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Abstract: Removal of nitrogen oxides (NOx) originated from the human activities continues 

to be a challenge for environment protection due to lack of the efficient method to capture and 

convert the nitrogen oxides. Here, as a typical example of bifunctional catalyst, a new low-

cost Ni-Ga based oxide catalyst with inverse spinel structure was developed for NO removal, 

which exhibits the synergetic catalysis of Ni and Ga: strong NO capture from Ni species and 

applicable NO catalytic conversion from both Ni and Ga species. The NO removal on Ni-Ga 

based catalyst is dependent strongly on Ga ligand environment. The largely inverse spinel 

with a inversion parameter of 92%, the tetrahedral preference of Ga3+, greatly contribute to 

the high performance in NO conversion due to the electron transfer to occur easily in the low 

coordination environment of Ga ions. The electron transfer process in Ni-Ga based catalyst 

can be further activated by Zn doping, correspondingly increasing the catalytic ability in NO 

conversion. Our results open a new route to design the efficient catalysts combining the strong 

gas capture by specific elements and the high catalytic NO conversion by constructing 

appropriate elements ligand environment.  

1. Introduction 
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Nitrogen oxides (NOx), mostly nitric oxide (NO), are major pollutants in the 

atmosphere, being a precursor to acid rain, photochemical smog, and ozone accumulation. 

Since the industrial revolution, the NOx content in the atmosphere increases largely due to the 

various human activities. Automobiles and other mobile sources contribute about half of the 

NOx that is emitted. This brings the serial environment issues, which lead to a threat to 

survival of mankind and other life. The most widely adopted method to reduce NOx emissions 

is catalytic reduction of NOx to N2 by reductants such as ammonia, CO and hydrocarbons.1-3  

Generally, for the gas-phase conversion of NO, there are two processes: gas capture and 

gas conversion. The NO molecule is firstly captured on the surface of the catalyst by gas 

adsorption, and then is activated on the catalytic active sites to achieve the reduction process 

from NO to N2. Therefore, the ideal catalyst must have strong gas adsorption for promoting 

the gas-phase reaction to proceed and be efficient in collecting and transporting charges for 

the chemical catalytic processes. A typical example is NOx storage-reduction catalytic system, 

in which reaction NOx is trapped by alkali metals such as Ba4, K 5 and Na 6, and is reduced 

over noble metals such as Pt 7, Pd 8 and Rh 9. Consequently, in principle, a NOx storage-

reduction catalyst should have sites for NOx adsorption on the alkali or alkaline earth metals 

and sites for NOx reduction on noble metals 10, 11. The separate NO adsorption sites and 

catalytic conversion sites increased the complexity of the reaction and decreased the NO 

conversion efficiency. A promising route to overcome this obstacle is to combine the NO 

adsorption sites and catalytic conversion sites into a single compound. For example, a low-

cost Ag/Al2O3 has been developed, which exhibited a strong catalytic ability in conversion of 

NO to NO2 over Ag-related species. 12 In this article, the chief aim is developing the low-cost 

Ni-Ga based oxide catalysts with strong adsorbed ability and high catalytic activity for 

converting NO to N2. 
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Gallium and nickel have d electronic configurations, which are active elements for 

catalytic reaction. In the present study, we use a new and nonprecious Ni-Ga oxide catalysts 

with inverse spniel structure for NO removal and show experimentally that it has the unique 

property that it converts NO to N2 with high sensitivity in NO capture and catalytic 

conversion. The synergetic catalysis of Ni and Ga was achieved in a single oxide and resulted 

from the strong NO capture of Ni species and the high catalytic activity of the low 

coordination environment of Ga ions due to the electron transfer which occurs easily in the 

inverse spinel structure. The electron transfer process in Ni-Ga based inverse spinel catalyst 

can be further activated by Zn doping, significantly increasing the catalytic ability in NO 

conversion. An important consequence of the present investigation is to provide the new 

insight to developing the new strategies combining the strong NO capture by specific 

elements and the high catalytic ability by constructing appropriate element ligand 

environment for the removal of NOx.  

