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Abstract
Dry reforming of methane converts two greenhouse gases (CH4 and CO2) 

into valuable syngas (H2 and CO). Ni catalysts are commonly used for this 
reaction and suffer deactivation due to carbon deposition. Efforts have been 
devoted to improving catalyst performance including developing new catalyst 
formulation and synthesis methods.  In this work, we started with an ordinary Ni/
Al2O3 catalyst prepared by incipient wetness impregnation method, and carefully 
controlled the reduction process that activates the catalyst. With a novel control 
technique assisted by IR spectroscopy, we were able to well control the reduction 
extent in full range for the Ni catalyst. Four reduction extents (41%, 75%, 89%, 
and 100%) were tested for its effects on catalyst performance. It was found that 
41% reduced catalyst suffered from rapid deactivation while the others performed 
very well with no clear sign of deactivation within 24 h of reaction time. Catalyst 
tests show that the performance of the 75% reduced catalyst was comparable to 
the top performers in the literature with CH4 and CO2 conversions close to the 
thermodynamic limit. This work would open up great opportunities for tuning 
catalyst performance without incurring exotic catalyst formulation and complex 
synthesis methods. 
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Introduction
Dry reforming of methane (DRM) has received much attention worldwide 

for its economic and environmental benefits as it converts two greenhouse gases 
(CH4 and CO2) into syngas (H2 and CO) that can be used as fuels or feedstock 
for producing valuable chemicals as shown in equation 1 [1-5].

CH4 + CO2 → 2CO + 2H2, 	 ∆H = 247.3 kJ/mol.                   (1)

Due to its highly endothermic nature, DRM is usually carried out at high 
temperatures (500 - 800 oC) with the presence of a catalyst. Noble metal (Rh, Ru, 
Pd and Pt) based catalysts have been used for their coking resistance, high stability 
and activity while commercialization is hindered because of their high prices [6]. 
Non-noble metal (Ni, Co and Fe) based catalysts have also been investigated 
widely [7]. Among them Ni-based catalysts are the most commonly used due to 
their high activity, wide availability, and low cost [8, 9]. However, one major issue 
that hinders their application is the rapid deactivation caused by carbon deposition, 
which mainly originates from methane decomposition (CH4 → 2H2 + C) or 
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Boudouard reaction (2CO → CO2 + C) [10, 11]. Extensive 
efforts have been devoted to improving the performance 
of the Ni-based catalysts. A recent review well summarizes 
different strategies being employed [3]. In terms of catalyst 
formulation, a great variety of supports have been used such 
as Al2O3, MgO, MnO, SiO2, TiO2, ZrO2, CeO2, La2O3, and 
Y2O3 [12-17]. Meanwhile, second catalyst components such as 
Pt, Rh, Ce, Mo and Co have been added to form bimetallic Ni 
catalysts [18-22]. Moreover, various preparation methods have 
also been employed to control catalyst microstructures, e.g., 
sol-gel [23], impregnation [24, 25], co-precipitation [26-28], 
polymerization [29], plasma treatment [30, 31], and atomic 
layer deposition [32, 33]. Specifically, promoters such as MgO 
and CeO2 have also been used to control carbon deposition 
and hence to increase catalytic stability [27, 34].

The Ni catalysts, when prepared, are usually in an oxide 
form and will need to be reduced to a metallic form, upon 
which CH4 adsorbs and decomposes [18, 35]. In spite of the 
obvious importance of defining the active catalyst component 
thus the catalytic properties, the reduction process is not 
well controlled from a scientific point of view. Reduction 
conditions usually include choice of reducing agent (e.g., 
CO, CH4, pure H2 gas or diluted H2 gases) with H2 being 
the most effective and commonly used [3, 36], reduction 
temperature (between 450 ~ 1100 oC), and reduction time 
that is typically in hours [3, 37, 38]. The overall observation 
is that the reduction process affects catalyst performance. 
This is no surprise because it is universally accepted that 
catalyst structure determines its performance. While there is 
no clear definition of catalyst structure, it is fair to say that 
overall chemical composition affects the catalyst structure and 
the physical properties (such as dispersion and active metal 
particle size) of the catalyst also play an important role [35, 
39]. The existence of oxide forms of Ni before [24, 25, 37, 40, 
41] during [24], and after the catalytic reaction is indicated in 
many works by various characterization techniques including 
TPR, TGA-DTA, XPS, and XANES [42, 43]. Thus, the 
presence of NiO after reduction is not trivial as it affects 
catalyst composition and inevitably the catalyst structure. 
This issue was well recognized as evidenced by a number of 
publications reporting different catalyst performance resulting 
from different reduction conditions [37, 40-42, 44-46]. As a 
result, it is difficult to conclusively determine the effect of each 
factor on the catalyst performance. This is a gap between the 
chemical and physical properties and the performance since 
the conditions are usually quite different. It appears that there 
is a lack of effective means to control the reduction extent. 

