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Abstract: Steam reforming of light hydrocarbons provides a promising method for
hydrogen production. Ni-based catalysts are so far the best and the most commonly used
catalysts for steam reforming because of their acceptably high activity and significantly
lower cost in comparison with alternative precious metal-based catalysts. However, nickel
catalysts are susceptible to deactivation from the deposition of carbon, even when
operating at steam-to-carbon ratios predicted to be thermodynamically outside of the
carbon-forming regime. Reactivity and deactivation by carbon formation can be tuned by
modifying Ni surfaces with a second metal, such as Au through alloy formation. In the
present review, we summarize the very recent progress in the design, synthesis, and
characterization of supported bimetallic Ni-based catalysts for steam reforming. The
progress in the modification of Ni with noble metals (such as Au and Ag) is discussed in
terms of preparation, characterization and pretreatment methods. Moreover, the
comparison with the effects of other metals (such as Sn, Cu, Co, Mo, Fe, Gd and B) is
addressed. The differences of catalytic activity, thermal stability and carbon species
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between bimetallic and monometallic Ni-based catalysts are also briefly shown.

Keywords: hydrocarbons steam reforming; nickel; gold; bimetallic; surface alloy;
support modification

1. Introduction

Production of synthesis gas from natural gas and Fisher-Tropsch synthesis from the synthesis gas
have become very important in the chemical industry for reasons related to the soaring petroleum
price, depletion of oil reserves, and environmental problems with exhaust gases [1-3]. Steam
reforming of methane and other hydrocarbons has been an extremely important process for the
production of synthesis gas [4—6]. Steam reforming is the conventional method to produce synthesis
gas from natural gas and is utilized on the industrial scale, which is highly endothermic reaction as
indicated below (Equation (1)).

CH, + H,0—CO + 3H, AH"505 x =+206 kJ-mol ™" (1)

In industry, hydrogen is practically produced from natural gas and mainly used for the ammonia
synthesis [7-9]. Recently, much attention has been paid to the hydrogen production relating to the fuel
cell technology [10—12]. Moreover, many efforts have been made in developing dry (CO,) reforming
of methane as a practical way to utilize CO, as a building block in organic syntheses (Equation (2))
[13,14].

CH,4 + CO,—2CO + 2H, AH 305k =+286 kJ'mol™'  (2)

It has been pointed out that one problem in methane reforming is carbon deposition on the catalyst
surface, which causes the catalyst deactivation. There are two principal carbon deposition pathways for

steam reforming of methane: the methane decomposition (Equation (3)) and the CO disproportion
(Equation (4)).

CH,—C + 2H, AH"y0sx =+75 kI'mol ™ 3)
2C0—C + CO, AH305¢ =—172 kJmol™'  (4)
CH, + 20,—CO, + 2H,0 AH 505 = —806 kJ'mol™'  (5)

The tendency to carbon deposition may depend on the atomic ratio O/C and H/C in the feed gas.
Lower H,O/CHy4 and H,/CO ratios correspond to higher tendency toward coke formation [15]. This
means that the tendency of carbon deposition in the dry reforming of methane is much higher than that
in the steam reforming of methane. Coke formation is relatively severe over the catalysts used for CO,
reforming at high temperatures (> 1073 K).

For steam and dry reforming of methane, the catalyst bed has to be heated from the outside of the
reactor by the combustion of methane (Equation (5)). Therefore, the reaction rate is limited by the heat
transfer and the scale merit of the syngas production by this method is low. Other combined
technologies such as autothermal reforming, oxidative reforming, and so on, are used to realize the
large-scale synthesis gas production. For example, oxidative steam reforming of methane, in which O,
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is introduced to the catalyst bed together with methane and steam, is a promising method for syngas
production because the reaction conditions can be adjusted by balancing exothermic combustion and
endothermic reforming to an autothermal system.

Reforming of methane with steam and CO; is catalyzed by various transition and noble metals such
as Ni, Co, Ru, Rh, Pd, Pt, efc. The catalytic activity of metal catalysts supported on Al,03;-MgO was
reported to follow the order: Ru > Rh > Ir > Ni > Pt [16]. Ni has a comparable activity to noble-metal
catalysts, and that higher loading amount of Ni is feasible in terms of the catalyst cost in order to
increase the activity per catalyst volume. Although Ni is inferior to noble metals regarding the
resistance to carbon deposition and catalyst oxidation, the high resistance to coke formation and
catalyst oxidation can be realized by the addition of very small amounts of noble metals. The
modification of Ni catalysts with small amounts of noble metals such as Pd, Pt, Ru, Rh and Ir has been
well reviewed [1-3] and it has been demonstrated as a promising approach to design catalysts with
excellent performances for methane reforming.