2. Experimental 

 

       Material preparation. To synthesize the NaGaO2 powders, the 0.03mol of Na2CO3 and 

0.03mol of Ga2O3 were mixed and ground in agate mortar for 30min. After that, the mixture 

of Na2CO3 and Ga2O3 was heated at 850 oC for 12h and furnace cooled to room temperature. 

The preparation procedure of Ni1-xZnxGa2O4 (0<x<1) was performed as follows: the as-

prepared NaGaO2 powders (0.004mol) was dispersed in 25mL of deionized water and 

magnetically stirred for 10min to obtain the NaGaO2 colloidal solution. The NaGaO2 colloidal 

solution was added to 20mL of aqueous solution of Zn(CH3COO)2·2H2O and 

Ni(CH3COO)2·4H2O (Ni+Zn 0.004mol) and stirred for 30min at room temperature. The 

resulting mixture was heated in a 50mL of Teflon-lined hydrothermal autoclave at 200 °C for 

5 h to form the crystalline Ni1-xZnxGa2O4 (0<x<1). The sediment was separated by 

centrifugation and dried at 60 oC for 2h. Using the same hydrothermal procedure, the 

ZnGa2O4 and NiGa2O4 powders were prepared. 
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      Sample characterization.The crystalline phases of these as-prepared products were 

determined by powder XRD. The as-prepared samples were placed on a zero background 

holder and transferred into a Rigaku Ultima III Diffractometer, which employs Cu Kα 

radiation at 40kV/40mA. Scans were run over the range of 10 to 80° with a step size of 0.01° 

and a counting time of 750 seconds per step.  BET surface area measurements were conducted 

on a Micromeritics Tristar 3000 surface area and porosity analyzer. The sample, ~0.1 g, was 

placed in a tube and degassed for two hours at 300 oC. Multipoint BET measurements were 

conducted by nitrogen sorption at 77 K. The specific surface area calculated from the linear 

region of the BET plot ranging from P/P0=0.05 to 0.15. The pore diameter calculated from the 

nitrogen adsorption isotherm by the Barrett-Joyner-Halenda (BJH) method. The morphologies, 

crystalline structure and local nanostructures of the ZnGa2O4, NiGa2O4 and Ni0.9Zn0.1Ga2O4 

were observed by a field emission transmission electron microscope (TEM, FEI Tecnai G2 

F30 S-Twin, USA). Atomic resolution high angle annular dark field (HAADF) images were 

acquired on a start-of-the-art FEI Titan ChemiSTEM 200kV with a probe aberration-corrector. 

The X-ray energy dispersive spectrum (EDS) mapping was carried out on the Titian using its 

Super-X detector technology. The electron paramagnetic resonance (EPR) spectra were 

obtained using a Bruker (model EMX-10/12 X-band) electron paramagnetic resonance 

spectrometer at the liquid nitrogen temperature of 77K. The settings were center field, 

3480.0G; microwave frequency, 9.2-9.8GHz; power, 19.97mW. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) accessory 

(Harrick’s Praying Mantis) in conjunction with the FTIR (Thermo Nicolet 5700) at 4 cm-1 

resolution was performed to identify NO wavenumbers for adsorption and oxidation reactions. 

The catalyst was first pretreated at 400 oC with high-purity Ar and then cooled down to 50 oC. 

The reaction chamber was flushed with Ar for 30 minutes to remove any residue and 50 scans 

were collected as the background. Thereafter, a controlled stream of CO-NO-Ar gas mixture 

(5% NO+10% CO+85% Ar by volume) was introduced. The NOx species adsorption spectra 
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were collected at various target temperatures at a rate of 10 oC min−1 from room temperature 

to 300oC by subtraction of the corresponding background reference. 

