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Abstract 

An active and coke-resistant silica-encapsulated intermetallic Ni3Zn nanoparticle catalyst 

was developed for low-temperature (450 °C) dry reforming of methane. The catalyst exhibited a 

remarkable four-fold increase in activity (4.5 s-1) with over 99% CO selectivity, 3 orders of 

magnitude less carbonaceous species, and demonstrated remarkable stability (70-hr) compared 

to a monometallic Ni catalyst. The key is the combined effect of surface ensemble structure and 

electronic interaction modulation through the surface composition tailoring achieved by off-

stochiometric Ni and Zn loading in controlling surface chemistry for achieving different activities 

and H2:CO ratios. Characterized by in-situ ion spectroscopy, XPS, and Neutron Pair distribution 

function (nPDF), it was revealed that paired Ni𝛿𝛿--Zn𝛿𝛿+ active sites are crucial for DRM. Transient 

IR spectroscopy and isotopic analysis uncovered the synergistic effect of Ni𝛿𝛿--Zn𝛿𝛿+ sites in 

activating C-H bonds and dissociating CO2 to prevent coke formation under low temperature 

conditions. 
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Catalytic dry reforming of methane (DRM) is a promising strategy to transform CO2 and 

CH4 into a CO-rich syngas (H2 +CO) stream for large-scale production of renewable fuels and 

chemicals1.  DRM enables high CO2 utilization and has potential for economic feasibility.2,3 

Integrating DRM with CO liquefaction processes such as Fischer-Tropsch and direct dimethyl 

ether synthesis, can produce liquid fuel,4–9potentially reducing CO2 emissions by 30%.10 At 

present, reforming is carried out at very high temperature to avoid catalyst deactivation 11,12and 

pore blockage due to coke formation. This leads to high energy consumption and exposure to 

catalyst deactivation due to sintering13 thus lowering economic performance. Therefore, it is 

desirable to seek catalysts that can perform DRM  at low temperature (<500°C).  14,15 Stable, 

active, and coke-resistant catalysts that can achieve tunable H2/CO for different applications are 

needed. Previous studies have shown that DRM performance on various transition metal, 

carbides or oxides catalysts depends critically on surface structure.16–18For instance, optimal 

surface configurations on Ni-based catalysts are required to maintain suitable carbon affinity and 

low CH4 and CO2 dissociation barriers. In this work, we use advanced heterogeneous catalyst 

design and surface chemistry tuning to overcome some of these challenges. 

Recently, intermetallic compounds at the nanoscale have gained prominence as 

promising templates for catalyst design.19–22 Compared to their monometallic or random alloy 

bimetallic counterparts, these intermetallic nanoparticles (iNPs) have superior catalytic 

properties23–25. Their ordered crystal structure and precise atomic arrangement offer a platform 

for surface chemistry modulation.26–30 The benefits of iNPs include fine control of the electronic 

structure, specificity and orderliness of the atomic-level structures, and uniformity of the 

geometric and electronic structures.23,24,31,32 However, there is a considerable need for a simple 

and flexible method for the synthesis of ultrasmall iNPs, especially those adaptable to different 

compositions and crystal structures of intermetallic compounds. Additionally, synthesizing iNPs 

with specific exposed facets poses a significant challenge but could greatly benefit catalytic 

research. 

In this study, stable, active, and coke-resistant intermetallic Ni-Zn iNPs catalyst were 

developed and synthesized using incipient wetness impregnation method for dry reforming of 

methane (DRM) at 450oC. The key was tuning the electronic state and surface environment of a 



Ni-Zn intermetallic catalyst to modulate the surface chemistry and optimize catalytic 

performance. The hypothesis was that the surface reactivity and selectivity of Ni-Zn intermetallic 

catalysts could be modified without affecting the bulk properties by adjusting the surface layer 

Ni:Zn atomic ratio, which could enhance DRM activity and reduce coke formation even at 

thermodynamically unfavorable condition.  

