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Abstract: Ammonia reforming of light alkane is conventionally employed for HCN production where 
co-product H2 is burned for heating owing to the high reaction temperature (1200ºC) of such a highly 
endothermic process. Here we show that a Ni3Ga1 intermetallic compound (IMC) catalyst is highly 
efficient for such a reaction, realizing efficient conversion of C1-C3 alkanes at 575-750ºC. This makes 
it feasible for on-purpose COx-free H2 production assuming that ammonia, as a H2 carrier, is 
ubiquitously available from renewable energy. At 650 ºC and an alkane/ammonia ratio of 1/2, ethane 
and propane conversion of ⁓20% and methane conversion of 13% were obtained (with nearly 100% 
HCN selectivity for methane and ethane) over the unsupported Ni3Ga1 IMC, which also shows high 
stability under the investigated conditions due to the absence of coke deposition. This breakthrough is 
achieved by employing a stoichiometric Ni3Ga1 mixed oxalate solid solution as the precursor for the 
Ni3Ga1 IMC.  

 

Introduction  

The transformation of cheap and abundant light alkanes could have far-reaching implications in 
the chemical and energy sectors, yet remains a formidable challenge due to the lack of efficient 
catalysts/catalytic systems for the inert C-H and C-C bonds activation. While various catalytic 
processes, such as aromatization,1-3 dehydrogenation,4-7 partial oxidation,8-11 and reforming,12-14 
have been extensively studied, so far, only steam methane reforming and propane dehydrogenation, 
have been employed for the large scale synthesis. Specifically, light alkane steam reforming is the 
main source of hydrogen (equation 1), which co-produces stoichiometric amounts of carbon oxide 
(CO and CO2), imposing additional costs for CO transformation and CO2 sequestration.  

CH4 + H2O (l) → CO + 3H2         ∆H = 250 kJ/mol             (1) 

CH4 + NH3 → HCN (g) + 3H2     ∆H = 256 kJ/mol             (2) 

Light alkanes have also been utilized for HCN production through catalytic ammonia reforming 
(equation 2), known as Bläusaure aus Methan und Ammoniak (BMA) process in the industry. Such 
a process is highly energy intensive since it is performed at ultra-high temperatures (1200-1500 
ºC) in alumina tube buddles coated with Pt as the catalyst.15 While the BMA process co-
produces >70% of H2 (very similar to steam reforming from the reaction stoichiometry), it is 
economically uncompetitive for H2 production because (i) the reaction temperature is significantly 
higher than steam reforming and (ii) the co-reactant NH3 is currently still produced through Haber-
Bosch process with H2 from steam methane reforming. Consequently, H2 from the BMA process 
is frequently used as fuel for heating the reactor in the current industry. Nonetheless, we believe 
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that such a reaction could be employed for COx-free H2 production if the reaction can be realized 
at mild temperatures and green ammonia, as a H2 carrier, is ubiquitously available from renewable 
energy.16-17 Indeed, ammonia as a carbon-free H2 carrier has been extensively recognized 
recently.18-20 Considering that the market size of H2 is larger than HCN, the catalytic hydrolysis 
(HCN + H2O → NH3 + CO21-23 or NaCN + H2O → HCOONa + NH3

24-25) can be employed to 
convert HCN back to NH3. Although we understand HCN hydrolysis, currently it is not employed 
in industry and the process is of interest only for exhaust gas treatment. 

Different from the BMA process, which requires ultra-high reaction temperature, our recent 
studies have shown that C2+ light alkanes, such as ethane and propane, can be transformed with 
ammonia into cyanides (CH3CN or HCN) and H2 over the metal modified HZSM-5 catalysts at 
350-650 ºC.16, 26-27 Such reactions were realized under anaerobic condition, which is different from 
the conventional ammoxidation.28-29 Specifically, we found that the ammonia reforming 
(AmmoReform) of ethane and propane can be realized at 650 ºC over the isolated Re oxo anchored 
in HZSM-5 zeolite.16 While the ReOx/HZSM-5 catalyst is highly active and stable for the 
AmmoReform of C2+ alkanes, it is inactive for methane AmmoReform. Additionally, over the 
ReOx/HZSM-5 catalyst, the reaction produces up to 20% of CH3CN through the 
ammodehydrogenation mechanism,26 decreasing H2 selectivity.  