The present review article is related to the effects of modification of Ni catalysts by other metals
(such as Au, Ag, Sn, Cu, Co, Mo, Fe, Gd and B), with particular attention being devoted to bimetallic
Ni-Au catalysts. It is well known that the preparation method strongly influences the structure of
bimetallic systems. The first part of this work is, therefore, devoted to the structural differences of
catalysts prepared by different methods. In the second part, the resistance to coke formation in the
steam reforming of methane, as well as the relationship between the catalytic performance and the
structure of bimetallic catalysts, are discussed.

2. Preparation and Structure of Ni Catalysts Modified with a Small Amount of Second Metals

Table 1 lists the chemical composition of the main Ni-M catalysts (M = Au, Ag, Sn, Cu, Co, Mo,
Fe, Gd and B) for hydrocarbon reforming [17-57] recently reported in the literature. Some typical
examples are discussed in detail in the present review.

Table 1. List of Ni catalysts modified with a second metal reported in this review:
chemical composition and catalytic reactions.

Ni Second
Second Molar ratio .
Catalysts content . Reactions metal Refs.
metal (M/Ni)
(wt%) effects
Au/Ni/MgAl1,04 Au 16.5 0.0054 SR of n-butane C [17-19]
Au/Ni/MgAl1,04 Au 8.8 0.0034-0.034 SR of methane C [20]
Au/Ni/MgAl1,0, Au 8 0.019 SR of methane CA [21]
Au-Ni/ALO; Au 8 0.038 SR of methane CA [22-24]
Au-Ni/Al,O4 Au 8 0.075 PO of methane CA [25]
Au-Ni/CrAl;O0q Au 5 0.0060-0.12 PO of methane CA [26,27]
Au-Ni/MgO-Al,O; Au 5 0.12 PO of methane C [28]
AuNiAl LDHs(Cp) Au 79.5 0.011 SR of methanol - [29]
Au/Ni/GDC(Dp) Au 65 0.01-0.04 SR of methane C [30]
 AUNVYSZ(Cs) Au 0 0.01-0.05  SRofmethane c B
Ag-Ni/AL,O4 Ag 8 0.038 SR of methane C [22-24]
Ag-Ni/AL,O4 Ag 15 0.0036-0.022 SR of methane C [32]
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Table 1. Cont.

Ag-Ni/ALLO, Ag 15 0.011 SR of methane C [33]
AgNi/YSZ(Cs) Ag 50 0.01-0.05 SR of methane C [34]
Ag/Ni/MgAl,O, Ag 7.93 0.5 SR of butane C,S [35]
___AgMNialloy  Ag - R SR . C 13

Sn-Ni/Al,O; Sn 7.0-71.8  0.014-0.17 SR C [37]
Sn/Ni/AL,O5 Sn 35 0.0049 SR of methane C [38]
SnNi/YSZ(Cp) Sn 15 0.0049 SR C [39-41]
Sn-Ni/MgO-Al,04 Sn 11.25 0.16 SR of methanol C [42]
... SoNi3alloy | Sn 033 SR C. 4]
Cu-Ni/ALL,O; Cu 8.72 0.0092 SR of methane A,S [44]
Cu-Ni/Al,O3 Cu 3-7 0.40-2.16 SR of methanol S,C [45]
Cu-Ni/AL,O4 Cu 5 0.92 SR of methane C [46]
Cu-Ni/SiO, Cu 1.25-3.75 0.33-3 SR of ethanol A,C,S [47]
Cu-Ni/AL,O4 Cu - 1 SR of methane C [48]
Cu-Ni-Mg-Al(Cp) Cu - - DR of methane C [49]
__CuNi(lllalloy — Cu - - .- SRofmethane  C _ [50]
Co-Ni-Mg-Al(Cp) Co - 1.36 DR of methane AC [49]
Co-Ni/YSZ Co 25,34 0.44,0.92 SR of ethanol S [51]
Co-Ni/ZrO, Co 13,8.7 1.00,0.500 DR of methane A,C,S [52]
Mo03/Ni/Al,O4 Mo - - SR of n-butane C [53]
MoO3/Ni/ALO; Mo 17 0‘30004488_ SR of n-butane AC [54]
Mo/Ni/Al,O; Mo 60 000030~ SR of methane A [55]
0.0020
Fe-Ni(Cp) Fe - 0.33-1 SR of ethanol AC [56]
GdNi/AL,03(Cs) Gd 7 0.12 PO,SR,DR C [57]
B/Ni/Al, 04 B 15 0.18,0.36 SR of methane C [58]

M/Ni, sequential impregnation, M-Ni, co-impregnation, Cp, co-precipitation; Dp, deposition-precipitation;
Cs, combustion synthesis; SR, steam reforming; PO, partial oxidation; DR, dry reforming; ATR, autothermal reforming;

A, activity; C, coke resistant; S, selectivity.
2.1. Ni Metal Particles Modified with Au