Indeed, our results show that intermetallic Ni𝛿𝛿--Zn𝛿𝛿+ sites formation through surface 

electronic interaction significantly enhances DRM catalytic performance. These findings were 

revealed by performance testing, High-Sensitivity Low Energy Ion Spectroscopy (HS-LEIS), X-ray 

Photoelectron Spectroscopy (XPS), and Neutron Pair Distribution Function (nPDF). The 

mechanism of CO2 activation and C-H decomposition were uncovered by transient FTIR and 

Steady State Isotopic Transient Kinetic Analysis (SSITKA) experiments. This paper presents a 

method for controlling the surface chemistry of intermetallic systems through compositional 

tuning and modification in heterogeneous catalyst design. Additionally, the relatively 

straightforward catalyst preparation method demonstrated in this work, which is also the 

industrially preferred method, offers an opportunity to scale-up and utilization of intermetallic 

catalysts. 

Results 

Intermetallic Ni-Zn Catalytic Design and DRM Performance 

The main catalyst of this study, NiZn-0.25 iNPs, exhibited a stable performance during a 

70-hour DRM operation at 450°C, with a remarkable over 99% CO selectivity on a carbon basis. 

Slight reduction of CH4 (13.4% to 11.8%) and CO2 (~17% to ~14%) conversion was observed during 

the first 50 hours on stream, with no further noticeable deactivation (Fig. 1) beyond that period. 

For comparison, monometallic Ni catalyst suffered severe deactivation under the same 

conditions (Fig. S1), with CH4 conversion decreasing linearly from 17% to 8% in 70 hours. This was 

due to surface carbon buildup, with only 41.8% CO selectivity (Fig. S2). Thermodynamically, in 

DRM reaction below 900 oC, formation of carbonaceous product is unavoidable (Fig. S3), with 

coke dominating the equilibrium product composition below 600 oC. Post-reaction temperature-

programmed oxidation (TPO) revealed coke formation was reduced by three orders of magnitude 



(Fig. 2a, S4) with NiZn-0.25 (1.47*10-4 g/gcat.h) compared to monometallic Ni (7.9*10-1 g/gcat.h) 

at 450 oC. This result demonstrated that intermetallic NiZn surface can significantly prevent the 

formation of coke, even under thermodynamically unfavorable conditions.  

 

Fig. 1: |Time-on-stream study of CH4 and CO2 conversion, H2/CO on NiZn-0.25 catalyst. Reaction 

condition: T=4500C, P= 1 atm, CO2/CH4=1 and GHSV= 120,000 cm3 gcat−1 h−1 

The role of the Zn element on the catalytic performance of intermetallic Ni-Zn catalysts 

for dry reforming of methane (DRM) was studied systematically using catalysts consisting of 

monometallic Ni, 20 mol%, 25 mol%, and 30 mol% Zn. The turnover frequency (TOF) shows the 

NiZn-0.25 catalyst exhibited a four-fold increase in CH4 activity (4.5 s-1) compared to 

monometallic Ni (1.1 s-1), with all Ni-Zn catalysts outperforming monometallic Ni. The Ni/Zn ratio 

has a volcano-like correlation with the CO2 and CH4 TOF (Fig. 2a), peaking at NiZn-0.25. These 



rates are comparable to other reforming catalysts including Pt at similar temperatures (Table 

S2).11,12,33–35 

While monometallic Ni exhibited the highest H2/CO ratio among all catalysts due to its 

high coking rate, NiZn-0.20 and NiZn-0.25 produce similar H2/CO ratios. A drastic H2/CO ratio 

reduction is associated with NiZn-0.30 (Fig. 2b), likely due to H2 consumption in reverse water 

gas shift reaction (RWGS). Across the Ni-Zn catalyst series, the experimentally measured 

apparent CO2 activation energies (Eapp) ranged from 55-101 kJ/mol, while CH4 Eapp spanned 63.5-

108 kJ/mol (Fig. 2c). With Zn introduction, the CO2 activation energy decreased from 101 kJ/mol 

on monometallic Ni to 65 kJ/mol on NiZn-0.20. Further increasing the Zn/Ni ratio lowered the 

CO2 activation energy to 55.7 kJ/mol on NiZn-0.30 (Fig. S9). Although, the CH4 activation energy 

substantially decreased from 108 to 63.5 kJ/mol with the initial Zn addition in NiZn-0.20, but then 

increased progressively with a higher Zn/Ni ratio. The CO formation time collected from steady-

state isotopic transient kinetics analysis (SSITKA) correlates linearly with the CH4 activation 

energy and Zn/Ni atomic ratio (Fig. 2d). The reduction in the CO formation time is due to 

reduction in the overall CO2 activation energy as a function of Zn/Ni atomic ratio. This indicates 

that surface sites are changing because of Zn/Ni stoichiometric variation, and this is responsible 

for activity and selectivity trend observed on the Ni-Zn catalysts.  