In this paper, we report on the AmmoReform of C1-C3 alkanes for COx-free H2 and HCN 
production at the same reaction temperature range for steam reforming. Different from the Lewis 
acid ReOx/HZSM-5 catalyst, we show that the bimetallic Ni3Ga1 intermetallic compound (IMC) 
catalyst, in the absence of metal oxide as the support or dispersant, is highly active, selective 
(towards reforming instead of dehydrogenation), and stable (coke and sinter resistant) for the 
AmmoReform of methane, ethane, and propane, respectively. In particular, the structure of the 
fresh and used Ni3Ga1 IMC catalysts has been extensively characterized by in-situ/ex-situ 
synchrotron X-ray techniques. The structural transformation identified from the characterization 
results also is supported by ab initio thermodynamics calculations.     

 

Results and discussion  

Design, synthesis, and structural characterization of unsupported Ni3Ga1 IMC. The 
nanosized and unsupported Ni3Ga1 IMC catalyst was synthesized through co-precipitation of Ni2+ 
and Ga3+ cations with oxalate anion to create Ni3Ga1 mixed oxalate solid solution with a common 
framework structure,30-31 which was followed by H2-assisted thermal decomposition to form 
stoichiometric Ni3Ga1 IMC. A schematic illustration of the preparation procedure is shown in 
Figure 1a. Specifically, the Ni3Ga1 mixed oxalate was prepared through solvothermal 
coprecipitation from oxalic acid and nitrate precursors in isopropanol. TEM and STEM-EDS 
characterization of the oxalate (Figure 1f) shows the formation of an open framework structure 
with homogeneous distributions of Ni and Ga species, indicating that Ni2+ and Ga3+ cations were 
incorporated into a common oxalate framework structure. According to the XRD patterns, the 
binary Ni3Ga1 oxalate shows almost identical diffraction of the orthorhombic structure 
(Cccm space group) as the Ni oxalate dihydrate (see Figure S1 for XRD analysis of the oxalate 
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precursors), which suggested the incorporation of Ga3+ cation into the Ni oxalate dihydrate 
framework structure. The oxalate precursor was transformed into the unsupported Ni3Ga1 IMC 
catalyst by temperature-programmed decomposition (TPDec) under H2. The TPDec profiles show 
the desorption of CO2, CO, and CH4 at temperatures between 200-400 ºC (Figure S2). The spectra 
of Ni3Ga1 oxalate show higher CO2 peak temperature at 374 ºC than that for Ni and Ga oxalate at 
365 and 321 ºC, respectively. Quantitative evaluation of the spectra based on “oxygen” balance 
suggested the formation of GaOx (x<1) from the decomposition of monometallic Ga oxalate. 
Whereas, the binary Ni3Ga1 and monometallic Ni oxalate demonstrated the formation of metallic 
phases.  

 
Figure 1. Preparation and characterization of unsupported Ni3Ga1 IMC nanoparticle. (a) schematic illustration of 
preparation procedure; (b)-(d) in-situ synchrotron XRD during temperature-programmed decomposition of oxalate 
precursor (see Figure S4 for zoomed XRD patterns); (e) evolution of crystal structure and size as a function of 
temperature during in-situ XRD; (f) TEM and STEM mapping of oxalate; (g) HRTEM and STEM-EDS of Ni3Ga1 IMC. 

 

