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V-I characteristics with/without supports 

 

Fig. S1. Electrical signals during reaction: (a) without packing (b) packed with Al2O3 (b) packed with TiO2 

 

Fig. S1. presents the electrical signals during reaction with/without packing materials. A typical filamentary 

discharge can be obviously observed in the discharge without packing, which can be proved by the numerous 

peaks in the current signal. Conversely, The addition of or supports into the DBD reactor significantly reduce the 

amplitude of the current peaks especially in the case of TiO2. In a packed-bed DBD reactor, filaments can only be 

generated in the small gap between the pellet–pellet and the pellet–quartz wall, while a surface discharge can be 

formed on the surface of pellets near the contact points between the pellets. The entire discharge area packed with 

supports leads to a transition in the discharge behaviour from a filamentary discharge to a combination of surface 

discharge and filamentary discharge.  

 

 

 

 



Lissajous figure of the reaction with 10-30% Ni/Al2O3 

 

Fig. S2. Lissajous figures of reactions in DBD reactor packed with 10%-30% Ni/Al2O3.  

Fig. S2. shows the Lissajous figures of reactions with 10%-30% Ni/Al2O3. The figures are ellipsoid-like shapes 

when Al2O3 are fully packed in the DBD reactor, this is attributed to the change of discharge behaviours from 

typical filamentary discharge to a combination of weak filamentary and predominantly surface discharge. The 

power consumption of 30% Ni is clearly lower than the others due to the higher loading. 

 

Table S3. BET surface area of support and catalysts 

Fresh samples TiO2 Al2O3 10% Ni/Al2O3 20% Ni/Al2O3 30% Ni/Al2O3 

BET surface area (m2/g)  34 297 239 170 135 

Pore volume (BJH) (cm3/g) 0.15 0.42 0.40 0.31 0.26 

 

Table S3 lists the N2 physisorption results of calcined Ni/Al2O3 catalysts and non-calcined Al2O3. The BET surface 

area and pore volume of the catalysts indicate a downward tendency with the increase of the metal loading. This 

tendency can be attributed to the formation of bigger metal oxide particles when increasing the metal loading, 

which blocks the pores of the Al2O3. The N2 adsorption and desorption isotherms, shown in Fig. S4, can be 

classified as type IV isotherms [1].  



 

Fig. S4 N2 adsorption/desorption isotherms of fresh Al2O3, 10% Ni/Al2O3, 20% Ni/Al2O3, 30% Ni/Al2O3 calcined 

at 700 oC. 

 

Temperature programmed reduction with H2 (H2-TPR) measurements 

 

Fig. S5 H2-TPR profiles of Ni/Al2O3 catalysts. 

 

The H2-TPR profiles of Ni/Al2O3 catalysts are shown in Fig. S5. Generally, two consumption peaks were observed 



at around 300 oC and 640 oC, corresponding to NiO species with different interaction with the support. Since the 

TPR measurements were done from 30 oC to 700 oC, it was not possible to observe the NiAl2O3 reduction which 

takes place between 700-900 oC [2-3]. When the metal-support interaction (MSI) is strong, it is more difficult to 

reduce the NiO than when the metal-support interaction is weak. Therefore, particles with a strong MSI will get 

reduced at higher temperatures than particles with a weak MSI. In the TPR of 30% Ni/Al2O3 catalyst, the peak 

appearing at lower temperature (300 oC) corresponds to the reduction of NiO species with a weak MSI. Some 

studies refer to it as ‘free’ or bulk NiO [4-6]. The NiO with a stronger interaction with the support get reduced at 

around 650 oC. The intensity of the peak at 300 oC is higher than the one at 650 oC. This indicates that most of the 

NiO exists as bulk NiO. 20% Ni/Al2O3 show a similar reduction profile. In this case, the lower temperature peak 

was less intense than the one at high temperature, suggesting that the amount of NiO in strong interaction with 

the support is higher. 10% Ni/Al2O3 only shows a broad reduction peak at 650 oC. It might correspond to the 

overlapping of two reduction peaks, corresponding to NiO species with different interaction with the support (but 

still strong MSI).  