Characterization of Bulk, Surface and Electronic Structure of Ni-Zn iNPs 

To shed light on the essential features of Ni-Zn iNPs, a range of advanced characterization 

techniques were used. Aberration-corrected transmission electron microscopy (TEM) equipped 

with energy-dispersive X-ray (EDX) spectroscopy and elemental analysis studied the Ni-Zn 

morphology (Fig. S10-11). Elemental mapping of Ni, Zn from Ni-Zn particle and Si, O from silica 

collected from high-resolution Energy Dispersive Spectroscopy indicated a uniform arrangement 

of Ni and Zn atoms within the intermetallic particles (Fig. 3a). The bright yellow produced from 

red (Ni) and green (Zn) is indicative of uniform atomic dispersion and well-defined atomic 

arrangement of Ni and Zn within the intermetallic nanoparticles. The TEM/STEM images also 

confirmed Ni-Zn intermetallic nanoparticles are well-dispersed and supported on silica before 

and after DRM reaction. TEM particle size analysis indicates a broad range (from 2 nm to >20 



nm), with the average particle size estimated at 6.4 nm (Fig. 3b) before DRM reaction and slightly 

increased to 9.6 nm post DRM studies (Fig. S12-13).  

 

 

Fig. 2: |Catalytic performance of intermetallic Ni-Zn catalysts (a) Activity as a function of Ni:Zn 

ratio and coking rate of intermetallic NiZn-0.25 and monometallic Ni (b) H2/CO molar ratio as 

function of temperature for reduced catalysts (c) CO2 and CH4 activation energy of monometallic 

Ni and intermetallic Ni-Zn (d) Relationship between CO formation time during 12CO2 to 13CO2 

transient switch and CH4 activation energy during DRM reaction (Reaction condition: T=4500C, 

P= 1 atm, CO2/CH4=1 and GHSV= 120,000 cm3 gcat−1 h−1) 

a b

c d



 

Fig. 3: | Structural Characterization of Monometallic Ni and Ni-Zn catalysts (a) HAADF and EDX 

Elemental mapping, (b) Representative transmission electron microscopy image and particle size 



histogram of NiZn-0.25/SiO2 before DRM reaction (c) XRD Profiles of intermetallic Ni-Zn (d) 

Relationship between lattice parameter and molar concentration of Zn (e) Neutron Atomic Pair 

Distribution Function Analysis and (f) H2 Temperature Programmed Reduction of Monometallic 

Ni and intermetallic Ni-Zn Samples.  

Powder X-ray (Fig. 3c) and time-of-flight neutron diffraction experiments (Fig. S14) 

confirmed the crystalline structure and revealed structural evolution from Ni in the monometallic 

samples to Ni3Zn in the intermetallic samples upon Zn incorporation. The Ni-Zn intermetallic 

crystallized in a cubic structure with the Pm3m space group. The Rietveld refinement of the 

diffraction patterns (Fig. S14) verified 100% phase purity of Ni3Zn across all intermetallic samples, 

regardless of Zn concentration. The incorporation of Zn atoms into the lattice of metallic Ni 

resulted in the linear expansion (3.52 to 3.58Å) of the Ni lattice (Fig. 3d) and the formation of 

intermetallic 𝛽𝛽1-Ni-Zn36,37. 36  This expansion is characterized by the gradual and systematic shift 

of Bragg's peaks in X-ray and neutron diffraction at higher zinc molar concentrations. The 

resulting lattice expansion can impact the adsorption strength and coverage effects through the 

arrangement of adsorbates on the lattice, thereby controlling catalysis38,39.  

Atomic pair distribution function (PDF) analysis of monometallic and intermetallic 

samples (Fig. 3e) verified the local structural orderliness in both the monometallic Ni and 

intermetallic Ni-Zn catalysts, indicating Ni sites replacement by Zn and strong Ni-Zn interaction. 