The structure evolution during the H2-TPDec of Ni3Ga1 oxalate was investigated by in-situ 
synchrotron XRD (see Figure 1b-1d). As shown in Figure 1b, the Ni3Ga1 mixed oxalate starts 
decomposing at around 320 ºC (supported by the appearance of Ni diffraction peak at this 
temperature), which is consistent with the H2-TPDec profiles shown in Figure S2. The diffraction 
of oxalate at temperatures between 200-320 ºC is different from the fresh Ni3Ga1 oxalate (Figure 
S1), indicating that the mixed oxalate was reconstructed after dehydration.32 With the increase of 
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temperature from 320 to 400 ºC, the diffraction intensity related to Ni continuously increased, 
whereas the diffraction of Ga-related species was not identified, indicating that such species are 
highly dispersed or amorphous (see also Figure S3). The diffraction intensity continuously 
increased and the diffraction angle (2θ) decreased with increasing temperature from 400 to 650 ºC 
(see Figure 1c). The diffraction remains almost unchanged during annealing at 650 ºC for 1 h (see 
Figure 1d). More detailed dynamics of the crystal structure (shifting diffraction angle) and size 
(from Scherrer equation) during in-situ XRD based on the most intense diffraction peak of 111 
plane are summarized in Figure 1e. It is seen that the diffraction angle shifted from 44.4º (for Ni) 
to 43.6º (for Ni3Ga1) with increasing temperature from 340 to 650 ºC (see Figure S4 for zoomed 
XRD patterns at 2θ between 40-56º), indicating that Ga species inserted into the Ni matrix, forming 
Ni3Ga1 IMC during the H2-TPDec. The insertion of Ga to the Ni is fast during the oxalate 
decomposition process (at temperatures between 325 and 400 ºC, see Figure S2), then slows down 
during H2 treatment until the temperature increases to 650 ºC. Accordingly, the crystal size 
increased almost linearly from 4.3 to 25 nm with increasing temperature from 340 to 650 ºC, 
indicating continuous crystallization during the process. The crystal size remains almost 
unchanged during the H2 treatment at 650 ºC for 1 h. The HRTEM and STEM-EDS of the prepared 
Ni3Ga1 IMC can be found in Figure 1g. Noteworthily, both XRD and TEM show the formation of 
pure Ni3Ga1, other stoichiometries of Ni/Ga IMC and pure Ni were not identified.  

Catalytic results. The catalytic data of the Ni3Ga1 IMC in the AmmoReform of methane, ethane, 
and propane are summarized in Figure 2 (a-c). It is seen that Ni3Ga1 is active for light alkane 
AmmoReform at temperatures > 575 ºC and the conversion increases with increasing reaction 
temperature (Figure 2a). Under the investigated temperatures, which are typical for light alkane 
steam or dry reforming, ethane and propane AmmoReform show similar conversion while methane 
AmmoReform shows lower conversion when compared at the same temperature. At 650 ºC, ethane 
and propane conversions are 20% and methane conversion is 13%. Ammonia conversion (Figure 
S5) during AmmoReform is slightly higher than light alkane, indicating that certain amounts of 
ammonia were decomposed to N2 and H2. In terms of carbon-based product selectivity, as shown 
in Figure 2b, methane AmmoReform produces 100% HCN and ethane AmmoReform shows 
decreased HCN selectivity at temperatures above 650 ºC. Whereas, propane AmmoReform shows 
80-85% of HCN selectivity at temperatures below 675 ºC but decreased to 75% at 700 ºC. During 
the AmmoReform of C2+ light alkane, by-products such as CH4, CH3CN, and olefins can also be 
produced. Specifically, the formation of CH4 according to hydrogenolysis (C2H6 + H2 → 2CH4) 
and hydrogenation (2HCN + 3H2 → 2CH4 + N2) are favored at higher temperatures. Additionally, 
CH3CN can be formed through AmmoDH as discussed in our previous paper.26 For example, over 
the Re/HZSM-5 catalyst, the selectivity of HCN is only 75% (up to 20% of ethane was converted 
to CH3CN).16 With the Ni3Ga1 IMC catalyst, the selectivity of these by-products can be minimized 
at temperatures below 675 ºC for ethane AmmoReform. The rate of different product formation 
during the AmmoReform of ethane and propane can be found in Figures S6-S7, respectively. 

While methane AmmoReform shows perfect carbon selectivity, ethane and propane 
AmmoReform outperform in terms of nitrogen-based selectivity. As shown in Figures S6-S8, the 
rate of N2 formation (from ammonia decomposition) during methane AmmoReform is 
significantly higher than that during ethane and propane AmmoReform. The nitrogen-based HCN 
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selectivity (Figure S9) is around 80% during ethane and propane AmmoReform while is 60% at 
750 ºC (decreased to 40% with decreasing temperature to 625 ºC) during methane AmmoReform. 
The nitrogen-based selectivity is a major concern during the commercial BMA process, the 
selectivity greater than 90% in methane AmmoReform was only found over the Pt catalyst at low 
ammonia partial pressure and high temperature.33 According to the DFT calculations,34 other 
transition metals such as Ni, Co, Rh, Ru, Ir, and Fe show relatively low selectivity. Nonetheless, 
the ammonia decomposition during the AmmoReform could further enhance H2 production if H2 
is the target product and green ammonia is employed as an H2 carrier. Figure 2c shows the rates 
of total H2 formation as a function of light alkane conversion. It is seen that the rate of H2 increases 
almost linearly with increasing conversion during methane and ethane AmmoReform, consistent 
with the high HCN selectivity discussed above. The different slopes of such linear behavior must 
be associated with the number of hydrogen atoms in the alkane molecule. However, such a linear 
relationship is absent for propane AmmoReform due to the formation of various by-products, 
which changes the stoichiometric ratio between produced H2 and consumed alkane. 