Catalytic conversion of NO. The catalytic activity and selectivity of these catalysts were 

determined under light-off procedure in NO+CO model reaction, involving a feed steam with 

a fixed composition, 5% NO, 10% CO and 85% He by volume as diluents. The sample (25 

mg) was pretreated in a high purified N2 stream at 300 oC for 1 h and then cooled to room 

temperature, after that, the mixed gases were switched on. The reactions were carried out at 

different temperatures with a space velocity of 24,000 ml g−1h−1. Two columns (length, 1.75 

m; diameter, 3 mm) and thermal conductivity detector (T=100 oC) were used for analyzing 

the products. Column A with Paropak Q for separating CO2 and N2O, column B packed with 

5A and 13X molecule sieve (40–60 M) for separating N2, NO and CO. 

Theoretical calculations. All DFT calculations are performed using the VASP 13, 14 code 

with projected augmented wave (PAW 15) method. Generalized gradient approximation 

(GGA16) in the scheme of Perdew-Bueke-Ernzerhof (PBE 17) is used for the exchange 

correlation functional. The cutoff energy is 500 eV. The geometry relaxations are performed 

until the residual forces on each ion converged to be smaller than 0.01 eV/Å. Since the 

NiGa2O4 is an inverse spinel compound, it is firstly necessary to construct an atomic model 

for the DFT calculation. For the simplicity purpose, we adopt the primitive cell of the 

NiGa2O4. In the primitive cell, two Ni atoms are randomly distributed on the four lattice sites 

of one tetrahedron. Then, we construct six possible NiGa2O4 models to check which model is 

energetically favorable. Based on the most stable NiGa2O4 model, one Ni atom is further 

substituted by one Zn atom to construct the Zn-doped NiGa2O4. The concentrations of the Zn 

in this cell is 50%. To calculate the Bader charges before and after doping Zn into NiGa2O4, 

the NiGa2O4 (311) surface is simulated using a slab which consists of 27 O, 7 Ni and 14 Ga 

atoms. And the NiGa2O4 (111) surface is simulated using a slab which consists of 40 O, 11 Ni 
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and 22 Ga atoms. To avoid interaction between two surfaces of the slab, a vacuum thickness 

of 15 Å is added at each side of the slab. The 3×3×1 k-points meshes are adopted for this slab 

model. During relaxations, all atoms are allowed to relax. For simplicity purpose, the 

NiGa2O4 (311) surface with and without Zn doping are denoted as NiGa2O4-(311) and 

NiGa2O4+ZnNi-(311), respectively. The NiGa2O4 (111) surface with and without Zn doping 

are denoted as NiGa2O4-(111) and NiGa2O4+ZnNi-(111), respectively. 

3. Results and Discussion 

         The Ni1-xZnxGa2O4 (0≤x≤1) catalyst was prepared by a hydrothermal ion exchange 

method based on a colloid reactive template18. In brief, introducing nickelous acetate and zinc 

acetate into the NaGaO2 colloid solution, an ion exchange between Na+ and Zn2+/Ni2+ occurs 

during a hydrothermal reaction at 180 oC and the Ni1-xZnxGa2O4 (0≤x≤1) precipitate formed. 

The precipitate was filtered, washed and dried. 

         To evaluate catalytic performance, we exposed the as-prepared samples  Ni1-xZnxGa2O4 

(0≤x≤1) to the reactant gas mixture (5% NO, 10% CO and 85% He) while raising the 

temperature up to 550 oC to test for NO conversion. Fig. 1a and Table 1 demonstrate that the 

NiGa2O4 can be used as a catalyst for NO removal, exhibiting a beginning activity at ~250 oC 

and a maximum activity at 550 oC for complete conversion of NO into N2 (Fig.1b). After Zn 

doping, the Ni0.9Zn0.1Ga2O4 offers improved NO conversion over the NiGa2O4 catalyst in the 

temperature range 250-550 oC. Further increasing the Zn content higher than Zn:Ni=1:9, the 

catalytic activity of the Ni-based catalysts decreased and the ZnGa2O4 displays the lowest 

activity. The generated N2 from NO conversion was detected to be starting at 300 oC and 

showed the same variation tendency as NO removal at corresponding operating temperature, 

that is, for Ni-Ga based catalysts the conversion rate of NO to N2 gradually increased with 

increasing the reaction temperature. It should be pointed out that the Ni0.9Zn0.1Ga2O4 exhibited 

higher performance in NO conversion to N2 than 1wt% Pt loaded ZrO2 catalyst at the 

temperature above 500 oC and the and good catalytic stability for recycling use (Fig.1c), 
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meaning that the Ni-Ga based oxide catalyst, which was synthesized by simple hydrothermal 

reaction using the cheap raw materials, is a promising low-cost catalyst for NO removal. In 

NO conversion, N2O is a recognized intermediate product 6. As shown in Fig.1d and Table 1, 

the N2O was generated at the same temperature as conversion of NO to be starting at 250 oC. 