The maximum observable 6.2 nm PDF peak distance, corresponding to the iNPs size, validated 

the TEM insights (Fig. S15). The local structure transformation of Ni to Ni3Zn phase was also 

confirmed by the shift in bond length from 2.49 Å in the Ni-Ni bond in monometallic catalysts to 

2.52 Å in the NiZn-0.25 and NiZn-0.30 bonds in intermetallic samples.   

The bulk transformation of NiO and ZnO into the intermetallic Ni-Zn phase (Figure 3f) was 

observed using H2-TPR. Three reduction peaks (377,455, 520°C) were observed for monometallic 

Ni samples, attributed to the reduction of free NiO, α- and β-type NiO40,41. The Ni–Zn samples 

exhibited a similar reduction profile with an additional reduction peak. The free NiO, α- and β-

type NiO reduction peaks shifted to lower temperatures (277, 308, 381°C) with the introduction 

of zinc, indicating improved Ni reducibility and intermetallic Ni-Zn nucleation. The fourth 

reduction peak observed in all Ni-Zn samples shifted towards higher temperatures 



(495→496→527°C) attributed to the formation of Ni-Zn intermetallic.  It can be inferred that 

intermetallic β-Ni-Zn was produced via the promoted interaction of Zn with free Ni and α-Ni 

particles, and a stronger interaction between Ni and Zn existed during the co-reduction process 

with increasing Zn concentration.  

 



Fig. 4: | Surface and Electronic Characterization of Ni-Zn catalyst (a) Surface composition of 

Ni3Zn bulk structure at different Ni:Zn atomic ratio obtained using 5 keV Ne+ High Sensitivity low 

energy ion scattering (HS-LEIS) (b) Ni 2p3/2  (c) Zn 2p3/2  X-ray Photoemission Spectra of 

monometallic Ni and intermetallic Ni-Zn catalysts and (d) In-situ CO-DRIFT spectra. Pretreatment 

condition: Treduce=600 °C, and H2/N2 =1 

 

The top-layer atomic and near-surface composition of the different catalyst was captured 

using High-sensitivity low-energy ion scattering (HS-LEIS) and X-ray photoelectron spectroscopy 

(XPS) respectively. Unlike the unchanged Ni3Zn bulk phase across samples, the surface Ni:Zn 

atomic ratio decreased from 11:2 for NiZn-0.20 to 2:1 for NiZn-0.25, and further to 1:3 for NiZn-

0.30 (Fig. 4a). However, the Ni/Zn ratio only reduced from 1.03 to 0.72 with increasing Zn content 

in the near-surface region (Fig. 4b,c), compared to 0.84 and 0.25 on the surface layer. These 

results indicate a disparity in atomic compositions between the top-layer, near-surface, and bulk 

regions, with progressive Zn enrichment from the bulk to the surface regions. The presence of Zn 

atoms on the surface was favorable to DRM activity compared to monometallic Ni as confirmed 

by the activity study, however the oversaturation of the intermetallic surface with Zn in NiZn-

0.30 reduced activity. To mitigate coke formation for DRM reaction, CH4 decomposition needs to 

be the rate-controlling step,17 where the CO2 activation barrier is lower for enhanced carbon 

oxidation on catalyst surface. A significantly higher CH4 dissociation barrier as seen in NiZn-0.30 

due to high surface Zn concentration will lower DRM activity and cause metallic site oxidation 

from CO2 dissociation on the surface. NiZn-0.25 maintained the balance between activity, 

selectivity, and coke resistance through an optimized surface configuration.  

Also, the electronic structural changes resulting from compositional modifications of 

intermetallic Ni-Zn were extracted from XPS (Table S7) and compared with those of monometallic 

Ni. The binding energy of Ni0 shifted to 853.7 eV for NiZn-0.20, down from the 854.04 eV 

observed for monometallic Ni, indicating the presence of electron-rich Ni𝛿𝛿- species.42–44 As the 