 
Figure 2. Catalytic data of light alkane ammonia reforming. (a)-(c) light alkanes conversion, HCN selectivity, and H2 
activity during AmmoReform of methane, ethane, and propane, respectively; (d) and (e): activity of various products 
during ethane AmmoReform over the Ni3Ga1 and bulk Ni catalysts, respectively; and (f) CO2 desorption during the 
TPO of the used Ni3Ga1 and Ni catalysts. The reactions were carried out on 0.05 g of catalyst at 650 ºC, atmospheric 
pressure, the ratio of alkane/ammonia/Ar = 1/2/1, and space velocity of 800 mL/gcat/min for (a)-(c) and 2400 
mL/gcat/min for (d)-(e). TPO was carried with 40 mL/min of 20% O2/Ar and ramping at 10 ºC/min.   

 

The stability (coke resistibility) of the Ni3Ga1 catalyst will be discussed based on ethane 
AmmoReform in contrast to the monometallic bulk Ni catalyst. Noteworthily, the monometallic 
Ga catalyst is inactive for light alkane AmmoReform. As shown in Figure 2d, the Ni3Ga1 catalyst 
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shows outstanding stability during ethane AmmoReform at 650 ºC and a space velocity of 2400 
mL/gcat/min. No deactivation was observed for rates of H2 and HCN, as well as ethane conversion 
and HCN selectivity (Figure S10a) with a time-on-stream of 17 h. An independent stability test at 
a space velocity of 800 mL/gcat/min shows stable ethane conversion up to 70 h (Figure S10b). The 
same ultrahigh stability was also found for methane AmmoReform (Figure S11). Unlike the 
Ni3Ga1 catalyst, the monometallic Ni although active for ethane AmmoReform, the rates of H2 and 
HCN attenuate significantly with time-on-stream (Figure 2e). While the initial rate of H2 is up to 
28 mmol/g/min, it decreased to < 14 mmol/g/min after 8 h. The fast deactivation of the Ni catalyst 
must be associated with coke deposition from ethane cracking on the Ni particles.35 As shown in 
Figure 2f, the total carbon deposition on the Ni catalyst is up to 3224 μmol/g according to the TPO, 
which can be oxidized to CO2 at temperatures of 300-500 ºC. Although the Ni3Ga1 catalyst is 
highly stable during ethane AmmoReform, small amounts of CO2 (⁓36.5 μmol/g) were desorbed 
during the TPO at a higher temperature of 482 ºC. We advocate that such CO2 originate from the 
oxidation of the C that penetrated into the Ni3Ga1 lattice rather than coke as in the case of the Ni 
catalyst. 

Catalytically active structure during  AmmoReform. The Ni3Ga1 IMC catalyst after the ethane 
AmmoReform has been extensively characterized by the ex-situ XRD and X-ray atomic pair 
distribution function (PDF) to identify the structural transformation during the reaction process.  
As shown in Figure 3a, the diffraction of Ni3Ga1 shifted towards lower angles (from 43.6 to 43.3º) 
after the reaction, indicating the partial dissolution of C into the Ni3Ga1 lattice.36 As carbon atoms 
penetrated into the octahedral interstices of the Ni3Ga1, the lattice parameter increased from 0.3587 
to around 0.362 nm according to Portnoi et al.36 Consequently, shifting the diffraction peak to 
lower 2θ, and all of the peaks in the PDF of used Ni3Ga1 (see Figure 3b) slightly shifted toward 
higher r-distance after the reaction. Noteworthily, the PDF of the fresh Ni3Ga1 sample fits well 
with the Ni3Ga1 IMC (Figure S12). While the shift of both XRD and PDF peaks strongly suggests 
the C dissolution in the used catalyst, the Ni-C atomic pairs were not identified from the PDF. 