Norskov and co-workers [17-19] have reported that Au/Ni surface alloy on the Ni particles (on
Si0, and MgAl,04) was active for steam reforming and more resistant towards carbon formation than
the pure Ni catalysts. The Ni/SiO, and Ni/MgAl, O, with high surface area were prepared by
precipitation-deposition and pore filling of the spinel support with Ni-nitrate, respectively. The
bimetallic Au/Ni catalysts were prepared by carefully impregnating the reduced monometallic Ni
catalysts with an aqueous solution containing Au(NH3)4(NOs);. After filtering, the products were dried
in air at 383 K. They described in details how Monte Carlo simulations and various physicochemical
characterization tools such as transmission electron microscopy (TEM), in situ extended X-ray
absorption fine structure measurements (EXAFS), and X-ray powder diffraction (XRD) were used to
get information on the existence of the Au/Ni surface alloy in the small particle system encountered in
the supported catalysts [18]. By fitting the back-transformed Au L3 spectrum of silica supported Au/Ni
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catalyst, the nonzero value of the Au-Ni coordination number was observed and gave evidence for the
presence of Ni in the nearest neighbor environment of Au. However, the Au-Au coordination number
was larger than what could be expected for an Au surface alloy. Therefore, they took into account that
XAFS probed all Au present in the catalyst; also Au presented as large Au particle as evidenced by
TEM and XRD results. Linear combinations of calculated Au L; XAFS functions of bulk Au and
Au/Ni surface alloys were compared to the experimental data by varying the amount of Au on Ni in
the particles as well as the relative amount of bulk Au. The best fit results in 73% of the Au presented
as bulk Au and the remainder of the Au presented as a surface alloy (molar ratio Au/Ni = 0.10) on a Ni
particle with a diameter of 1.8 nm. No significant differences were observed between the EXAFS
spectra and the Fourier transformed data of the freshly reduced catalyst and the catalyst after steam
reforming in diluted n-butane.

King and co-workers [20] have reported that the addition of small quantities of gold to the surface
of supported nickel catalysts has been proved to retard carbon formation during hydrocarbon steam
reforming. After Ni/MgAl,O4 being impregnated with Au, the sample was dried in ambient air, heated
in flowing He at a rate of 1 K/min to 473 K, than held isothermally at 473 K for at least 8 h. Table 2
shows the results of fitting the back-transformed Au L;-edge data with both the Au-Ni and Au-Au first
coordination shells. Increasing Au loadings resulted in increased Au-Au interaction and a parallel
decrease in Au-Ni interaction. For the 0.1 wt% Au/8.8 wt% Ni sample, an average coordination
number was 5.3, with a negligible coordination number of Au-Au interaction. This means that at the
lowest Au loading (0.1 wt%), only Au-Ni bonds are detected. Furthermore, the XANES analysis of the
Au-Ni/MgAL,O, catalysts revealed changes in both the Ni K-edge and Au Ls-edge white line
intensities, indicative of transfer of electronic charge from Au to Ni as a result of surface alloy formation.

Table 2. Structural parameters derived from fitting Au L3-edge EXAFS data for Au-8.8%
Ni/MgAl,Oy after reduction at 500 °C [20].

concel:::'ation Au L;-edge fitting Au-Ni Au L;-edge fitting Au-Au R factor
(%) C.N. R(A) A’ x 10°  AE, C.N. R(A) A’ x 10°  AE, (%)
0.1 53+1.1 258+0.01 65+1.6 02 - - - - 4.7
0.2 49+1.1 259+£002 74+x16 42 40+13 2.97 £0.04 83+43 5.4 4.9
0.4 3.7+£0.7 258+0.01 55+0.1 28 6015 2.82+0.01 7.7+1.8 4.9 2.1
1.0 28+03 257+001 43+07 4.1 7.6+1.0 2.84+0.01 6.5+0.6 6.3 4.7

Besides, the pretreatment also will influence the Au-Ni surface alloy formation. Table 3 shows a
significant Au-Ni nearest-neighbor interaction when the Ni component is in the reduced state, but there
appears to be no interaction between Au and oxidized Ni atoms.