Previously, we developed a technique to control the 
reduction extent of Ni catalyst in the full range [47]. We 
accomplished this by using IR spectroscopy to first obtain the 
reduction kinetics of the Ni catalyst through the measurement 
of its reduction product, water. From the kinetic measurement, 
we then found a quantitative relationship between the 
reduction time and the Ni reduction extent. In this work, we 
use this newly developed technique to control the reduction 
extent (by setting hydrogen feed time) of a 10wt%Ni/γ-
Al2O3 and achieve optimal DRM activity, which is close to 

the thermodynamic limit, and excellent stability on a partially 
reduced catalyst.

Catalyst evaluation
Synthesis of 10wt%Ni/γ-Al2O3 catalyst

A 10wt.%Ni/γ-Al2O3 catalyst was prepared by the 
incipient wetness impregnation method. Typically, for every 5 
g support, a precursor solution was prepared by dissolving 2.75 
g Ni(NO3)2·6H2O (98%, Damao Co. Ltd., Tianjin, China) in 
4 ml distilled water. The precursor solution was then mixed 
with 5 g γ-Al2O3 (Hongwu Nano Co. Ltd., 99.99%) powder 
and stirred until uniform impregnation was achieved. After 
the impregnation, the sample was dried at 80 oC for 12 h. 
The dried sample was grounded using an agate mortar for 30 
min and then calcined at 500 oC for 4 h. After calcination, 
the sample was grounded with an agate mortar for 30 min. 
Finally, the obtained sample was made in a pellet form and 
then crushed and sieved to a suitable size (40-60 mesh).

Catalyst evaluation
Catalytic reaction system

The dry reforming reaction was carried out in a fixed 
bed quartz reactor (12 mm o.d. and 8 mm i.d.) operating at 
atmospheric pressure. The flow rates of CH4, CO2 and He 
(internal standard) were controlled via individual mass flow 
controllers (Bronkhorst High-Tech B.V., the Netherlands). 
The reactor was held vertically, and the flow direction was 
downward. The catalyst was placed at the middle of the 
reactor on a quartz wool plug. The furnace temperature was 
monitored and controlled via three thermocouples located at 
the upper, middle, and lower zones of the furnace. All the gas 
lines downstream the reactor was heated at 120 oC to prevent 
water condensation. The reaction products were identified 
and their molar fractions quantified by an online FT-IR 
spectrometer (Nicolet iS50, Thermo Scientific, USA) and a 
GC (Agilent 7890B, Agilent Technologies, USA). The FT-IR 
spectrometer was equipped with an MCT detector. A 2-m gas 
cell (PIKE Technologies, Inc., USA) with a ZnSe window was 
placed in the beam path and maintained at 120 °C. A spectral 
resolution of 0.25 cm-1 was used, and 4 scans were averaged to 
generate one spectrum. These settings produced an absorbance 
spectrum every 0.187 min.

Catalyst reduction
Prior to each reaction, the catalyst was treated with 

flowing N2 (40 ml/min at normal temperature and 
pressure (NTP), 1.66 mmol/min) at 750 oC to remove 
pre-adsorbed H2O. Afterwards it was reduced in situ 
with a 50 mol.% H2/N2 flow at the same temperature 
and a rate of 40 ml/min (0.83 mmol/min each for H2 
and N2). The FT-IR spectrometer was used to measure 
the molar fraction of the reduction product, H2O. The 
reduction control technique is well described elsewhere 
[47]. To control the Ni reduction extent, the reduction 
was performed for different pre-determined periods of 
time, and then the 50 mol.% H2/N2 was switched to pure 



Journal of Applied Catalysis and Engineering | Volume 1 Issue 1, 2020 4

Controlling the Reduction Extent for Optimal Performance of a Ni/Al2O3 Dry 
Reforming Catalyst Li et al.