Further characterization of the fresh and used Ni3Ga1 catalyst by X-ray absorption spectroscopy at 
Ni K-edge is shown in Figures 3c and 3d. The X-ray absorption near-edge structure (XANES) 
spectra of fresh and used Ni3Ga1 catalyst are almost identical, which show a pre-edge peak at 
around 8333 eV (originated from 1s→3d transition) as the Ni and Ni foil, indicating that the 
oxidation state was not changed after the reaction despite the partial dissolution of C atoms into 
the Ni3Ga1 interstices. The Fourier transform of the extended X-ray absorption fine structure 
(EXAFS) spectrum of the used Ni3Ga1 catalyst shifted slightly towards higher R (from 2.21 to 2.23 
Ǻ) in contrast to the fresh Ni3Ga1, which is consistent with the XRD and PDF results. The 
pronounced peaks at R distance slightly above 2.2 Å for the Ni3Ga1 samples originated from the 
Ni-Ni and Ni-Ga scattering.37-38 In contrast, the Ni-Ni scattering in the Ni and Ni foil show a peak 
at R-distance below 2.19 Å, once again confirming the formation of Ni3Ga1 IMC in the bimetallic 
samples. The same as the PDF results, the Ni-C scattering was not clearly identified from the 
EXAFS spectrum of the used Ni3Ga1 catalyst, although the small peak at 1.65 Å can be possibly 
assigned to it. We advocate that the C dissolution into the Ni3Ga1 lattice is rather negligible 
according to the PDF and EXAFS, demonstrating high stability of the N3Ga1 IMC during the 
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AmmoReform reaction. Indeed, from the CO2 desorbed during the TPO process, the atomic ratio 
of Ni/C is up to around 330/1. 

 
Figure 3. X-ray characterizations of fresh and used Ni3Ga1 catalyst. (a) ex-situ XRD; (b) X-ray atomic pair distribution 
function (PDF); (c) Ni K-edge normalized XANES spectra and and (d) Fourier transformed EXAFS spectrum.  

Ab initio thermodynamics methods (see SI for computational details) were employed to further 
understand the phase transition and carbonization process of Ni3Ga1 during the AmmoReform 
reaction at 650 ℃. Specifically, the free energy of carbon (μC) during AmmoReform was 
calculated as a function of the H2 and C2H6 partial pressure, based on which relevant phase 
boundaries were identified (see Figure 4, each line represents a constant free energy of carbon). 
The phase transitions at each boundary are illustrated on the right side in Figure 4. The solid line 
(μC = -8.21 eV) and dotted line (μC = -7.88 eV) represent the phase transition between surface 
adsorption of carbon from zero (clean surface) to 1/3 coverage and from 1/3 coverage to carbon-
carbon dimer formation, respectively (see Figure S13-S14). The dashed line (μC = -8.40 eV) 
represents the bulk transition between Ni3Ga1 and Ni3Ga1C, which was identified by comparing 
the free energies of the bulk phases. The induction period (green arrow) during ethane 
AmmoReform passes through three different phase regions. During the initial reaction (red circle), 
carbon deposition is favored (atomic carbons can adsorb on the Ni3Ga1 surfaces and migrate into 
the subsurface which leads to Ni3Ga1C or coke formation). As the reaction progresses through the 
induction period, the partial pressure of H2 increases while that of C2H6 decreases (see Figure S15). 
Consequently, the deposited carbon on the Ni3Ga1 favors the formation of Ni3Ga1C rather than 
coke. The partial pressure of H2 and C2H6 during steady-state ethane AmmoReform is located in 
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the Ni3Ga1 region. Therefore, under AmmoReform conditions, the Ni3Ga1 IMC is expected to be 
the dominant phase in the used catalyst, which is consistent with the characterization results.        

 
Figure 4. The phase transition (as a function of H2 and C2H6 partial pressure) during ethane AmmoReform at 650 ℃. 
Each line represents a particular boundary between two phases as shown in the three panels on the right. Dashed 
line: Ni3Ga1 and Ni3Ga1C boundary. Solid line: the boundary between clean Ni3Ga1 (111) and 1/3 coverage of carbon. 
Dotted line: the boundary between 1/3 coverage of carbon and 2/3 coverage of carbon (dimer formation). Red and 
blue circles represent the H2 and C2H6 partial pressure during the induction period and steady-state, respectively. 