At the low temperature range (250-400 oC for Ni0.9Zn0.1Ga2O4 and NiGa2O4, 250-450 oC for 

Ni0.5Zn0.5Ga2O4 and Ni0.1Zn0.9Ga2O4), the catalytic activity in N2O generation of the nickel 

containing catalysts increased with increasing reaction temperature. As the temperature 

further increases, the N2O yield decreases and N2 yield increases, indicating that the higher 

temperature can accelerate the N2O intermediate product catalytically converting into N2. 

However, for the ZnGa2O4, the N2O yield continually increased with increasing the reaction 

temperatures.  

The X-ray powder diffraction (XRD) pattern was obtained for characterizing the phase 

structure. As shown in Fig. 2a, the as-prepared Ni1-xZnxGa2O4 can be well assigned to inverse 

spinel phase NiGa2O4 (x=0, JCPDS 10-0114) and the spinel phase ZnGa2O4 (x=1, JCPDS 38-

1240). Increasing the Zn content in the NiGa2O4, the (311) diffraction peak gradually shifts to 

a lower diffraction angle because the ion radius of Zn2+ (0.074nm) is larger than that of 

Ni2+(0.069 nm), indicating that the Zn2+ was incorporated into the crystal lattice of NiGa2O4. 

The transmission electron microscope (TEM) images in Fig. 2b and Fig.S1 in ESI reveal that 

the Ni-Ga based catalysts exhibited a porous structure, which was formed by the aggregation 

of nanocrystals with a particles size of 10-20 nm. A nitrogen adsorption-desorption 

measurement further confirmed that the Ni1-xZnxGa2O4 is typical of mesoporous material with 

an average pore  diameter about 7.0-8.0 nm and a specific surface area about 72.6-80.2 m2g-1 

(Fig. S2, ESI†). High crystallinity and the structural consistency were confirmed by scanning 

transmission electron microscope. The high-resolution lattice image shows that the (311) and 

(111) facets are the stable facets with high exposure percentage (Fig. 2c, 2d and Fig.S3, ESI†). 

To decrease the magnetism of as-prepared samples, the Ni0.1Zn0.9Ga2O4 with a low content of 
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the magnetic Ni was used for high-resolution TEM observations. High angle annular dark 

field (HAADF) image of a typical nanocrystal was clearly obtained, as shown in Fig.2e. The 

element mapping images shown in Fig.2e revealed that the Zn, Ni, Ga and O uniformly 

distributed in the as-prepared nanocrystals and X-ray photoelectron spectrum (XPS) 

demonstrated that the stoichiometry of the as-prepared Ni1-xZnxGa2O4 product is close to the 

nominal element ratio. This evidence indicated that the Zn-doped NiGa2O4 was an uniform 

solid solution of ZnGa2O4 and NiGa2O4. 

To understand the NO conversion reaction, we performed diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) on the as-prepared catalysts, ZnGa2O4, 

Zn0.1Ni0.9Ga2O4 and NiGa2O4. Figure 3 depicts the evolution of NOx species at different 

temperatures in 5%NO+10%CO+85%He gas environments. Bands at 1906 and 1864 cm-1 are 

observed in the all Ni containing catalysts, which can be respectively assigned to the N-O 

stretching frequencies of Ni2+-NO species and the Ni2+(CO)(NO) species19. The ZnGa2O4 

without Ni ions did not exhibit the two bands, meaning that the NO or CO is indeed captured 

by the coordination of a NO or CO molecule to a Lewis acid (metal sites), Ni ions, via the 

nitrogen atom as well as carbon ato20. The bands observed in the 1100-1700 cm-1 region after 