Recently, Lazar et al. [22-24] have synthesized the 1.0 wt% Au-7.0 wt% Ni/y-Al,O; catalyst by
co-impregnation method and found that the addition of Au improved the methane conversion, CO;
selectivity and H, production at low temperatures (7' < 600 °C). The impregnated catalysts were dried
at room temperature overnight, calcined in Ar at 823 K and then, reduced in H, at 823 K. Taking all
characterization results (XRD, H, chemisorption and TEM) into account, they concluded that in the
Ni-Au/y-Al,O3 catalysts prepared by co-impregnation and reduced at 823 K, no significant interaction
of Au with Ni has been proved to appear and no formation of a superficial Au-Ni surface alloy was
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observed [24]. Maniecki et al. [25] have also prepared 2.0 wt% Au-10.0 wt% Ni/Al,Os catalysts by
co-impregnation method and found that the addition of gold improved catalyst stability and activity in
POM reaction. After drying they were calcined for 4 h in air at 673 K. The temperature programmed
in situ XRD patterns for NiO-Au mechanical mixture in (5% H, + 95% Ar) gas mixture is presented in
Figure la. It can be observed that the reduction of free NiO takes place above 473 K and at the
temperature of 563 K only metallic Ni and Au phases are detectable. Further increase of temperature
up to 1153K leads to gradual shifts of 20 values that characterize the Au-Ni alloy formation. Finally, at
1153 K only XRD lines assigned to Au-Ni alloy phase are visible. Figure 1b shows that Au-Ni alloy
formation occurs in the mixture of 80 wt% NiO-20 wt% Au after partial oxidation of methane at 1153 K,
after reduction in (5% H; + 95% Ar) stream, at 1153 K, and for 8 wt% Ni-2 wt% Au/AL,O; catalyst
after partial methane oxidation (POM) reaction at 1153 K. One can see that the Au-Ni alloy is formed
in the reductive gas atmosphere and after reaction. The formation of Au-Ni alloy during high
temperature POM reaction is experimentally proved on 8 wt% Ni-2 wt% Au/Al,O; catalyst surface.
The mechanism of the formation of the bimetallic particles mentioned above is described in Figure 2
on the basis of the above in situ XRD characterization results.

Table 3. Structural parameters derived from fitting Au Ls-edge EXAFS data for
Au/MgAl,0O4 following either oxidation or reduction, and for Au/Ni/MgAl,O4 after
oxidation, all at 500 °C [20].

Catalysts Pretreatment C.N. RA) Ac’x10° AE, R factor (%)
0.2% Auw/MgO-AlL,0, Reduced at 500 °C 113£06  2.86+0.002 24+03 562 0.4
0.2% Au/MgO-AlL,0, Oxidized at 500 °C 11.0+0.6  2.86+0.002 19+03 5.62 0.4
0.2% Au-8.8% Ni/MgO-Al,04 Oxidized at 500 °C 11.9+09  2.87+0.003 20+04 489 1.0

Figure 1. XRD patterns for (a) nickel oxide (80%)-gold (20%) mechanical mixture
reduced in situ in (5% H; + 95% Ar) gas mixture at different temperatures, and (b) (80%
NiO-20% Au) mixture after partial oxidation of methane at 1153 K, after reduction in (5%
H, +95% Ar) at 1153 K and for 8%Ni-2% Au/Al,Os catalyst after reaction at 1153 K [25].
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Figure 2. Model of the formation mechanism of Ni-Au bimetallic particles during the
reduction pretreatment Al,O3 supported catalyst.
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2.2. Ni Metal Particles Modified with Ag

Bueno and co-workers have prepared Ni/y-Al,O; modified with Ag by co-impregnation
method [32,33]. The impregnated samples were dried at 353 K overnight and calcined under flowing air at
723 K for 2 h. Finally, the samples were reduced in H, flow, heated at 10 K/min and held at 1073 K for
2 h. Figure 3 shows the in sifu Ni K-edge XANES-TPR-H; spectra of the oxidized 5 wt% Ni/y-Al,0O3
and that doped by 0.6 wt% Ag at different temperatures. The results indicate that two different species
of Ni (II) are reduced in AgNi/y-Al,O;. There is no obviously shift in the threshold for reduced
catalysts with higher Ag loading, with low contribution of Ag-Ni bonds relative to that of bulk Ni-Ni
bonds. However, the presence of Ag changes the surface structure of the Ni sites that may be related to
the nucleation and growth of graphitic structure. The catalysts with Ag loading >0.3 wt% submitted to
stability tests showed high resistance to coke deposition.
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Figure 3. In situ XANES spectra of 0.6Ag5NiAl (A) and 5NiAl (B) samples under
reduction conditions from 323 to 973 K [32].
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Recently, Kang ef al. [35] have prepared 15 mol% Ag/15 mol% Ni/MgAl,O4 and 15 mol% Ni/15
mol% Ag/MgAl,O4 catalysts by the sequential wetness impregnation method. After being impregnated
with Ag or Ni, the sample was dried in ambient air, heated in flowing air at a rate of 10 K/min to 773 K,
and then held isothermally at the final temperature for at least 1 h. The reduction of the catalysts were
performed in H; at 973 K for 2 h, followed by cooling to room temperature under Ar. Figure 4 shows
the catalytic phase change and n-butane reforming mechanism. The catalytic performances differ
according to the order in which the metal precursors are added. Ag is added between Ni and Al in an
attempt to decrease the catalytic deactivation induced by the strong sintering between them during
n-butane steam reforming, while simultaneously improving the catalytic activity. Consequently, their
synergistic effect is different from that between Au and Ni nanoparticles as mentioned above. It gives a
new interpretation about the effect of Ag in the bimetallic catalysts.