Discussion. Characterization of the used catalyst by the synchrotron X-ray techniques in 
combination with the Ab initio thermodynamic calculations led us to conclude that the IMC is an 
efficient new group of catalysts for the AmmoReform. The Ni3Ga1 IMC has been identified as a 
promising catalyst for CO2 hydrogenation39 and light alkane conversion through 
dehydrogenation40 and dry reforming37 due to the improved activity and stability. According to 
Norskov and coworkers, the Ni-Ga IMC shows an optimal binding strength of the oxygen 
intermediate during CO2 hydrogenation.39 Quite similarly, during the CO2 reforming of CH4, Lee 
and coworkers found that the Ni3Ga1 and Ni3Ga1C0.25 IMCs require less energy than Ni for the 
oxidation of C* to CO*.37 In this study, we suggest that the CHx

* (from the light alkane 
dehydrogenation and cracking) will react with the NHx

* intermediate, forming CNHx
* as the 

precursor of HCN. Specifically, under the steady-state AmmoReform conditions, deep 
dehydrogenation of CHx

* to form C* is not favored due to the high H2 partial pressure. Therefore, 
the Ni3Ga1 shows outstanding coke resistibility during the AmmoReform of light alkanes.         

The Ni center of the Ni3Ga1 IMC is the catalytically active site for the AmmoReform since the 
monometallic Ga catalyst is totally inactive. The Ni3Ga1 catalyst was also prepared through the 
precipitation of carbonate (see Figure S1 for the XRD pattern), however, the catalyst is inactive 
for ethane AmmoReform. Additionally, the Ni3Ga1/Al2O3 (prepared through incipient wetness 
impregnation) was also tested for comparison purposes. While the catalyst is active for ethane 
AmmoReform, it deactivates significantly like the case of monometallic Ni catalyst (Figure S16), 
indicating the failed formation of the stoichiometric Ni3Ga1 IMC using the impregnation method 
with Al2O3 as the support. According to Laursen et al.,40 off-stoichiometric Ni3Ga1 was formed 
with a Ni1Ga1/Al2O3 catalyst, where excess Ga was trapped on the oxide surface and left 
unincorporated into the IMC particles. Therefore, the oxalate method, due to the formation of Ni-
Ga solution with atomic scale mixing of Ni2+ and Ga3+ cations, is essential for the formation of 
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unsupported stoichiometric Ni3Ga1 IMC from its precursor. Moreover, Ni1Ga1 catalyst was also 
prepared using the oxalate method and tested for ethane AmmoReform. Despite the Ni1Ga1 oxalate 
precursor being employed, the Ni3Ga1 IMC was produced after H2-TPDec. The Ni1Ga1 catalyst 
shows slightly higher activity than the Ni3Ga1 catalyst due to the decreased crystal size (excess 
gallium species serve as a dispersant). More detailed studies about the influence of the Ni/Ga ratio 
(in the oxalate precursor) on the structure and catalytic performance are ongoing.       

Conclusion  

Ni3/Ga1 mixed oxalate with a common framework structure was synthesized through solvothermal 
co-precipitation of Ni2+ and Ga3+ cations with oxalate anion. Such a mixed oxalate solid solution 
can be transformed into Ni3Ga1 (with the same stoichiometric ratio as the precursor) IMC through 
H2-assisted thermal decomposition. The nanosized and unsupported IMC is an ideal model catalyst 
(in the absence of metal/support interactions) for understanding the intrinsic activity behavior of 
the Ni3Ga1 in catalytic reactions. We show here that such a Ni3Ga1 IMC catalyst is highly active, 
selective, and stable in light alkane AmmoReform, which was conventionally realized using a Pt-
based catalyst at temperatures up to 1200ºC for HCN production. Specifically, efficient 
AmmoReform of C1-C3 alkanes can be achieved at 575-750ºC (reaction temperature is the same 
as the steam-/dry reforming). Ethane and propane conversion of ⁓20% and methane conversion of 
13% were obtained at 650 ºC. Due to the decreased reaction temperature, such a reaction might be 
employed for on-purpose COx-free H2 production assuming that ammonia, as a H2 carrier, is 
ubiquitously available from renewable energy. Moreover, the structure of the fresh and used 
Ni3Ga1 IMC catalysts has been extensively characterized by in-situ/ex-situ synchrotron X-ray 
techniques, including XRD, XAS, and PDF. The characterization results suggested that while C 
might penetrated into the octahedral interstices of the Ni3Ga1, such C dissolution shows negligible 
influence on the stability of the Ni3Ga1 IMC. The favorability of such structural transformation is 
also supported by the ab initio thermodynamics calculations. 
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