N2 while maintaining the same total molar flow rate. The 
pretreatment and reduction procedures ended until no 
H2O was detected by the IR spectrometer. After finishing 
the reduction, the reactor was purged with flowing N2 (40 
ml/min at NTP) for 30 min while cooling down to 700 
oC for DRM catalytic reaction.

DRM catalyst performance
Once the catalyst was properly reduced and the 

temperature reached 700 oC, CH4 and CO2 gases were fed 
into the reactor at 20.1 and 20.0 ml/min (0.835 mmol/min 
each for CH4 and CO2) at NTP to obtain equimolar CH4 
and CO2 flows. Typically, 200 mg catalyst was used for each 
experiment. The gaseous hourly space velocity was 12,000 h-1. 
The molar fractions of CH4, CO2, CO, and H2O in the effluent 
were quantified by the IR spectrometer. 4 characteristic peaks 
at 3135.38 cm-1, 2391.1 cm-1, 2021.31 cm-1, and 1966.24 cm-1 
were selected for CH4, CO2, CO and H2O, respectively. Based 
on the novel algorithm developed previously [48], the molar 
flow rates of unreacted CH4 and CO2, and reaction products, 
CO, H2O and H2, were calculated together with the carbon 
deposition rate. The conversions of CH4 and CO2 were 
calculated as equations 2 and 3, 

,                               (2)

,                            (3)

where F’s stand for flow rates, and the subscripts “in” and 
“out” refer to influent and effluent gases, respectively.

Catalyst Characterization
X-ray Diffraction (XRD) was used to characterize the 

fresh and spent catalysts. The XRD patterns were collected 
on a Rigaku SmartLab diffractometer in the 2θ range of 
10~80o at a scanning rate of 3o/min operating at 40 kV and 
30 mA. Phase identification was performed by comparing the 
collected spectra with the JCPDS database. Ni crystallite size 
was estimated by using Scherrer equation after taking into 
account the instrument broadening measured using a standard 
reference material (SRM) 640b Si powder.

Results and Discussion
Controlling the reduction extent

We performed a long reduction of the 10wt.%Ni/γ-
Al2O3 catalyst for a total of 140 minutes to establish the 
value of the total reducible Ni, R0(Ni). The reduction was 
conducted at 750 oC under a constant flow of 50mol.% H2/N2.  
Figure 1 shows the reduction kinetics during this process. It 
takes about 136 min for the measured H2O level to return to 
zero in the experiment. Integration of the rate over the whole 
reduction period gives the total amount of H2O produced 
in this process, 0.335 mmol. Note that in the experiment we 
used 0.2 g 10 wt.%Ni/γ-Al2O3 catalyst so the loading of Ni 
was also 0.332 mmol (the value for R0(Ni)). Thus, under the 

reduction conditions mentioned above, the Ni in the catalyst 
was completely reduced. Moreover, as shown in figure 1 the H2 
reduction has a fast kinetics at the beginning of the reaction. 
The measured H2O production rate reaches a maximum value 
of 0.036 mmol/min at 2 min. At this rate a complete reduction 
could be finished within 10 min. This is surprising as hours of 
reduction time is commonly used in the research community.

To better understand the features of our IR-based 
measurement system, we also performed a short reduction of 
the catalyst in the same reduction conditions for 4.8 min (see 
SI for details). 

Evidently, over 90% of the reduction takes place within the 
first 30 min. After 60 min, further increasing of the reduction 
time only results in minor increase in the catalyst reduction 
extent. This observation may well explain the facts that no 
much difference was observed when the reduction time was 
varied in hours [45].