NO adsorption can be attributed to nitrite/nitrate specie 20. Bands located at 1550-1300 cm-1 

were formed in all three samples, likely correspond to the NOx species coordinating into the 

Ga species of catalyst surface. A band at 1549 cm- can be assigned to bidentate Ga-nitrate and 

bands at 1498, 1455 and 1347 cm- belong to monodentate Ga-nitrite. Noting that the 

Ni0.9Zn0.1Ga2O4 exhibited the significant increase in intensity of bidentate Ga-nitrate band at 

1549 cm- with increasing the reaction temperature, indicating that the adsorption of nitrate 

species on NiGa2O4 surface is largely improved by incorporation of Zn. The spectrum bands 

at 1305cm- for ZnGa2O4 and 1312cm- for Ni0.9Zn0.1Ga2O4 are in good agreement with the 

observations on adsorption of monodentate nitrate (NO3
-) on Ga2O3

21 and Ni-containing 

zeolites22, respectively. This indicates that the Ga in ZnGa2O4 as well as in Ga2O3 acts as the 
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active adsorption site for formation of NO3
-, however, for Ni0.9Zn0.1Ga2O4, the Ni is. NOx 

adspecies, probably NO3
−, formed on the catalyst surface is known to play an important role 

in NO reduction23. Indeed, in our case, the surface monodentate nitrate concentration over 

ZnGa2O4 and Ni0.9Zn0.1Ga2O4 decreased with increasing the reaction temperature, implying 

that the nitrate species converted rapidly at high temperature.  

      After Zn doping into NiGa2O4, an obvious change is that a novel band at 1278cm- 

assignable to NO3
- species occurred24. The NO3

- species (1278cm-) and the NO2
- species 

(1498cm-) respectively exhibited the increase and decrease intensity with raising the reaction 

temperature, meaning that the formation of NO3
- resulted from the oxidation of NO2

- 25. 

Increasing the temperature higher than 50oC, such a NO3
- band also was observed in the 

ZnGa2O4 and exhibited the good high-temperature stability, probably meaning that the Ga-

NO3
- band resulted from the change of coordination environment of Ga atoms on catalyst 

surface inducing by the temperature raising for ZnGa2O4 as well as Zn doping for NiGa2O4. A 

direct evidence to show the effect of temperature on NOx species over Ga-based catalysts is 

that a novel band at 1236 cm- in all three samples appeared at high temperature, which can be 

belonged to the monodentate Ga-nitrate 24.  

       The Ni0.1Zn0.9Ga2O4 was used for decreasing magnetism of sample itself to perform the 

electron paramagnetic resonance analysis. The as-prepared Ni0.1Zn0.9Ga2O4 is light green in 

color, in accordance with the color of Ni2+. Heating the sample at 300 oC, under 5% NO/Ar 

gas atmosphere, the sample turned into light yellow immediately. The EPR spectra for the 

Ni0.1Zn0.9Ga2O4 sample before and after heat treatment at 300 oC in NO were recorded at 77K 

and shown in Fig. 4. The Ni0.1Zn0.9Ga2O4 before heat treatment did not show any 

paramagnetic signal. After heat treatment in NO, the EPR spectrum revealed paramagnetic 

signals at g values of 2.20, 2.15, and 2.06, which are an indication of Ni3+ 26. UV-Vis 

absorption spectra confirmed that the absorption edge of Ni0.1Zn0.9Ga2O4 are largely red-

shifted after heat treatment in NO (Fig. S4a, ESI†). A density functional theory (DFT) 
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calculation indicated that when Ni2+ was oxidized to Ni3+, the photoabsorption of the 

Ni0.9Zn0.1Ga2O4 extends to visible light region (Fig. S4b, ESI†). The change of the 

photoabsorption is in good agreement with the UV-Vis spectra, thus illustrates that the 