Figure 4. Expected phase transformation in the butane reforming before and after butane
reforming reaction [35].
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More recently, a density functional theory study of the effect Ag on the control of Ni-catalyzed
carbon formation has been reported [36]. The calculated results indicated that the activation energy for
methane dissociation was increased with the Ag coverage on Ni(211) surface than that on pure
Ni(111), the active center was transferred from the stepped surface to the close-packed surface. The
middle-step sites acted as the nucleation center for the growth of filamentous carbon and therefore had
the potential to prevent catalyst nanoparticles from being destroyed. These findings provided a rational
interpretation of the experimental observations that Ag/Ni surface alloy exhibited lower catalytic
activity towards steam reforming of methane but high resistance to coke formation.

2.3. Ni Metal Particles Modified with Other Metals (Sn, Cu, Co, Mo, Fe, Gd and B)

Linic and co-workers have extensively investigated Ni and Sn-Ni alloy catalysts for hydrocarbons
(methane, propane and isooctane) steam reforming [38—41]. By employing the Density Functional
Theory (DFT), calculations on Ni and Sn/Ni catalysts supported over 8 mol% yttria-stabilized zirconia
(YSZ) showed they identified Sn-Ni alloy as a potential carbon-tolerant reforming catalyst. Their DFT
calculations showed that the formation energy of Sn/Ni surface alloy was lower than the formation
energy of Sn bulk alloys or than the formation energy corresponding to pure Sn and Ni phases,
therefore, suggesting that the formation of Sn/Ni surface alloy was thermodynamic favorable. It was
deduced that Sn could displace Ni atoms from the step-edge sites, which effectively repelled C atoms
from the low-coordinated step sites. This result indicated that Sn atoms lower the tendency of the
surface alloy to form coke as confirmed in Figure 5b,c. Figure 5d shows the post-reaction STEM
micrograph of Ni and Sn/Ni. Ni particles are completely covered with carbon deposits while Sn/Ni is
carbon-free. Furthermore, elemental mapping of Sn/Ni particles via line scan (STEM/EDS) suggests
surface alloying. Lower panel (Figure 5d) shows that Sn/Ni ratio diminishes as the probe moves from
the particle bottom edge upward, indicating the Sn surface enrichment.

It has been reported that the introduction of Cu in the catalyst formulation suppresses coke
deposition and the sintering of the active phase, in steam/dry reforming of hydrocarbons [44—50].
Fornasiero et al. [45] have comprehensively studied the methanol and ethanol steam reforming activity
of a series of Ni,Cu,/ALO;s catalysts prepared by wet-impregnation method. Figure 6a shows a
progressive shift of the metallic phase peaks. The XRD pattern shows diffraction peaks in an
intermediate position, indicating the formation of a Ni-Cu surface alloy. The composition and the
number of alloys depend on the Ni:Cu ratio. Figure 6b shows the comparison between the
experimental cell parameter a of the metallic phases and the theoretical value calculated by Vegard’s
law for intermediate composition. The cell parameter of Ni;Cu; and NisCus is appreciably different
with respect to the theoretical values. When the Ni:Cu ratio decreases the lattice parameter increases.
There may be two metal phases: a Cu rich alloy and a Ni-rich alloy, existed in the Ni3Cu;. Whereas,
only one cubic structure alloy is detectable for the metal phase in the NisCus. The discrepancy between
the observed and theoretical cell parameters suggests that, also in this case, two metal phase alloys
could be present.
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Figure 5. (a) normalized conversion; (b) Ni 2p XPS spectra after isooctane reforming on
Ni (red) and on Sn/Ni (blue); (¢) XRD spectra for post-isooctane Ni and Sn/Ni, and for
fresh Ni catalysts, and (d) post-reaction STEM micrograph of Ni and Sn/Ni [38].
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The effect of the addition of Co on Ni-based systems was also studied [51,52]. Ni-Co catalysts with
different composition Ni(;-,)Coy (x = 0, 0.32, 0.5) were prepared on yttria-stabilised zirconia (YSZ) as
catalysts for ethanol steam reforming. TEM micrographs of the catalysts, 50 wt%Ni/YSZ and
Ni(25 wt%)-Co(25 wt%)/YSZ (labeled as NiysCo,5/YSZ) are shown in Figure 7a—c, respectively. The
materials are composed of a powder which is heterogeneous in size. As detected by EDS analysis,
50 wt%Ni1/YSZ is composed by relatively large Ni clusters (whose crystal size is tens of nm) deposited
over small particles of YSZ support, better shown in Figure 7b (crystal size = 5nm). The TEM
micrograph of NiysCo,s/YSZ catalyst is shown in Figure 7c. Isolated crystals of Ni-Co alloy, with
particle size of 50-100 nm, were detected along with smaller particles mainly constituted by the YSZ
support. XRD analysis of the Ni-Co catalysts confirmed the alloy formation, showing a progressive
increase of the lattice parameter from 3.524 A (for pure Ni) up to 3.529 A determined for Ni;_Co,
alloys in agreement with Vegard’s law (Figure 7d). Moreover, Gonzalez-delaCruz et al. [52] reported
that bimetallic Co-Ni catalysts showed a better activity and stability than the nickel monometallic
system. They proposed the formation in the bimetallic systems of a more reducible nickel-cobalt alloy
phase, which remains completely metallic in contact with the CO,/CH4 reactants at any temperature.
The strong synergic effect between Ni and Co sites accounts for the better performance of the
bimetallic catalysts.