To study the effect of catalyst reduction extent on its 
performance, we vary the reduction extent in a wide range. 
In addition to 100% reduction, we also attempted to produce 
reduction extents near 40, 70, and 90% for testing. Based on 
the method discussed earlier, the reduction times were set 
for 1.5, 8.3 and 16.9 min, respectively [47]. The measured 
hydrogen reduction kinetic curves for the same catalyst after 
these different periods of reduction are presented in figure 1. 
Note how well the first parts (reduction part as we discussed 
before) of all the partial reduction cases overlap with the full 
reduction kinetic curve. These curves make a sharp deviation 
from the full reduction kinetic curve at the exact moments 
when the reducing agent is turned off. Integration of a curve 
with regard to time gives the total amount of H2O produced 
in this process, which provides the experimental value for 
Rt(Ni) so the real reduction extent can be calculated. Table 1 
lists the predicted and real reduction extents determined from 
these experiments. For the first time, we demonstrate that it 
is probable to control the catalyst reduction extent in a wide 
range. The maximum difference between the experimental 

Figure 1: Hydrogen reduction kinetics for the catalyst with different reduction 
extents
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measured reduction extent and the expected reduction extent 
is 6%, which can be substantially improved if needed. 

Catalyst performance 
Catalyst activity

The catalyst activities of the 10wt.%Ni/γ-Al2O3 catalyst 
with different reduction extents were evaluated at 700 oC and 
1 atm. This temperature was chosen because it is prone to 
form carbon deposition at this temperature [49], so a dramatic 
change can be demonstrated as a result of the controlled 
reduction. The reaction gas was a mixture of equimolar CH4 
and CO2 with no dilution.  The reaction for the 41% reduced 
catalyst only lasted for 3 h due to rapid pressure increase in 
the reactor. In contrast, for the 75%, 89%, and 100% reduced 
catalysts, the reaction was carried out for 24 h and the pressure 
change was minimal. The CH4 and CO2 conversions as well 
as the H2, and CO production rates are presented in figure 2. 
A transient period is observed for the catalyst with all the 
different reduction extents. There seems to be some correlation 
between the consumption of certain reactant (as evidenced by 
its conversion kinetics) and certain product (as expressed by its 
production kinetics), which may shed light into the reaction 
mechanism for DRM. As shown in figures 2a and 2c, the 
kinetics for CH4 consumption and H2 production share quite 
similar features.  For all (including 41% reduced) cases, the 

transient time is about 100 min. Meanwhile, the kinetics for 
CO2 consumption and CO production are also quite similar as 

shown in figures 2b and 3d for all cases. Unlike CH4 and H2, 
the features are different for the 41% reduced case from other 
reduction conditions for CO and CO2. The transient period 
for CO2 consumption and CO production is about 200 min for 
100%, 89%, and 75% reduced catalysts while no such transition 
is observed for the 41% case. These results seem to suggest the 
following regarding surface reactions involved in DRM. H2 
comes directly from CH4 decomposition on the metal sites, 
which is a fast reaction and not affected much by the catalyst 
surface conditions; CO forms from CO2 gasification of carbon 
left behind in CH4 decomposition, which is a slower reaction 
and probably involves both surface oxide and metal sites.

Table 2 lists CH4 and CO2 conversions as well as H2 and CO 
production rates when the reactions are fully developed. Each 
parameter has a similar value for all conditions even though 
the 41% reduced case has a much higher pressure change than 
the others. The biggest difference is in CO production rate, 
even here, the difference is less than 5% among all. Note that 
the H2 production rate is lower than that of CO since some 
of the produced H2 further reacts with CO2 through reverse 
water gas shift (RWGS) reaction (CO2 + H2 → CO + H2O). 
It is not difficult to figure out from table 2 that about 8% of H2 
is lost in this way. Overall, the best performance is from the 
75% reduced catalyst, which only takes 8.3 min to reduce. The 
CH4 and CO2 conversions are 67.5% and 79.3%, respectively.

Catalyst stability 
For the 75% or higher reduced catalysts, the reaction is very 

stable in 24 h of reaction time as shown in figure 2. Pre- and 
post-reaction weight measurements give about 85 mg weight 
gain (see individual measurements in table S2) presumably 
due to carbon deposition. One advantage of the experimental 
setup is that it measures all gases involved including H2O with 
high accuracy thus allows carbon deposition rate and H2O 
production rate to be measured [48]. These two rates for all 
different reduction extents are shown in figure 3. The coking 
kinetics for the catalyst reduction conditions that allow for 
24 h of testing, i.e., 75%, 89%, and 100% reduction extents, 
are very similar. The coking rate reaches a maximum at some 
point and then decreases to about 0 at around 300 min, 
suggesting a delicate balance between carbon formation and 
carbon gasification is reached at the later stage of the reaction. 
It is safe to say that the reaction can probably go on for much 
longer time without significant deactivation.