Ni0.1Zn0.9Ga2O4 exhibits different photoabsorption property with different nickel oxidation 

states. It has been demonstrated that oxygen converted Ni2+ to Ni3+, which was kinetically and 

thermodynamically stabilized in the tetraglycine complexes 27. In our case, the color change 

from light green to light yellow is more faster for heating the Ni0.1Zn0.9Ga2O4 in NO than in 

O2, verifying that in the presence of NO oxidizing Ni2+ to Ni3+ occurs more easily. After heat 

treatment of Ni0.1Z0.9nGa2O4 in NO, an observed low-field paramagnetic signal at g=2.006 in 

EPR spectrum of Fig.4 corresponds to oxygen vacancies with a single trapped electron 28. A 

DRIFTS band at 1628 cm-1 shown in Fig.3c is assigned to NO2 vibration 29, which mainly 

originated from the NO oxidation30, 31. Considering the EPR and DRIFTS results, the oxygen 

vacancies formed in the Zn-doped NiGa2O4 during the NO conversion would be attributed to 

that active lattice oxygen on the catalyst surface takes part in the oxidation of NO into NO2. 

The lattice oxygen converted NO into NO2 and nitrate species has been observed in many 

catalysts such as the representative Ce-Zr-based materials 32. Based on such a mechanism, an 

efficient NO removal route with reversible process of storing and releasing oxygen into/from 

crystal lattice of oxides was developed in order to enlarge the operating window near the 

stoichiometry to convert simultaneously NOx, CO and unburned hydrocarbons.   

      It is important to understand the nature of high activity of Ni-Ga based materials. A 

significant difference is the different cation distribution in NiGa2O4 and ZnGa2O4. NiGa2O4, 

exhibiting the high activity in catalytic conversion of NO, belongs to a largely inverse spinel 

with an inversion parameter of 92%, the tetrahedral preference of Ga3+ and the octahedral 

preference of Ni2+, due to the well-known crystal field stabilization effects 33. However, 

ZnGa2O4 with the low activity for converting NO is a normal spinel, in which crystal the Zn2+ 

and Ga3+ located at tetrahedral and octahedral sites, respectively. The catalytic performance of 
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metal cations is dependent strongly on the ligand environments, which affect the electron 

transfer and stability of cations. It has been demonstrated that the different ligand 

environments of Ga will induce the large difference in catalytic activity of the gallium oxide 

catalysts 34. For instance, the β-Ga2O3, which is composed of both tetrahedral and octahedral 

Ga ions in a spinel phase, shows 20 times higher activity in NO conversion than α-Ga2O3, 

containing only octahedral Ga ions. Using the Al2O3 as a support, the Ga2O3 shows a higher 

NO conversion due to the formation of Ga-O-Al species which controls the local structure of 

Ga species and provides stabilization of Ga ions in the low coordination environment, 

resulting in a high performance for NO conversion. Similarly, in our case, compared to the 

ZnGa2O4 with octahedral Ga3+ species, the high activity of NiGa2O4 would originate from the 

tetrahedral preference of Ga3+ species.  

       Element doping is an efficient method to improve the ligand environment of the cations 

for decreasing the excess potential for electron transfer. After Zn doping, the NO catalytic 

conversion on NiGa2O4 was significantly improved. The Zn2+ is expected to replace the Ni2+ 

sites of NiGa2O4 due to the small difference in ion radius (Zn2+, 0.074nm; octahedral Ni2+, 

0.069nm) 33. Bader charge based on DFT calculations is a powerful tool to reflect the electron 

gain and loss of ions 35. (311) and (111) surface models of Zn-doped NiGa2O4 were 

constructed to calculate the Bader charge because TEM observations reveal that the NiGa2O4 

(311) and (111) facets were relatively more stable (Fig.S3, ESI†). For simplicity purpose, the 

NiGa2O4 (311) and (111) surfaces with and without Zn doping are denoted as NiGa2O4+ZnNi-

(311), NiGa2O4-(311) and NiGa2O4+ZnNi-(111), NiGa2O4-(111), respectively. Fig. 5 shows 

the calculated Bader charges for NiGa2O4 (311) and (111) surfaces with and without Zn 

doping. As is well-known, for the metal ions, the more positive Bader charge indicates that 

more electrons are lost. The Bader charges of all Ga ions on NiGa2O4-(311) and NiGa2O4-

