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Reforming of natural gas with H2O or CO2 to produce syngas (i.e., 
CO and H2), which is a key intermediate for production of many 
valuable chemicals and fuels such as ammonia, methanol, dimethyl 
ether and synfuel, represents one of major processes to utilize 
natural gas in industry. 1  Industrial reforming catalysts are 
principally based on nickel because of its low cost and high activity 
relative to noble metals. Nickel catalysts, however, readily induce 
coke formation, sintering and metal oxidation, leading ultimately to 
catalyst deactivation and plugging of a reactor, especially in CO2 
reforming. Compared to H2O reforming, CO2 reforming causes 
more severe coke formation due to the increased C/H molar ratio in 
the feedstock. Therefore, the development of a coke resistant nickel-
based catalyst constitutes the major challenge for CO2 reforming of 
methane. 

The CO2 reforming catalyst commonly consists of metal 
nanoparticle and oxide support. Although the reaction mechanism of 
CO2 reforming is still under debate, it is generally accepted that CH4 
adsorbs and dissociates on the metal surface to yield the surface CHx 
species and H2, and the CHx species further dehydrogenates to 
generate the adsorbed C*.2 The C* nucleates and grows on the metal 
surface to form the graphite, which encapsulates the metal surface 
and finally leads to the deactivation of catalyst. CO2 may react 
directly with the C* on the metal surface to generate CO via an Eley 
Rideal type mechanism (e.g., Rh catalyst3) or be activated by the 
reaction with the support via carbonate species (e.g., Pt/ZrO2

4 ), 
which is dependent on the nature of metal and support. It is evident 

that the metal surface plays a crucial role in the CO2 reforming 
catalytic circle. To inhibit or eliminate the coke formation, one of 
the practical routes is to prevent the C* nucleation and growth 
through modifying the metal surface. Nielsen et al.5 have discovered 
that the ensemble size required for the carbon nucleation is larger 
than that needed for the reforming reaction. Based on this 
knowledge, they developed a carbon-free steam reforming of 
methane process (SPARG process) in which H2S is added to the 
feedstock to suppress the ensemble size by partially poisoning the 
metal surface of nickel-based catalyst. The similar result has also 
been achieved in the Ni/TiO2 catalyst system, in which the ensemble 
size of nickel particles can be modified by the mobile TiOx species 
due to strong metal-support interaction (SMSI). 6 Both theoretical 
calculations and experimental studies have confirmed that the 
smaller the size of nickel particle is, the less the coke. 7 It is because 
the small size nickel particles can greatly impede the growth of the 
formed graphite. The recent studies have shown that the step sites 
might be the most active ones for carbon nucleation.8 It means that 
blocking the step sites by some promoters (e.g., K9 and Au10) can 
effectively suppress the carbon formation.  

The other way to eliminate the coke formation is to enhance the 
gasification of carbon. It is well known that carbon formation is 
much less on noble metals than on nickel, which is mainly because 
the lower solubility of carbon in the noble metals favours the 
gasification of carbon. The addition of alkali (e.g., K2O,11,12 Na2O

11) 
or alkaline earth (e.g., MgO,11 CaO11) metal oxides, as well as rare-
earth metal oxides (e.g., La2O3

13), to promote nickel-based catalysts 
has been proved to be an efficient method to suppress the carbon 
formation, because the enhanced basicity of the supports may 
contribute to adsorption and dissociation of CO2, which facilitates 
the gasification of carbon. The recent studies have shown that 
CeO2

14  and ZrO2
4, 15  as supports or promoters can effectively 

suppress the carbon formation because of their high oxygen storage 
capacities or excellent redox properties that can enhance the 
gasification of carbon. 

The addition of secondary metals as promoters to primary 
catalysts (mainly nickel catalysts) is another efficient way to 
eliminate the carbon formation. A wide spectrum of metals (e.g., Fe, 
Co, Pt, Ag, Au, Mn, etc.) have to date been investigated. 16  The 
effects of secondary metals are diverse, which may function to 
reduce and stabilize the metal particle size of nickel catalysts (e.g., 
Pt, 17  Rh 18), to tailor the ensemble size of nickel catalysts (e.g., 
Sn,16c,19 Ag,20 Au10), to block the step sites (e.g., K,9 Au10), or to 
modify the surface electronic properties of nickel catalysts (e.g., 
Ge,16c Sn,16c Au10). However, most of these findings are based on 
theoretical calculations or limited structural evidences. The studies 
dedicated to the surface composition and structure of bimetallic 
catalysts, especially under reaction conditions, and their influences 
on CO2 reforming reaction are scarce. However, these are of 
extreme importance in catalysis and are also hot topics in surface 
science. For instance, in the case of Ni/Pt bimetallic systems, the  
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Scheme 1. Surface restructuring of Ni/Pt bimetallic systems induced 
by temperature and adsorbates. 