Zn/Ni molar ratio increased, there was a negative shift of 0.91 eV in the Ni 2p binding energy and 

a positive shift of 0.89 eV in the Zn 2p binding energy. This suggests an increase in the Zn/Ni ratio 

led to a gradual electron gain in Ni and a corresponding loss in Zn, facilitating electron transfer 



from the fully filled Zn d-band to the empty Ni d-orbital.43 The addition of Zn to Ni catalysts 

resulted in the creation of charge-separated paired-metal sites (Ni𝛿𝛿--Zn𝛿𝛿+), confirmed by Bader 

charge calculation and electron localization function analysis.43,45,46 These paired Ni𝛿𝛿--Zn𝛿𝛿+ sites 

formed from the Ni (3d) orbital modification is critical to CO2 and CH4 activation and thus DRM 

activity. These sites alter the electronic interaction at the reaction interface46, resulting in a lower 

free energy barrier for the dissociation of CH4 and CO216 and a reduction in the apparent 

activation energy (Ea). The intermetallic sites and reactant interfacial electronic interaction 

depends on the Ni/Zn surface layer composition as verified with HS-LEIS and XPS, as the paired 

Ni𝛿𝛿--Zn𝛿𝛿+ sites proportion changes with surface Zn concentration.   

We used in-situ CO-DRIFTS experiments to investigate the nature of the surface sites on 

the reduced Ni-Zn catalysts. CO was adsorbed on the hollow Ni sites (1800-1862 cm-1) for all three 

catalysts, as shown in Fig. 4d. CO was also adsorbed on the bridging Ni-Ni sites (1930-1980 cm-1) 

and linear Ni sites (2057-2118 cm-1) in NiZn-0.20 and NiZn-0.25. This indicates that Ni sites were 

replaced with Zn. As the Zn surface concentration increased in Ni-Zn, the CO adsorption energy 

on the Ni surface weakened. This is due to the d-band center moving away from the Fermi level, 

as confirmed by the XPS study and Bader charge calculations43. The strength of CO adsorption on 

the Ni-Zn intermetallic was inversely related to the Zn molar ratio (Fig. S17) and depend on the 

surface composition and electronic properties.47,48 The moderate movement of the d-band center 

from the Fermi level in NiZn-0.20 and NiZn-0.25 resulted in similar H2/CO ratios. However, the 

drastic d-band center shift in NiZn-0.30, due to surface Zn saturation, significantly reduced the 

CO2 activation energy. This resulted in over-activation of CO2 and subsequent hydrogenation in 

reverse water-gas shift reaction, as evidenced by the large decrease in H2/CO. The excessively 

strong binding nature of monometallic Ni lead to CO accumulation and slow kinetics in DRM, 

whereas overly weak binding such as in NiZn-0.30 meant the reaction pathway will switch to 

RWGS.45  

DRM reaction mechanism and kinetic analysis on paired Ni𝛿𝛿--Zn𝛿𝛿+ site 

In situ transient Fourier transform infrared (FT-IR) spectroscopy was used to examine the 

interaction between the intermetallic Ni-Zn surface and the reactant/intermediate in the DRM 



over the NiZn-0.25 iNPs catalyst (Fig. 5). At 450°C, switching from a pure inert flow to an Ar/CO2 

flow on NiZn-0.25 resulted in the appearance of adsorbed CO species (2080 cm-1)49 and gaseous 

CO (2230 cm-1), which indicated the direct dissociation of CO2 into *CO and *O intermediates 

(Fig. 6a). The synergistic effect of intermetallic paired Ni𝛿𝛿--Zn𝛿𝛿+ site activates the C=O bond45 in 

CO2 with the terminal oxygen atom in the C=O bond to the more oxophilic Zn𝛿𝛿+ region and the C 

atom to the Ni𝛿𝛿- site.50 The Ni𝛿𝛿- electron attack on the π-bond with off-domain status in the C=O 

bond break the C-O bond with charge rearrangement to form *CO and *O in a Bader charge and 

deformation charge density calculation on Ni and Zn atoms.43 The weak adsorption of *CO on the 

Ni-Zn surface (Fig. S17) due to the formation of the Niδ−−Znδ+ intermetallic phase with electron-

enriched Niδ- makes the adsorbed *CO easily desorbed into the gas phase.43 

 
Fig. 5:|Schematic of Proposed DRM mechanism on Niδ−−Znδ+ sites of NiZn-0.25/SiO2 catalyst 

based on experimental analysis.  

 

Switching from Ar/CO2 to Ar/CH4 in the transient study resulted in a gradual decrease in 

the *CO and gas-phase CO bands, and an increase in the CH4, *H3CO, and *CHx bands (Fig. S18). 