Figure 7. TEM micrographs of fresh catalysts: (a and b) 50 wt% Ni/YSZ sample;
(€) Ni(25wt%)-Co(25wt%)/YSZ sample; (d) lattice parameter a (A) vs. Xc,, Co loading,
for Ni-Co alloys [51].
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The promoting effect of small amounts of molybdenum oxide (0.1 wt%) on the resistance to coking
of Ni/Al,Os catalysts for methane and n-butane steam reforming were investigated by Borowiecki and
Golebiowski [53,54]. The properties of Ni-Mo catalysts depend on the hydrogen-steam ratio in the
reaction mixture which affects the mean degree of oxidation states of MoO,. The addition of Mo to
Ni/AL,O; catalysts for methane steam reforming was recently investigated also by Maluf and Assaf [55],
who found evidence of the transfer of electrons form MoQO, species to Ni, leading to an increase in the
electron density of metallic Ni, and hence, the catalytic activity.

Interestingly, for the first time, a variety of Ni-Fe mixed oxides derived from Ni-Fe hydrotalcite has
been reported by Abelld et al., for ethanol steam reforming [56]. They observed a positive role of iron
in nickel-based catalysts in terms of enhanced catalytic activity, improved dispersion of nickel and
lower carbon deposition.

The effects of lanthanide promoters (La;O3, CeO,, Pr,03, Sm,0; and Gd,03) on a Ni/Al,O5 catalyst
for methane partial oxidation, steam and CO, reforming were recently addressed by Shao and
co-workers [57]. Raman spectroscopy indicated that the addition of lanthanide promoters can reduce
the degree of graphitization of carbon deposited over nickel. Moreover, O,-TPO results evidenced that

among the investigated systems, GdNi-Al,O; posses the best coke resistance.

Figure 8. B 1s XPS spectra for calcined and reduced 15 wt% Ni/y-Al,O3 catalysts with

various B contents [58].
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Based on first principle calculations, Saeys and Borgna [58] proposed that a small amount of boron
could possibly enhance the stability of Ni catalysts. Since B and C exhibit similar chemisorptions
preferences on Ni catalysts, a small amount of B might selectively block the most stable binding sites.
Blocking most active sites first by B, therefore, potentially reduces coke deposition. Supported Ni
catalysts were prepared by aqueous slurry impregnation with a nickel nitrate solution to produce Ni
content of 15 wt% on a commercial y-Al,O3 support (BET area: 380 m?*/g). After drying at 353 K
overnight and calcination at 673 K for 2 h, boric acid was sequentially introduced following the same
preparation procedure to produce B content of 0.5 or 1.0 wt%. The XPS spectra (Figure 8) suggest that
only B atoms interacting with Ni particles can be reduced, while a significant amount of boron oxide,
probably interacting with the y-Al,O; support, cannot be reduced. Because y-Al,Os; without Ni
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impregnated with 1 wt% B and subjected to the reduction procedure, no shift in the B 1s XPS peak
could be found (not shown). The characterization studies indicate that boron might adsorb on both
the Ni particles and the y-Al,O; support, and that 1 wt% B is sufficient to block the step and
subsurface sites.

3. Catalytic Activity of Ni-Au Catalysts and Comparison with Other Ni-Based
Bimetallic Systems

Among the above mentioned bimetallic Ni-M systems, some examples have been selected for
comments on catalytic activity.