Figure 2: Conversions of (a) CH4, (b) CO2, as well as (c) H2, and (d) CO 
production rates on the catalyst with different reduction extents. Reaction 
conditions: T=700 oC, P=0.1 MPa, GHSV of 12,000 ml·g-1·h-1, CH4/
CO2=1.

Table 2: Catalyst activity of the 10 wt.%Ni/γ-Al2O3 catalyst with different 
reduction extents. Reaction conditions: T = 700 oC, P = 0.1 MPa, GHSV 
of 12, 000 ml·g-1·h-1, CH4/CO2 = 1.

Reduc-
tion 

extent %

X(CH4) 
%

X(CO2) 
%

H2 production 
rate, mmol/

min

CO production 
rate, mmol/min

41 66.8 76.3 1.02 1.18

75 67.5 79.3 1.04 1.23

89 66.8 78.8 1.04 1.23

100 66 78.5 1.02 1.22

Table 1: Comparison between the experimental and expected reduction 
extents.

Reduction time 
(min)

Predicted reduction 
extent (%)

Experimental 
reduction extent (%)

1.5 39 41

8.3 69 75

16.9 83 89
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Interestingly, the kinetics of H2O production and carbon 
deposition are similar, suggesting possible correlation between 
the two reactions. As discussed before, the source of carbon 
formation is CH4 decomposition, which is a fast reaction. 
Thus, the carbon deposition is likely to occur if the carbon 
gasification reaction is not fast enough to catch up. Initially, all 
metal surface is available for CH4 to adsorb and decompose, 
thus, carbon starts to accumulate; at some point, substantial 
amount of the surface is covered by the carbon deposits, 
so CH4 decomposition will slow down and may reach an 
equilibrium with the carbon gasification. CO is the product of 
carbon gasification. Under the reaction conditions, some CO 
is also produced via RWGS, producing same amount of H2O.  
Therefore, the H2O production rates in figure 3b are also the 
CO production rates by RWGS. The water production rate 
is higher for the 41% reduced catalyst when the reaction was 
stopped than the others having higher reduction extents in 

the stable operation stage; in contrast, the CO production rate 
is lower for the 41% reduced catalyst. Evidently, the carbon 
gasification rate is lower for the 41% reduced catalyst than the 
others. From the data, it is not difficult to estimate that the 
gasification rate is lowered by about 5% for the 41% reduced 
catalyst than the others. It is this small a difference that leads 
to a premature cessation of the reaction.

Without proper control, many earlier works found that 
both physical and chemical properties varied under different 
pretreatment conditions and met with the difficulty to study 
their individual effects on the catalyst performance. In this 
work, there was a significant difference in the Ni reduction 
extent, meanwhile, these catalysts experienced same reduction 
temperature and reaction conditions. Post reaction XRD 
characterization shows that the physical properties especially 
the Ni particle size are almost identical among the catalysts. The 
XRD pattern of the fresh catalyst mainly shows the diffraction 
peaks of γ-Al2O3 (Figure S1). The XRD patterns of the spent 
catalysts are shown in figure 4. The spent catalysts present a 
typical diffraction peak of graphitic carbon at around 26°. The 
peak intensity is the lowest for the 41% reduced catalyst, which 
is consistent with the weight measurements presented in  
table S2. Diffraction peaks of metallic Ni are clearly present 
at 44.5°, 51.8° and 76.4°. The Ni crystallite sizes in the spent 
catalysts were estimated to be 15 nm for all the catalysts 
with different reduction extents. Therefore, it is reasonable 
to conclude that the difference of the catalyst performance is 
caused by the difference in the chemical composition of the 
catalyst, more specifically, the Ni reduction extent.