surface is known to vary as a function of temperature and adsorbates, 
as schematically represented in Scheme 1. Ni atoms can deposit on 
the Pt surface to form a Ni monolayer, e.g., Ni/Pt(111). 21  Upon 
annealing at high temperature, Ni atoms diffuse into the subsurface 
region of Pt, leading to stable Pt−Ni−Pt(hkl) structure,21– 23 whereas, 
in the presence of O2, they segregate to the surface, resulting in 
O/Ni−Pt−Pt(hkl) structure.22– 26  Correspondingly, their catalytic 
properties (e.g., hydrogenation and oxygen reduction reaction) vary 
with bimetallic surface.21–24 Conversely, Pt atoms can deposit on the 
Ni surface to generate a Pt monolayer, e.g., Pt/Ni(111),27,28 which 
transforms into a surface alloy upon annealing. In the presence of O2, 
Ni atoms segregate to the surface, leading to O/Ni−Pt−Ni(hkl) 
structure.25,26 The similar phenomena have also been observed on 
other bimetallic systems such as Cu/Ni, 29  Pt/Co 30  and Ni/Cr 31 
systems. It is evident that the structure of bimetallic surface is very 
flexible, remarkably varying with the reaction conditions, which in 
turn modifies the catalytic properties.21–24,32 

Nonetheless, most of these insights regarding bimetallic surface 
segregation are obtained from model bimetallic surface under 
ultrahigh vacuum (UHV) environment or theoretical calculation. To 
convert these knowledge into a practical industrial catalysts, in 
which the active metal is present in the form of nanoparticle (NP) 
anchored on a high-surface-area support is limited by the 
availability of bimetallic catalysts with controlled surface 
composition and structure, which is hard to be achieved by the 
conventional methods (e.g., impregnation or precipitation). The 
latter leads very often to the additional formation of monometallic 
NPs on the supports. To tackle this issue, a facile method to prepare 
“pure” supported Ni/Pt bimetallic NPs with controlled surface 
composition and structure was developed in this work. The method 
is based on preferential reduction of Pt precursor (e.g., Pt(acac)2) by 
surface nickel hydrides (Nis–H) that are generated by treatment of 
as-prepared Ni NPs under hydrogen flow at 450 ºC. It finally leads 
to a monolayer of metallic Pt atoms deposited on the surface of Ni 
NPs. The preparation is detailed in our recent patent.33 To assess the 
surface and bulk structure according to the Pt/Ni elemental 
composition, a series of alumina-supported Ni/Pt bimetallic NPs 
with various Pt coverage, denoted as NiPt(X)/Al2O3 (X= 0.18–0.71) 
where X is molar ratio of the Pt atoms to the surface Ni atoms 
(assuming in a first approximation that the Ni NPs remain intact 
during preparation of the bimetallic NPs), were prepared and 
characterized using infrared spectroscopy of adsorbed carbon 
monoxide (CO-IR), aberration corrected high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM), 
energy-dispersive X-ray spectroscopy (EDX), extended X-ray 
absorption fine structure (EXAFS), X-ray absorption near edge 
structure (XANES) techniques, X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS). The monometallic Ni and Pt NPs 
were also synthesized for comparison. As discussed above, surface 
segregation, presumably induced by temperature and adsorbates, has 
a marked effect on the catalytic properties of bimetallic catalysts. 
Therefore, it is practically important to study surface segregation of  

Table 1. Textural properties of the monometallic and bimetallic 
catalysts. 