Norskov and co-workers have proved that Au-Ni surface alloy catalyst is a less reactive but more
robust steam reforming catalyst than pure Ni catalyst by experimental tests and theoretical calculations
by using CH4 and n-butane as probe molecules [17-19]. The Au/Ni catalyst hardly deactivates,
whereas the pure Ni catalyst rapidly forms carbon and deactivates. Thus, the Au/Ni catalyst exhibiting
the surface alloy is more resistant towards carbon formation than the pure Ni catalyst. King and
co-workers then have comprehensively studied the loss of activity as a result of Au promotion, as well
as the effect of Au addition on methane steam reforming under typical conditions of industrial
reformer operation [20]. They found that carbon formation was not totally suppressed, and with
increasing temperature, the effect of Au addition decreased. Addition of 0.4 wt% Au to 8.8 wt%
Ni/MgAl,0O4 showed a small decrease in catalyst activity and a small increase in catalyst stability for
methane steam reforming at 823 K. However, Guczi and co-workers [21] have recently reported that
the addition of 0.5 wt% Au to NiMgAl,O,, although retards the methane dry reforming activity
measured in temperature programmed reaction (Figure 9), the activity of the bimetallic Ni-Au system
is improved during long time runs. In Figure 10 the concentration and conversion of CO, CO, and CHy4
during overnight reaction at 948 K are displayed for Ni/MgAl,O4 and NiAu/MgAl,O4 catalysts,
respectively. Moreover, on the Au containing bimetallic catalyst the formation of carbon nanotubes
was retarded or vanished, in the experimental conditions investigated.

Figure 9. Comparison of Ni/MgAl,O4 and NiAu/MgAl,O4 catalysts in CO, + CHy in first
reaction (. and , respectively) and after TPO (v and A, respectively) [21].
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Figure 10. Concentration and conversion of CO (D), CO; (O) and (’) in overnight reaction
at 948 K: (a) on Ni/MgAL,Oq4; (b) on NiAu/MgAlL,O4 [21].
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Furthermore, Lazar et al. [22-24] have found that the addition of Au to the nickel catalyst
improved the methane conversion, CO, selectivity and hydrogen production at low reaction
temperatures (7' < 873 K). At 973 K under their working conditions, the additives had no important
effect in hydrogen production by methane steam reforming, and the catalysts deactivated. Therefore,
the result is very consistent with the report by King et a/ [20]. On the other hand, Maniecki et al. have
reported that the addition of Au to Ni/Al,O3 system improved catalyst stability and activity in partial
oxidation of methane to synthesis gas [25,26-28]. Based on the results above mentioned, it can be
found that there is discrepancy between results reported by different authors with respect to the effect
of the addition of gold on catalytic activity of Ni-based catalysts. However, it seems to be confirmed
that the addition of gold could improve the resistance of the Ni catalysts towards deactivation due to
coke deposition.

Lazar et al. [22-24] have reported that the addition of Ag decreased the catalytic properties of Ni
catalyst. The catalysts with Ag loading of 0.3 or 0.6 wt% submitted to stability tests showed high
resistance to coke deposition reported by Bueno ef al. [32]. They further found that at more oxidant
conditions (autothermal reforming of methane, ATRM and POM) the redox process led to NiO
formation and catalyst deactivation by NiAl,O4 formation [33]. At higher temperatures most probably
due to Ag evaporation from Ag doped Ni/YSZ surface, severe anode catalytic and electro-catalytic
activity degradation was observed by Neophytides et al. [34]. However, the addition of Ag could
reduce the degree of carbon deposition and improve the H, product selectivity by eliminating the
formation of C, hydrocarbons at temperature less than 1023 K in the butane steam reforming [35].

Catalytic steam reforming of methane and isooctane over pure Ni and 1% Sn:Ni catalysts are also
shown in Figure 5a. The steam to carbon ratios are 0.5 and 1.5 for methane and isooctane, respectively.
At 1073 K, the monometallic Ni catalyst rapidly deactivates. Unlike Ni, the Sn-Ni catalyst is active
and stable for as long as it is kept on stream, approximately 12 h [38].

Nikolla et al. have shown that Sn/Ni alloy deposited over YSZ is much more carbon-tolerant than
monometallic Ni in the steam reforming of methane, propane and isooctane at moderate steam to
carbon ratios [39]. Figure 11 shows the normalized conversion of methane over the 1 wt% and 5 wt%
Sn/Ni/YSZ and Ni/YSZ catalysts at a steam-to-carbon ratio of 0.5 and operating temperature of
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1073 K. It is evident that Ni/YSZ lost about 45% of its activity after 2h of reaction, whereas the 1wt%
Sn/Ni/YSZ was stable for the entire long-run time (15 h). By increasing the Sn loading from 1 to
5 wt%, methane conversion was reduced by ~ 25%, suggesting a negative effect on C-H bond activation.

The introduction of Cu in the Ni catalysts was also investigated for methanol and ethanol steam
reforming [45]. The addition of Cu showed a positive effect inhibiting the formation of methane, an
undesirable by-product. Although in the ethanol steam reforming the promoter effect of Cu was less
promising, enhanced stability was observed in the two experiments, indicating a positive role was
played by the Cu-Ni bimetallic catalysts.