No carbonate or carboxyl species were observed, and the gas-phase CO2 band did not completely 

disappear, indicating a possible carbon crossover between the reactants, CO2, and CH4. The 

activation of C-H bonds in CH4 on Niδ−−Znδ+ occurred through methyl-surface stabilization, 

forming adsorbed CH3 species (1340 cm-1). 51,52 The decrease in the intensity of the adsorbed CH3 

species band in CH4 temperature-programmed decomposition (TPDe) suggests the loss of 

adsorbed CH3 species due to decomposition or recombination with H species (Fig. S19). 53,54 The 

presence of CHxO fragments in transient CH4 compared to CH3 in CH4 TPDe indicates the transfer 

of adsorbed *O to adsorbed *CH3. However, switching from a CO2 environment to a reactive 

condition (Ar/CO2/CH4) led to the observation of adsorbed *OH bands along with *CO, gas-phase 

CO, *H3CO, and adsorbed CHx species (Fig. 6b). 

 

Fig. 6: |Mechanistic and Kinetic Analysis of DRM over NiZn-0.25 (a) in-situ FTIR spectra of 

transient switch of 100 % Ar to Ar/CO2 (b) Ar/CO2 to Ar/CO2/CH4 on NiZn-0.25 at 4500C. (c) 



Transient response of DRM products following a switch of the reactant from 12CH4 to 13CH4. (d) 

Normalized transient responses for the DRM reactant gas switch from CH4 to 13CH4 on 

intermetallic NiZn-0.25 (Reaction condition: T=4500C, P= 1 atm, CO2/CH4=1 and GHSV= 120,000 

cm3 gcat−1 h−1) 

The surface DRM reaction kinetics obtained using SSITKA revealed the migration of 

carbon atoms from reactants to product species. 12CO2 switched to 13CO2 (Fig. S22) confirmed 

that 13C in the reactant did not migrate and desorb as 13CH4. This result agreed with the FT-IR 

results, indicating no hydrogenation of the *CO intermediate from CO2 due to the weak CO 

interaction with the Ni-Zn surface, and the energy barrier to desorption as the gas product was 

lower than the C-O bond breakage. 55 In contrast, when 12CH4 was switched to 13CH4, some 13CO2 

was present as a product, indicating rapid oxygenation or simultaneous CH4 dehydrogenation 

and oxygenation to 13CO2, confirming the migration of carbon atoms from CH4 to CO2 (Fig. 6c).55,56 

The rapid oxygenation of *CHx to *CHxOy and dehydrogenation to CO/CO2 manifested as a 13CO 

signal, which closely matched the 13CO2 signal of the NiZn-0.25 catalyst (Fig. 6d). 55   On 

monometallic Ni, the stronger interaction with *CHx is directly related to carbon deposition, and 

stronger 13CO adsorption is responsible for the oxidation to 13CO2. 

Conclusion 

In summary, this study establishes an atomic-level tailored intermetallic Ni-Zn 

nanoparticles as an active, stable, and selective catalyst for dry reforming of methane (DRM) at 

low-temperatures. The surface and bulk structure of small intermetallic nanoparticles 

synthesized through incipient wetness impregnation were validated. Tuning the Zn precursor 

concentration during synthesis enabled the independent optimization of the surface composition 

while retaining the bulk Ni3Zn structure, as revealed by advanced characterization. The resulting 

progressive Zn enrichment from the bulk to the top-layer regions leads to paired Niδ--Znδ+ active 

sites that weaken the CO and C-H binding strengths. Transient isotopic tracing confirmed that the 

paired sites optimized DRM activity and selectivity. In-situ spectroscopy also revealed the 

synergistic activation of CO2 and CH4 by the paired sites in prevent coking through enhanced *C 

oxidation process. Overall, this work demonstrated atomic-level engineering of the composition 



and tuned intermetallic paired sites as a strategy to unlock superior DRM catalytic performance 

under thermodynamically unfavorable conditions. 

  



Catalyst Preparation 

The SiO2 supported catalysts were synthesized using an incipient wet impregnation method. 