(111) surfaces are more positive than those on NiGa2O4+ZnNi-(311) and NiGa2O4+ZnNi-(111) 

surfaces, suggesting that less electrons are lost from the Ga ions after Zn doping into NiGa2O4 
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(311) and (111) surfaces. This means that, during the adsorption reactions, the Ga ions on the 

NiGa2O4+ZnNi-(311) surface are able to donate more electrons to the ad-species such as 

nitrate and nitrite. In-situ XPS analysis was carried out to check the electron transfer in the 

Ni0.9Zn0.1Ga2O4. The XPS spectra were obtained at room temperature in vacuum (denoted as 

Ni0.9Zn0.1Ga2O4-RT) and after heating at 400oC in NO atmosphere (denoted as 

Ni0.9Zn0.1Ga2O4-400), respectively, as shown in Fig.S5 in ESI. Compared to Ni0.9Zn0.1Ga2O4-

RT, the binding energy of the cations Ga 3d, Ni 2p and Zn 2p of Ni0.9Zn0.1Ga2O4-400 

exhibited a positive chemical shift about 0.18 eV, 0.27eV and 0.2eV, respectively. O1s 

spectra did not present the obvious change in binding energy for Ni0.9Zn0.1Ga2O4 before and 

after heating, probably due to the oxygen vacancies were high activity in oxygen capture from 

the NOx species at as high temperature as 400oC. The increase in binding energy of cations 

means that the electrons are partly lost, that is, the electron transfer process occurs during 

heating Ni0.9Zn0.1Ga2O4 in NO atmosphere. This also indicated that there is an interaction 

between the NOx species and cations, which induced the electron transfer process to occur. 

Indeed, the chemical shift of binding energy of Zn ions confirmed that the Zn ions can take 

part in the electron transfer process, thus promoting the catalytic ability of NiGa2O4.  

EPR spectra indicated that Zn doping into NiGa2O4 will induce formation of the oxygen 

vacancies in the presence of NO (Fig.4). It is widely reported that surface oxygen vacancy is 

beneficial to the dissociation of NO species 36-38, obviously promoting the NO conversion. In 

addition, the DRIFTS spectra presented that the Ni species possesses a strong ability to 

capture NO and CO and EPR spectra revealed that a Ni2+/Ni3+ catalytic redox couple formed 

during the NO conversion. The strong gas capture from Ni species and the formation of 

Ni2+/Ni3+ catalytic redox couple would contribute to the high catalytic activity of Ni-Ga based 

materials. The formation of Ni2+/Ni3+ catalytic redox couple depends on the NO atmosphere 

and Zn doping. As demonstrated by UV-Vis spectra (not shown here) that, compared to 

NiGa2O4, the Ni3+ species occurs more easily in the Ni0.9Zn0.1Ga2O4 in the presence of NO at 

as low temperature as 200oC due to the formation of NOx species from NO oxidation, which 

are strong electron acceptor. Indeed, the Ni0.9Zn0.1Ga2O4 is stable below 300oC in the air, 

meaning that molecular oxygen is not able to oxidize the Ni2+ into Ni3+ under that 
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temperature. Moreover, it seems possible that introducing Zn into NiGa2O4, a charge 

equilibrium of Ni2++Zn2+→Ni3++Zn1+ can stabilize the Ni3+ species, which promotes the 

formation of Ni2+/Ni3+ catalytic redox couple and contributes to the high catalytic activity of 

Ni0.9Zn0.1Ga2O4.  