Samples Ni 

(wt%) 

Pt 

(wt%) 

Ms
[a] 

(mmol/g 
Cat) 

Pt/Nis
[b] 

d
[c] 

(nm) 

d
[d] 

(nm) 

Ni/Al2O3 10.0 – 0.24 – 6.9 – 
Pt/Al2O3 – 3.0 0.11 – 1.4 – 
NiPt(0.18)/Al2O3 9.14 0.75 0.25 0.18 7.1 7.4 
NiPt(0.66)/Al2O3 9.38 2.91 0.27 0.66 7.2 7.2 
NiPt(0.71)/Al2O3 8.83 2.93 0.25 0.71 7.5 7.9 

[a] Ms refers to the amount of the surface metal atoms, determined by 
H2–O2 titration. [b] Pt/Nis refers to the molar ratio of the Pt atoms to 
the surface Ni atoms, assuming in a first approximation that the Ni 
NPs remain intact during preparation of the bimetallic NPs. [c] and [d] 
d refers to particle sizes, determined by (S)TEM before and after 
thermal treatment at 700 ºC under vacuum for 1 h, respectively. 

our bimetallic NPs under reaction conditions. To this end, the Ni/Pt 
bimetallic samples were treated at 700 ºC under vacuum for 1 h to 
simulate the catalytic conditions. All the samples were characterized 
by various techniques before and after thermal treatment. The 
catalytic tests show that these bimetallic NPs are active catalysts for 
CO2 reforming of methane, and their catalytic activities and 
stabilities, as well as coke formation, noticeably vary as a function 
of the Pt coverage. Relationships of structures and catalytic 
properties of these bimetallic catalysts were investigated. 

The properties of all the monometallic and bimetallic samples 
are summarized in Table 1 and Figure S6 (Supporting Information). 
The total metal loading of bimetallic samples vary within 10–12 
wt%, which is comparable to the monometallic Ni sample (10 wt%). 
The metal nanoparticle sizes of bimetallic samples (7.1–7.5 nm) are 
slightly larger than that of the monometallic Ni sample (6.9 nm). 
The amounts of surface metal atoms for the monometallic Ni and 
bimetallic samples measured by H2-O2 titration are comparable 
(0.24–0.27 mmol/g Cat). The thermal treatment at 700 ºC under 
vacuum for 1 h has an insignificant effect on the metal nanoparticle 
sizes of bimetallic samples, as shown in Table 1 and Figure 6S. 

Figure 1 presents IR spectra of CO adsorbed on various samples 
before and after thermal treatment. As shown in Figure 1a, the CO 
absorption bands on pure Ni and Pt NPs are strikingly different. For 
the Ni NPs, two main absorption bands at 2037 and 1942 cm-1 are 
assigned to linear Ni–CO and bridged Ni2(μ-CO) species, 
respectively.34 For the Pt NPs, two absorption bands at 2065 and 
1810 cm-1 were observed, which are ascribed to linear Pt–CO and 
bridged Ptx(μ-CO) (x= 2,3) species, respectively, and the former is 
very intense whereas the latter is noticeably weaker. 35 As the Pt 
atoms are deposited on the Ni surface to generate bimetallic NPs, 
the band corresponding to linear Ni–CO species is markedly 
suppressed and the newly-formed band at ca. 2065 cm-1, being 
assigned to linear Pt–CO species, dominates the absorption bands 
and its intensity increases proportionally with the Pt coverage. Such 
vibrations are characteristic of CO adsorbed on Pt-enriched Ni 
surface. 36 In the meantime, the absorption band corresponding to 
bridged Ni2(μ-CO) species decreases remarkably with the Pt 
coverage and shifts to lower frequency, accompanied by the 
broadening of the absorption peak.  

Upon thermal treatment, the IR spectra of adsorbed CO vary 
greatly, as shown in Figure 1b for NiPt(0.71)/Al2O3. The absorption 
band for bridged Ni2(μ-CO) species remarkably increases and shifts 
to higher frequency, while the band for linear Pt–CO species has no 
significant shift and just its relative intensity decreases. In the 
meantime, a high frequency absorption band at ca. 2115 cm-1 and a  
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Figure 1. (a) IR spectra of CO adsorbed on alumina-supported Ni and 
Pt monometallic or bimetallic NPs before thermal treatment and (b) 
comparison of IR spectra of CO adsorbed on NiPt(0.71)/Al2O3 before 
(black line) and after (red line) thermal treatment. 