 

 

XRD measurements 

 

Fig. S6 XRD patterns of (a) 10% Ni/Al2O3; (b) 20% Ni/Al2O3; (c) 30% Ni/Al2O3 

 

The XRD patterns for the 10% Ni/Al2O3, 20% Ni/Al2O3, 30% Ni/Al2O3 catalysts after reduction and after reaction 

are shown in Fig. S6. The XRD patterns of the samples before and after reaction were similar, which suggests the 

catalyst structure did not significantly change after reaction. The characteristic peaks of metallic nickel, were 

observed at 2θ =44.5o (111), 51.8o (200) and 76.4o (220). The peak of NiO (2θ =37.2o, 43.2o and 62.9o) are not 



obvious in 10%/20% Ni and unfound in 30%Ni, suggesting the NiO is not the dominating reason for conversions 

in reaction. The Ni peak of 30% Ni/Al2O3 after reaction is more intense than the peak before reaction unlike peaks 

of 10%/20% Ni/Al2O3. The average crystallite size of Ni in 30% Ni/Al2O3 catalyst was estimated by the Scherrer 

formula using the half width of the Ni (200) peak, which was 16.5 nm after reduction and 25.3 nm after reaction. 

This shows that sintering of Ni particles takes place during the reaction with 30%Ni/Al2O3. 

 

SEM and TEM measurements 

 

 

 

Fig. S7 SEM images of the catalysts. a, c, e stands for 10%/20%/30% Ni/Al2O3 samples before reaction. b, d, f 

stands for 10%/20%/30% Ni/Al2O3 samples after reaction.  



 

  

Fig. S8 TEM images of the Ni/Al2O3 catalysts. a, b stands for 10%Ni/Al2O3 samples after reaction. c, d stands 

for 20%Ni/Al2O3 samples after reaction. e, f stands for 30%Ni/Al2O3 samples after reaction. 

 

To study the formation of carbon deposits during the reaction, TEM and SEM analysis of the catalysts after 

reduction (noted as before reaction) and after reaction were performed. The SEM images of Ni/Al2O3 catalysts 

before and after reaction are shown in Fig. S7. Compared with the clean surface of reduced Ni/Al2O3 samples 

(before reaction) shown in Fig. S7. (a, c, e), filamentary deposits were clearly present on the surface of the catalysts 



after their use in the reaction for 2 h, (Fig. S7. (b, d, f)). This carbon can be identified as filamentary carbon [7-8]. 

With TEM images we can observe the interaction of these carbon filaments with the catalyst surface further. The 

amount of carbon filaments in 10% Ni/Al2O3 catalyst is small, making it difficult to identify. Fig. S7 (a,b) shows 

that this sample contains some carbon filaments, but the metal clusters are free. The carbon filaments are not 

encapsulating the particles, therefore they do not influence the catalytic activity of this material. For 20% Ni/Al2O3, 

more carbon filaments are observed (Fig. S8 (c,d). They stay closer to the metal clusters, causing partial 

encapsulation. Fig. S8 (e,f) clearly shows that the carbon formed on the surface of 30% Ni/Al2O3 catalyst is 

encapsulating the metal particles. Curiously, those filaments form a V shape. Deactivation of the Ni catalysts by 

coking is a common problem [9-10]. Coking can be produced from two different reactions: the Boudouard reaction 

(2CO  CO2 + C) and/or the hydrocarbon decomposition. It is possible that CH4 is produced, but it decomposes 

to C and H2. Catalytic carbon filament growth is believed to happen as follows: after the deposition of carbon on 

the catalyst surface, it diffuses through the metal nanoparticles. Then, filamentous carbon precipitates and grows 

on the interface between the metal particle and the support. During this growth, the metal particles can be detached 

from the support, staying encapsulated inside the filaments (losing their catalytic activity) or staying at the tip of 

the filament (the particle remains active) [11]  

 

Thermogravimetric Analysis (TGA) 

 

Fig. S9 TGA curves of Ni/Al2O3 samples after reaction. 

 



TGA was used in order to confirm if carbon deposition was taking place during reaction. In Fig. 15 we observe 

that all the samples indicated a predominant mass loss before 400 oC. This is most likely related with water 

removal. It has been reported that physisorbed water will be completely removed at about 150-200 oC [12]. The 

drop after 200 oC can be related with the desorption of the structural water from alumina. After 400 oC, all the 

curves show an upward tendency. The mass increase is caused by the Ni oxidation to NiO. Thus, the curve of 30% 

Ni/Al2O3 shows a more intense increase than 20% Ni/Al2O3 and 10% Ni/Al2O3 curves. It has been reported that 

carbonaceous species were found to exist on the Ni/A2O3 catalyst after CO2 reforming of CH4 reaction. Depending 

on their nature, they decomposed at different temperature during TGA measurements. Cα was designated to appear 

at 150-220 oC, Cβ at 530-600 oC and Cγ at > 650°C [13]. However, from the TGA curves, it could not be identified 

whether carbon deposition occurs during reaction or not.  
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