Defined amounts of Ni(NO3)2·6H2O (Sigma Aldrich->99.99% purity) and Zn(NO3)2 · 6H2O (Sigma 

Aldrich>99% purity), as nickel and zinc precursors, respectively, were dissolved simultaneously in 

DI water at 80 ⁰C. The resulting metal salt solution was added dropwise to the fumed SiO2 support 

(Sigma Aldrich, 200 m2/g ± 25 m2/g) and mixed to achieve homogeneity before drying at 120 ⁰C 

for 12 h under airflow. The total metal loading of each catalyst was 10 wt. %, with the resulting 

catalyst denoted as NiZn-x where x represents the molar concentration of zinc as in NiZn-0.20, 

NiZn-0.25, and NiZn-0.30 catalysts, respectively. The Ni/SiO2 catalyst was synthesized in a manner 

like that described above without the addition of zinc precursors.  

Intermetallic Synthesis 

The metal catalysts were produced by reducing the prepared samples in 50% Ar/ 50% H2 at 600 

⁰C for 1 h. For the catalytic performance test, the samples were reduced in-situ and not exposed 

to air before the reactions. The samples for characterization were passivated at room 

temperature in 1% O2 for 1 h to prevent autocatalytic oxidation of the samples before 

characterization. Where possible, the samples were reduced again before characterization. 

Catalytic performance evaluation 

The catalyst for the dry reforming reaction was loaded in a U-tube quartz reactor (ID=12 mm) 

and heated in a tube furnace. The catalyst bed was composed of samples (25 mg) for testing and 

100 mesh Silicon Carbide (500 mg) sandwiched between two layers of quartz wool. All the 

reactions were conducted at atmospheric pressure in the gas phase. The tube furnace 

temperature and gas flow to the reactor were controlled using Eurotherm 3110 PID and Alicat 

Scientific mass flow controllers, respectively. The outlet of the reactor was connected to a gas 

chromatograph (Buck Scientific 910) with two columns connected in series (HayeSep and Silica 

Gel). A flame ionization detector (FID) equipped with a methanizer was used for all C species, and 

a thermal conductivity detector (TCD). The samples were reduced in situ prior to performance 

testing. The feed composition for all dry reforming reactions was Ar/CO2/CH4 = 45/2.5/2.5 sccm, 



and all gases were of ultrahigh purity (UHP) grade from Airgas. The carbon balance for all reaction 

tests was >99%. 

Catalytic activity was calculated as follows:  

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  ∗𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(s-1) 

Catalyst Characterization 

Transmission electron microscopy (TEM), high-angle annular dark-field (HAADF) imaging, and 

elemental mapping of the NiZn-0.25 sample before and after DRM reactions were performed 

using a FEI Talos F200i S/TEM operated at 200 kV.  

The crystallographic structures of the catalysts were determined by powder X-ray diffraction 

(pXRD) using a Bruker AXS instrument operating with a Cu Kα source at 40 kV and 40 mA. The 

data were obtained in a (2θ) angular range of 10–90° with a step size of 0.2°. 

Time-of-flight neutron diffraction experiments were performed on a Nanoscale Ordered 

Materials Diffractometer (NOMAD) BL-1B, Spallation Neutron Source (SNS) at the Oak Ridge 

National Laboratory.  Powder samples (0.3 g) were loaded into 6-mm vanadium cans. Diffraction 

patterns were collected for 30 min (three times per sample) and averaged for improved statistical 

analysis. Rietveld refinement was performed using GSAS-II to obtain the average structure.  

Catalyst reducibility was explored through temperature-programmed reduction (TPR) in a U-tube 

reactor with catalysts (50 mg) loaded between two quartz wool layers. The reactor was 

connected to an online Cirrus MKS mass spectrometer (MS) at temperatures ranging from room 

temperature to 800 ⁰C (10 ⁰C) in 5% H2 feed.  

Carbon deposition on the selected catalysts was determined by temperature-programmed 

oxidation (TPO) after long-term DRM tests. After DRM tests, the samples were cooled to room 

temperature under Ar (50 sccm). A 10% O2 feed balance with Ar (50 sccm) were flowed and the 

temperature were increased to 800 oC with a ramp rate of 5oC/min. The CO and CO2 mass 

spectrometer signal were calibrated to estimate the rate of coke formation.  



N2 physisorption was performed using Quanta chrome Autosorb IQ to characterize the textural 

property of the catalyst at ~77K. Samples were first outgassed under pure helium at 300 oC for 3 

hours before transferred to the gas analyzer station. The N2 physisorption data was analyzed for 

surface area using the Brunauer–Emmett–Teller (BET) method (P/Po = 0.05-0.3). Pore volume and 

pore diameter was determined by applying the Barrett-Joyner-Halenda (BJH) method to the 

adsorption isotherm. 