low frequency band at ca. 1810 cm-1 are present. The similar results 
were observed for the other bimetallic samples (Figure S7 in 
Supporting Information). The low frequency band at ca. 1810 cm-1 
corresponds to the bridged species, e.g., Ptx(μ-CO) (x= 2,3)35 and 
Nix(μ-CO) (x= 3,4).34 However, because thermal treatment leads to 
the formation of surface alloy with low Pt–Pt coordination number 
for our bimetallic samples (see EXAFS below), this band is very 
likely related to a bridged species PtxNiy(μ-CO) (x+y= 2–4). For the 
shoulder band at ca. 2115 cm-1, its frequency is higher than those of 
linear species of CO adsorbed on the Pt or Ni surface (2030–2070 
cm-1 for Ni–CO,34 and 2040–2090 cm-1 for Pt–CO35) and lower than 
those of CO adsorbed on metal cations (e.g., 2186 cm-1 for Al3+–
CO, 37, 38 2195 cm-1 for Ni2+–CO,34,38 2161 cm-1 for Pt2+–CO37,38). 
Raskó39 observed a band at 2112 cm-1, which is quite close to the 
band of 2115 cm-1, in the cases of Pt/TiO2, Pt/SiO2 and Pt/Al2O3, 
and assigned this band to CO adsorbed on the monoatomic Pt0 that 
is generated by disruption of Pt crystallite into Pt0 atoms with the 
help of CO. It can however be ruled out in our case since we did not 
observe the same band on the untreated samples. Primet et al. 40 
observed a band at 2120 cm-1 when O2 is adsorbed on a CO covered 
Pt surface or CO is adsorbed on an O2 covered Pt surface, and 
assigned this band to a species Pt(O)–CO. Considering the possible 
strong interaction induced at high temperature of the metallic atoms 
with the oxygen atoms of the support at the NPs/support perimeter, 
the 2115 cm-1 band is tentatively assigned to the species M(O)–CO 
(M= Ni or Pt). It is evident from CO-IR spectra that the surface of 
the bimetallic NPs rearranges upon thermal treatment. The Pt atoms 
on the NP surface are partially exchanged with the Ni atoms, thus 
leading to an increase of nickel surface composition after thermal 
treatment. Similar behaviours were also observed for the samples 
treated at 450 ºC under vacuum for 1 h, implying that surface 
restructuring may take place at even lower temperature. 

Figure 2 displays the typical STEM and HRTEM images of 
NiPt(0.71)/Al2O3 before and after thermal treatment. The similar 
images were also observed for NiPt(0.18)/Al2O3 and 
NiPt(0.66)/Al2O3 (see Figures S8 and S9 in Supporting Information, 
respectively). For the untreated samples, EDX analyses of tens of 
individual particles for each sample revealed no monometallic Ni or 
Pt particles, which prove the advantage of our preparation protocol 
to synthesize “pure” bimetallic NPs. A typical EDX spectrum for 
the selected single nanocrystal of NiPt(0.71)/Al2O3 is shown in 
Figure 2e. The detectable interplanar distances (d{111}= 1.94–2.05 
Å and d{002}= 1.70–1.80 Å) characteristic on a regular face-
centered cubic (fcc) nickel crystal imply that the Ni NPs remain 
unchanged during the preparation. It can also be observed in Figures 
2b and 2c that, the exposed surfaces mainly consist of the {111} and  

Figure 2. Typical (S)TEM images of NiPt(0.71)/Al2O3 (a) before and 
(f) after thermal treatment. (b), (c) and (e) HAADF-STEM image, the 
corresponding indexed fast Fourier transform (FFT) and EDX spectra 
of a selected single nanocrystal of untreated NiPt(0.71)/Al2O3. (d) and 
(i) Particle size distributions of NiPt(0.71)/Al2O3 before and after 
thermal treatment, respectively. (g), (h) and (j) HAADF-STEM image, 
compositional line profile and EDX spectra of a selected NP of treated 
NiPt(0.71)/Al2O3. 

{100} facets, being consistent with those expected from the 
truncated cuboctahedron model for the fcc metal NPs (e.g., Ni and 
Pt).41 Since the brightness is proportional to the square of atomic 
number Z of an element on the STEM images, the Pt atoms are 
much brighter than Ni atoms owing to its larger atomic number. It 
can be clearly observed in Figure 2b that the brighter Pt atoms are 
well dispersed on the Ni surface in an atomic pattern. For the treated 
samples, it is apparent that the thermal treatment has no significant 
effects on the particle sizes, as observed in Figures 2d and 2i (and 
also in Figures S8 and S9 in Supporting Information). The same 
EDX analyses ruled out the presence of the monometallic Ni or Pt 
NPs. Figure 2j shows a typical EDX spectrum for the selected NP of 
NiPt(0.71)/Al2O3. It can be seen from Figures 2f and 2g that all the 
bimetallic NPs are partially covered with “thin and brighter” 
outmost layers. The compositional line profile analysis depicted in 
Figure 2h demonstrates that these outmost layers are Pt-enriched. 