Thermodynamic equilibrium conversions 
A catalyst promotes different chemical reactions, increases 

reaction rates, and help reactions to reach thermodynamic 
equilibrium, but the thermodynamic equilibrium cannot be 
crossed. It is quite straightforward to compare two catalysts 
and judge which one is more active by comparing their 
conversions. It is less so to make a statement as a catalyst being 
active or inactive without discussing the thermodynamic limit 
of conversion. The driving force behind a chemical reaction is 
the natural tendency of the chemical system to reach lower 

Table S1: Predicted hydrogen reduction extent of the catalyst at different 
reduction time.

Reduction time (min) Predicted reduction extent (%)

0.32 5

0.46 10

0.59 15

0.72 20

1.05 30

1.26 35

1.53 40

1.92 45

2.5 50

3.37 55

4.7 60

6.47 65

8.47 70

11.07 75

14.36 80

19.13 85

26.53 90

41.53 95

136 100

Figure S1: XRD of the γ-Al2O3 sample and the fresh 10 wt. %Ni/γ-Al2O3 
catalyst.

Figure 3: (a) Coking rates and (b) H2O production rates on the catalyst 
with different reduction extents. Reaction conditions: T=700 oC, P=0.1 
MPa, GHSV of 12, 000 ml·g-1·h-1, CH4/CO2=1.
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total Gibbs free energy of its constituents. The total Gibbs 
free energy is a function of temperature, pressure, and 
the chemical composition of the system. The chemical 
composition varies with time while reactions proceed. 
It doesn’t change randomly but is constrained by its 
initial composition and relevant reaction stoichiometries. 
Thermodynamic calculation can be performed in a few 
ways with Gibbs energy minimization being widely 
applicable and effective [50]. The difference between 
thermodynamic calculation and real-world reaction is clear 
as well as their relevance. In thermodynamic calculation, 
it proceeds as if there is a super catalyst that catalyzes all 
probable reactions to their fullest extents such that the 
total Gibbs free energy of the system reaches its minimum. 
In contrast, in a real reaction system, the catalyst usually 
is selective, meaning it enhances the probable reactions 
to different extents, and because of the limitation in 
reaction time and kinetics, the system usually does not 
reach its lowest total-Gibbs-free-energy state. Thus, the 
thermodynamic calculation usually predicts the highest 
conversion of reactants in real reactions that are similar 
in reaction conditions as in the calculation. For example, 
the calculation may not be applicable to reactions taking 
place in a membrane reactor in which one of the products 
is continuously removed, a situation that is significantly 
deviated from a closed system [51].

For DRM, there have been extensive thermodynamic 
analysis works in the literature, and several of them cover 

the reaction conditions used in this work, i.e., 700 oC, 1 
atm, and a ratio of CH4: CO2=1:1 with no dilution. CH4 
and CO2 conversions would be the same if only DRM 
takes place (Equation 1), however, since other reactions 
exist (such as RWGS which consumes extra CO2), CH4 
and CO2 conversions are not expected to be the same. 
Which conversion is higher may give hints regarding 
which probable reaction(s) are significant. There is, 
however, no consensus in this regard in the literature 
(Table S3). Two groups reported a CH4 conversion at 
thermodynamic equilibrium at 56 or 74%, and for CO2 
conversion, 75 or 84% [50, 52]. Meanwhile, there exist 
six other reports having CH4 and CO2 conversions 
backwards with their values in the range of 90~92% and 
65~68%, respectively [53-58]. As a matter of fact, almost 

all experimental results have higher CO2 conversion 
than CH4 conversion, which is consistent with the 
minority findings of the thermodynamic investigations. 
However, to make things a little more confusing, it is not 
uncommon that experimental works report higher CH4 
and CO2 conversions than what the minority findings 
point to [59-63]. The inconsistence most likely comes 
from a common practice in catalyst evaluation using gas 
chromatography (GC), which measures molar fractions 
of gases in a mixture. As pointed out in the previous work 
[48], it is a common mistake to calculate the CH4 and 
CO2 conversions using molar fractions measured by GC 
with the following equation: Xi(%) = (1-Ci,out/Ci,in) · 100%, 
where Xi(%) is the conversion of a particular reactant, Ci,in 
and Ci,out are the influent and effluent molar fractions of the 
reactant [62, 64-66]. In fact, the correct way to calculate the 
conversion is as equation 4,

,             (4)

where Ft,in and Ft,out are the total molar flow rates of all 
gases in the influent and the effluent, respectively [47]. 
Since DRM is a reaction leading to an increase in the 

Table S3: Thermodynamic equilibrium conversions for CH4 and CO2 
reported in the literature for DRM. Reaction conditions: T = 700 oC, P = 
0.1 MPa, CH4/CO2 = 1 with no dilution. (These values were read from the 
graphs in the references and may not be absolutely accurate).