CO chemisorption was performed on the AMI-300 Chemisorption Analyzer to estimate the active 

metal sites per catalyst. For each measurement, ~0.1g of samples were first outgas at room 

temperature in pure inert conditions and reduced at 600 oC for 1 hours in 50% H2 feed. The 

sample was then outgassed under inert and cooled to 40oC, followed by pulsed CO chemisorption 

measurements performed with 500 µL sample loop containing 1% CO gas.   

X-ray photoelectron spectroscopy (XPS) measurements were performed using a custom-built 

Spec instrument. All spectra were acquired using a photon energy of 1486.6 eV Al Kα, with 

analysis performed on electrons escaping in a direction normal to the sample surface. The pass 

energy for all core-level scans was 20 eV and the pass energy for the survey scans was 70 eV. 

Core level spectra were fitted using pseudo-Voigt profile components of approximately 20% 

Lorentzian and 80% Gaussian broadening. The energy was calibrated by setting the C-C peak in 

the C1s spectrum to 284.80 eV. All the other spectra were then shifted by the same amount to 

obtain the precise binding energy of each peak. 

High-sensitivity low-energy ion spectroscopy (HS-LEIS) of the top atomic layer and depth profiles 

were acquired using an ION-TOF Qtac100 instrument. The primary ion beams were 3 keV He+ and 

5 keV Ne+ with a raster size of 1.0x1.0 mm at 2×1014 ions/cm2. cycle. 3 keV He+ beam was used to 

determine the depth distribution of all species present in the sample. However, He+ had poor 

mass resolution for heavy elements and was unable to resolve the individual Ni and Zn peaks. 

Consequently, a 5keV Ne+ beam was used to differentiate between the Ni and Zn peaks. 

Steady Isotopic Transient Kinetic Analysis (SSITKA) was performed using two labeled gases (13CO2 

and 13CH4). The setup includes two independent feed lines, a manually actuated Valco 2-position 

four-way valve used for feed switching, and an MKS mass spectrometer for stream monitoring.  



In the first case, one line contained 12CH4 and 12CO2, a diluted gas (He), and a tracer (Ar). The 

second line was dedicated to labeled 13CH4, 12CO2, and a diluent (He). In the second case, the line 

contains 12CO2,12CH4, diluted gas (He), and tracer (Ar). The other line was connected to 
13CO2,12CH4, and a diluent (He). Two back-pressure regulators (Swagelok) were used to maintain 

two feed lines at the same pressure. The SSITKA experiment was performed with 10 mg of 

catalyst mixed with 50 mg of SiC (-100 mesh) in a stainless-steel tube reactor (ID = 6 mm). The 

gas flow rates were set to 1 sccm of CO2, 1 sccm of CH4, 17.5 sccm of He, and 0.5 sccm of Ar. The 

temperature was increased to 450 °C and the reaction was performed for approximately 5 h after 

catalyst activation before the SSITKA study. After the DRM reached a steady state, the unlabeled 

stream was switched to the labeled gas-containing stream. The average surface residence time 

(τavg) was obtained by calculating the peak area between the normalized transient responses of 

the product, FCO(t), and that of the inert gas tracer, FAr(t), as shown in the equation below.  

Τavg = ഽ0∞[FCO(t) - FAr(t)]dt 

In situ CO DRIFTS measurements were conducted using a Thermo Scientific Nicolet IS50 

spectrometer with an MCTA detector cooled with liquid N2. The sample (25 mg) was mixed with 

10 mg KBr powder in a Harrick Scientific reactor cell. Prior to in situ pretreatment, the samples 

were reduced and passivated before being transferred to the reactor cell for the CO-DRIFTS 

experiments. For transient DRIFTS experiments, the samples (~10 mg) were pretreated like CO-

DRIFTS. A manually actuated Valco 2-position four-way valve (similar to SSITKA) was used for feed 

switching during the reaction. 

Supporting Information 

Experimental results, TEM, EDX, Line Scan analysis, pXRD, O2-TPD, SSTIKA, N2 Physisorption, 

Neutron Diffraction, Pair Distribution Function (PDF) analysis  HS-LEIS Depth Profile, In-situ FTIR.  
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