti,La,V,Nb,Zn,Fe,Co,Ni)O2-x (single phase) (d) nanoparticles, showing the similar entropy-driven effect. Scale bar = 10 nm.


Extended Data Fig. 6 Optimized synthesis temperature and high-temperature reduction.
a, b, c, SEM images of (Zr,Ce,Hf,Ti,Mn,Co)O2-x nanoparticles synthesized at low (I, ~1200 K) (a), optimized (II, ~1500 K) (b), and high (III, ~1800 K) (c) temperatures for 500 ms. Scale bar = 100 nm. d, Elemental mapping of (Zr,Ce,Hf,Ti,Mn,Co)O2-x synthesized at 1800 K. Too high-temperature (1800 K) synthesis may lead to reduction of Co metals (phase separation) and particle overgrowth. Scale bar = 50 nm.


Extended Data Fig. 7 The thermal stability of denary oxide nanoparticles.
a, The microscale stress distribution for quaternary (Zr,Ce,Hf,Ti)O2 and denary 10-MEO-MgMn. The 10-MEO-MgMn shows a more uniform stress distribution than the (Zr,Ce,Hf,Ti)O2, suggesting a relatively more stable structure. b, The thermal stability (that is, after 2Ã—106 Monte Carlo (MC) steps at 1073 K) for quaternary (Zr,Ce,Hf,Ti)O2, which shows phase separation after thermal annealing at 1073 K. c, TEM elemental mapping of in situ heat-treated (Ce,Y,Gd)O2-x, (Zr,Ce,Hf,Ti)O2, and 10-MEO-MgMn nanoparticles. The denary oxide 10-MEO-MgMn nanoparticles remain almost the same after in situ annealing at 1073 K for 1 h, with little change in the particle size, dispersity, and elemental mixing, while (Ce,Y,Gd)O2-x and (Zr,Ce,Hf,Ti)O2 show elemental segregation. Scale bar = 50 nm. d, The elemental mapping of 10-MEO-MgMn nanoparticles at 298 K and 773 K. Scale bar = 50 nm. e, The elemental concentration evolution in the 10-MEO-MgMn nanoparticles, derived from the single nanoparticle in the red box of Extended Data Fig. 7d. The composition ratio also remained similar during the in situ stability test.


Extended Data Fig. 8 Multi-element mixing to stabilize Pd in the oxidized state in 10-MEO-PdO nanoparticles.
a, The temperature-dependence of the Gibbs free energy of (Zr, Ce)0.6Mg0.3Pd0.1Ox (4-MEO-Pd) and (Zr,Ce)0.6(Hf,Ti,La,Y,Mg,Cr,Mn)0.3Pd0.1O2-x (10-MEO-PdO). The 10-MEO-PdO (a higher entropy) has a lower formation temperature (~790 K) at which the free energy of mixing becomes zero. However, the 4-MEO-Pd (with a lower entropy) cannot form single-phase fluorite structure below the temperature of ~2473 K. The calculated study demonstrates the entropy stabilization effect in the Pd-contained MEO systems. Thermodynamically, the increased mixing entropy and high-temperature synthesis provide a high entropic driving force (Î”G=Î”Hâ€’TÃ—Î”S) which enables single-phase MEO formation and stabilization of PdO in the resulting MEOs. Kinetically, the PdO is trapped and stabilized in the denary MEO nanoparticles due to the high entropy structure with random mixing, lattice distortion, and slow kinetics. Detailed calculation models, parameters, and simulation process can be found in the Supplementary Methods. b, c, Elemental mapping of 4-MEO-Pd (b) (elemental segregation) and 10-MEO-PdO (c) (uniform mixing) nanoparticles. Scale bar = 10 nm. d, XRD of 4-MEO-Pd (phase separation) and 10-MEO-PdO (single phase) nanoparticles. e, XPS of the Pd element in 4-MEO-Pd (Metallic and oxidized Pd) and 10-MEO-PdO (Oxidized Pd). The evolution of Pd from a mixture phase (in the 4-element system) to a stable oxide PdO in the denary MEO (10-element system), demonstrating an entropy-driven mixing and stabilization of noble metal Pd.


Extended Data Fig. 9 Stability of the 10-MEO-PdO catalyst.
a, XRD patterns before and after the methane combustion reaction for the control Pd sample synthesized by the traditional impregnation method, showing the PdO (indexed to PdO (PDF#43-1024)) was reduced to metallic Pd (indexed to Pd (PDF#46-1043)). b, XRD patterns before and after the methane combustion reaction for our 10-MEO-PdO (indexed to ZrO2 (PDF#49-1642)) nanoparticles with excellent thermal stability. c, TEM image and d, elemental mapping of our 10-MEO-PdO nanoparticles after reaction, showing the uniform dispersion and mixing, without particle coarsening or elemental segregation.


Extended Data Fig. 10 The 10-MEO-PdO dispersed on the Al2O3-coated carbon paper for methane combustion performed under wet conditions.
a, b, SEM images of carbon paper without (a) and with (b) Al2O3 coating. Scale bar = 2 Î¼m. c, TGA data (performed in air atmosphere) of carbon paper (CP) without and with the Al2O3 coating. The Al2O3 coating increases the decomposition temperature of the substrate, which shows excellent stability up to 973 K. d, CH4 conversion of 10-MEO-PdO on the Al2O3-coated carbon paper performed under wet conditions at different GHSVs. e, CH4 conversion of 10-MEO-PdO on the Al2O3-coated carbon paper performed under wet conditions at the GHSV of 10,800 L gpdâˆ’1 hâˆ’1 before and after annealing at 873 K for 5 h under the catalytic reaction condition, demonstrating the excellent stability of the catalyst under wet conditions at high temperatures. f, STEM image and elemental mapping of 10-MEO-PdO nanoparticles on the Al2O3-coated carbon paper after 100 hours of operation carried out under wet conditions, showing the uniform distribution and mixing of the nanoparticles, without coarsening or elemental segregation.
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