An additional experiment was carried out to demonstrate that the nitrates and nitrites are 

the important species for reduction of NO to N2. Heating the NaNO3 or NaNO2 aqueous 

solution containing Ni0.9Zn0.1Ga2O4 at 80oC for 10h, the nitrates and nitrites are separately 

adsorbed on the Ni0.9Zn0.1Ga2O4 catalyst surface. We found that converting Ni2+ to Ni3+ on 

both the nitrates and nitrites adsorbed catalyst surfaces shows the nearly same starting 

temperature and is in reasonably good agreement with the catalysts’ operating temperature to 

be about 250oC. This indicates that the adsorbed nitrites and nitrates appeared to be true and 

important intermediates in NO conversion, which are more stable decomposing in the range 

of 200-600oC 39. Therefore, it seems a reasonable deduction that the NO molecules were 

captured on the Ni sites and then oxidized to NO2 by lattice oxygen. Subsequently, nitrates 

and nitrites were catalytically formed on both Ga and Ni sites because the NOx species were 

easily activated between two adjacent Ga and Ni sites by co-adsorption. The nitrates and 

nitrites decomposed and were reduced by CO to N2. 

4. Conclusions 

       In summary, we showed that inverse spinel-phase Zn-modified NiGa2O4 can catalytically 

convert the NO into N2. In such Ni-Ga based catalyst, we achieved combining the gas trap 

sites and catalytic active sites into a single compound: as shown in Fig.5e, the Ni element 

exhibited significantly strong ability in capturing NO and the Ga element presented the strong 

catalytic ability in NOx conversion. A low coordination Ga in the inverse spinel structure 

significantly contributed to the high activity of Ni-Ga based catalysts due to the easy electron 

transfer. Incorporating the Zn element into the Ni-Ga based catalyst, the synergetic catalysis 

of Ni and Ga is further enhanced due to the increased electron transfer between metal ions. 

Our finding opens the novel strategy to design the low-cost catalyst combining the robust NOx 

gas capture sites and catalytic conversion sites in a single compound catalyst.  
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Table 1 Catalytic activity and selection for NO conversion over various catalysts at 550oC 

Samples 
Activity in NO 
conversion  (%) 

Selection 
N2O  (%) N2  (%) 

ZnGa2O4 21.7 16.3 5.3  
Zn0.1Ni0.9Ga2O4 100 0 99.9  
Zn0.5Ni0.5Ga2O4 67.1 0 66.8  
Zn0.9Ni0.1Ga2O4 73.3 1.1 72.2  

NiGa2O4 100 0 99.9  
 
 

Page 16 of 19Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



   

16 

 

Figure 1 NOx conversion versus ramp-up temperatures for various catalysts. (a) Total NO 

conversion. (b) NO conversion to N2.  (c) Three cycling stability test for NO conversion to N2 

over Ni0.9Zn0.1Ga2O4 catalyst.(d) NO conversion to N2O. 
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Figure 2 Structural properties for the as-prepared Ni1-xZnxGa2O4 (0≤x≤1) . (a) XRD patterns. 

Inset shows (311) diffraction peak for various samples. (b) TEM image for Ni0.9Zn0.1Ga2O4. 

(c) High-resolution lattice image of Ni0.9Zn0.1Ga2O4 for (311) facet. (d) High-resolution 

lattice image of Ni0.9Zn0.1Ga2O4 for (111) facet. (e) HAADF image of Ni0.1Zn0.9Ga2O4 and 

corresponding Ga, Zn, Ni and O elements mapping. 

 

 
 
 
Figure 3 Evolution of DRIFTS spectra on as-prepared catalysts during exposure to NO+CO 

feed gases with temperatures. (a) NiGa2O4. (b) Ni0.9Zn0.1Ga2O4. (c) ZnGa2O4. (d) The 

DRIFTS spectra for various samples at 300oC. 
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Figure 4 EPR spectra for the Ni0.1Zn0.9Ga2O4 catalyst. Curve a: Catalyst without heat 

treatment. Curve b: Catalyst after heating at 300oC under NO atmosphere. Inset shows the 

EPR signal in the frequency range from 3320 to 3350G. 

 

 

Figure 5 Calculated Bader charges for Ga ions and proposed NOx conversion mechanism. (a) 

NiGa2O4-(311) facet. (b) NiGa2O4+ZnNi-(311) facet. (c) NiGa2O4-(111) facet. (d) 

NiGa2O4+ZnNi-(111) facet. (e) NOx conversion over Ni-Ga based catalyst.  
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