Figure 11. Normalized methane conversion (methane conversion divided by the highest
obtained conversion) as a function of the time on stream for 1 wt% Sn/Ni/YSZ, 5 wt%
Sn/Ni/YSZ and Ni/YSZ catalysts measured at the steam-to carbon ratio of 0.5 and 1073 K [39].
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The effect of the addition of Co on the catalytic activity of Ni/YSZ catalyst for the ethanol steam
reforming reaction was also studied by Resini ef al. [51]. The addition of Co resulted in the inhibition
of the dehydration reaction, as well as of methane production. Furthermore, Co also had an effect on
the hydrogen production by increasing it, and thus, apparently favoring methane steam reforming.

Borowiecki et al. have reported that small amounts of MoOs (up to 0.1 wt%) caused an increase in
activity of doped Ni catalysts [54]. By further increasing the amount of promoter (about 0.5 wt%), a
drop occurs (Figure 12a). The catalytic properties of Ni-Mo catalysts depend also on the H, vol%
concentration in the reaction stream. Figure 12b shows the dependence of the methane steam
reforming rate on the hydrogen concentration at 873 K for Ni and different Ni-Mo catalysts. The
activity of monometallic Ni gradually decreased by increasing hydrogen, while for Ni-Mo catalysts
activity maxima were observed as a function of hydrogen content.

Shao and coworkers have, recently, compared the catalytic properties of lanthanide promoters
Ni-Al,O; catalysts, highlighting for GdNi-Al,Os the best coke resistance and the good stability for
methane partial oxidation at 1123 K for 300 h (Figure 13) [57].
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Figure 12. (a) Dependence of catalysts activity in steam reforming of methane at different

temperatures as a function of the promoter amount (O 873 K, - 823 K, A 773 K);

b) Influence of hydrogen on the activity of catalysts in steam reforming of methane (O Ni,
Ni-Mo (0.5), 2 Ni-Mo (1.0), ® Ni-Mo (2.0)) [54].
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Figure 13. Time dependence of methane conversion and H, to CO ratio under CH4:0, = 2:1
conditions at 850 °C for GdNi-Al,O; catalyst [57].
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Interestingly, Borgna and Saeys [58] found that a small amount of boron could enhance the
stability without compromising the catalytic activity. Catalytic tests showed that promotion with
1.0 wt% boron reduced the rate of deactivation by a factor of 3 and increased the initial methane
conversion from 56% to 61%.

5. Conclusions

The addition of a small amount of second metals such as Au, Ag, Sn, Cu, Co, et al. to Ni catalysts
significantly modifies the properties of metallic Ni particles by the formation of Ni-M bimetallic
surface alloys. The structure of bimetallic surface alloys could be changed by choosing different
preparation methods or pretreatments.

In particular, the addition of a small amount of Au to MgAl,O4-supported Ni catalysts by the
sequential impregnation method leads to the formation of Au atoms, which segregated on the surface
of the bimetallic particles when the Au loading is high, while well-mixed Au-Ni surface alloys are
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formed when the Au loading is low (0.1 wt%). The co-impregnation method results in different
structures of Au-Ni bimetallic catalysts according to the different authors’ reports. Some authors
reported that Au-Ni surface alloys could be also formed on the Ni/Al,O3 catalysts prepared by
co-impregnation method. While, some other authors found that no formation of a superficial Au-Ni
surface alloy was observed.

Compared to monometallic Ni catalysts, Ni-M bimetallic catalysts exhibit superior catalytic
performance in the methane steam reforming, i.e., high activity, high resistance to carbon formation
and sintering of metal particles, and high selectivity to H, product. The improved catalytic
performance of Ni catalysts modified with a small amount of second metals has been attributed to the
synergic effect between a second metal and Ni by the formation of a superficial bimetallic alloy (such
as Ni-Au, Ni-Ag, Ni-Sn, Ni-Cu, Ni-Co, efc.).

As a result, we expect that the following mentioned studies would lead to a further progress in the
development of coke resistant bimetallic Ni-based catalysts for steam/dry reforming of methane:

e The DFT studies of Ni containing bi/trimetallic alloys or Ni catalysts modified with a second
inorganic element would lead to design and preparation of novel Ni-based catalysts;

e The comprehensive understanding of the formation mechanisms of bimetallic surface alloys
and their effects on catalytic performance and carbon formation would lead to design and
preparation of new Ni-based catalysts with improved activity, stability and selectivity;

e We feel that the development of novel Ni catalysts modified with a second inorganic element
(such as Mo, Fe, Gd and B) should deserve further research studies for steam/dry reforming
of methane;

e The design of Ni catalysts with selected crystal planes of Ni and Ni-M alloyed particles could
find applications in steam/dry reforming of methane.
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