Reference[a]
CH4 conversion 

(%)
CO2 conversion (%)

Aramouni et al., [50] 56 75

Istadi et al., [52] 74 84

Nikoo et al., [53] 92 66

Chein et al., [54] 92 65

Jafarbegloo et al., [55] 90 68

Noureldin et al., [56] 90 67

Challiwala et al., [57] 91 65

Li et al., [58] 90 66

Figure 4: XRD patterns of the spent catalysts with different reduction extents.

Table S2: Experimentally measured total amounts of carbon for the catalyst 
with different reduction extents.

Experimental 
reduction extent (%)

Reaction 
time (h)

Weight 
gain (mg)

Average coking rate 
(mgcoke·gcat

-1·h-1)

41 3 45 75

75 24 84 18

89 24 96 20

100 24 76 16
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total number of moles of the system, Ft,out is always larger 
than Ft,in. Thus, using the improper equation will result in 
higher conversions than their real values, and the difference is 
not small. For example, the CH4 and CO2 conversions for the 
75% reduced catalyst in this work are 67.5% and 79.3%, these 
numbers would become 81.1% and 87.9% if the improper 
equation were used. It is important to note that even with the 
improper equation, the resulting CH4 and CO2 conversions 
are in the right order, i.e., it doesn’t change the fact that the 
CO2 conversion is higher. Thus, almost all experimental works 
support the findings of the thermodynamic calculations that 
reported higher CO2 conversion than CH4 conversion. The 
thermodynamic equilibrium conversions for CH4 and CO2 
reported in Aramouni’s work were 56% and 75%, lower than 
the experimental results in this work (67.5% and 79.3% for 
CH4 and CO2 conversions, respectively) [50]. Thus, it appears 
that the most reasonable thermodynamic calculation that 
is consistent with all the experimental works is by Istadi et 
al., having CH4 and CO2 conversions of 74% and 84% at 
thermodynamic equilibrium [52].

Our catalyst performance after controlled reduction is 
comparable to the best catalysts reported in the literature. The 
highest CH4 and CO2 conversions in the literature that were 
properly measured is probably the Ni@SiO2 work reported by 
Wang et al. with the initial conversions of CH4 and CO2 at 
75% and 82%, respectively [67]. From a stability test at 750 oC, 
deactivation was observed for H2 and CO yield rates within 50 
h on stream. For DRM, 700 oC is a temperature more prone to 
carbon deposition than 750 oC. Thus, it’s safe to conclude that 
this catalyst had a superior initial performance and significant 
deactivation is likely at 700 oC.  Among the many works that 
did not mention the use of internal standard while using GC to 
evaluate the catalyst performance in DRM [59, 60, 62, 66, 68-
70] the Ni-CaO-ZrO2 catalyst reported by Sun et al. showed 
the highest activity with CH4 and CO2 conversions being 
around 79% and 87.5% during the stable reaction period [59]. 
If properly determined, these values would likely be slightly 
lower than the numbers we have had in the current work. No 
deactivation was observed for this catalyst within the 100-h test.

Conclusion
In conclusion, we have turned an ordinary Ni/Al2O3 

catalyst into a super performer with excellent stability and high 
activity evidenced by CH4 and CO2 conversions being close to 
thermodynamic limit.  This was made possible by scientifically 
controlling the reduction process that activates the catalyst 
leading to significantly different performance. Our control 
technique is robust, allowing accurate control of reduction 
extent in full range. In catalysis, pretreatment processes such 
as the reduction process are usually performed more based 
on individual preference or “gut feeling” rather than scientific 
evidence. This work provides a living example that effective 
monitoring and accurate controlling of these pretreatment 
processes will not only improve the repeatability of catalyst 
evaluation, but can also be an effective way of tuning catalyst 
performance without involving exotic catalyst formulation 
and difficult synthesis methods.
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