Figure 3 presents the XRD patterns of the bimetallic samples 
before and after thermal treatment and after dry reforming tests. 
Before thermal treatment, for all the bimetallic samples the 
diffraction peaks characteristic for the fcc nickel NPs (44.4° for 
Ni(111) and 51.7° for Ni(200), respectively)42 are hardly detected, 
presumably due to the small nickel nanoparticle size or overlap with 
the diffraction peaks of γ-Al2O3. No peaks for the monometallic Pt 
NPs are observed. After thermal treatment and dry reforming 
reaction, a new diffraction peak appears, which falls in between 
44.4° (Ni(111)) and 39.8° (Pt(111)),43 and shifts to lower 2θ values 
with the increase of the initial Pt coverage from NiPt(0.18)/Al2O3,
NiPt(0.66)/Al2O3 to NiPt(0.71)/Al2O3, suggesting the formation of 
Ni/Pt alloy.  

In order to gain more insight into the structures of the bimetallic 
samples before and after thermal treatment, X-ray absorption 
spectroscopy (XAS) were carried out on the samples. Figure 4 
schematically presents the typical Fourier transforms of the Pt L3- 
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Figure 3. Comparison of XRD patterns of monometallic and bimetallic 
samples before (olive) and after (blue) thermal treatment at 700 ºC 
under vacuum for 1 h and after the dry reforming tests at 700 ºC (red). 

edge k2-weighted EXAFS signal for NiPt(0.71)/Al2O3 before and 
after thermal treatment and the corresponding back Fourier 
transforms. The fit results for all the samples are given in Table 2. It 
can be seen from Table 2 that, before thermal treatment, the first 
coordination spheres of Pt atoms for three bimetallic samples are 
well fitted with ca. 3 Ni atoms (Pt–Ni bond distance, 2.547–2.556 
Å) and ca. 4 Pt atoms (Pt–Pt bond distance, 2.677–2.700 Å). The 
variation of Pt coverage has almost no effect on the first 
coordination sphere. The average coordination number (determined 
by EXAFS) is dependent on the size and shape of the metal NPs,44 
as well as segregation for the bimetallic NPs.45 The smaller the size 
of the metal NPs, the lower the average coordination number 
because of the high proportion of low-coordinated surface atoms.44 
The formation of very small Pt clusters (<1 nm) on alumina with the 
corresponding Pt–Pt coordination number (N(Pt–Pt)=4.8) is first 
excluded because those were not observed by the (S)TEM. The total 
coordination number of the Pt atom for all the bimetallic samples is 
ca. 8. If the Pt atoms were dispersed homogenously into the 
synthesized 7 nm nickel NPs, the theoretical coordination number is 
around 11.44a This large difference implies that the Pt atoms locate 
on the surface of the Ni NPs, which is in accordance with the 
(S)TEM and CO-IR results. Considering that the {111} and {100} 
planes are the most exposed facets for the Ni NPs as observed in the 
(S)TEM, we calculated the coordination number of Pt atom on each 
facet assuming that the Pt atoms deposit as a monolayer (see Figure 
S10 in Supporting Information). It can be seen that the coordination 
numbers of the Pt atoms for all the bimetallic samples match well 
with those obtained from the {111} and {100} facets if the possible 
decrease of N(Pt–Pt) due to the incomplete coverage is considered. 
On the other hand, it can be found that, for all the untreated 
bimetallic samples, their Pt–Ni and Pt–Pt bond distances vary in 
very narrow ranges of 2.547–2.556 Å and 2.677–2.700 Å, 
respectively. The former are longer than the Ni–Ni bond in the 
metallic Ni (2.49 Å),46 while the latter are largely shorter than the 
Pt–Pt bond in the metallic Pt (2.78 Å),46 probably because of the 
constraints that the Ni surface lattice applies to the Pt monolayer. 

Figure 4. Imaginary part of the back Fourier transform (a) and Fourier 
transforms (b) of the EXAFS k2-weighted χ(k) functions for 
NiPt(0.71)/Al2O3 before and after thermal treatment at 700°C under 
vacuum for 1 h. The empty squares are the experimental data while 
the solid lines are the fit results conducted within a k-range between 
2.2 and 14.7 Å-1 and within an R-range of 1.2 up to 3.1 Å. 

Table 2. Parameters extracted from the fits of EXAFS data. 

Sample Bond N
[a] R (Å) σ2[b] 

NiPt(0.18)/Al2O3 Pt–Ni[c] 3.4±0.3 2.547±0.007 7.7±0.5 

Pt–Pt[c] 4.1±0.4 2.677±0.006 10.2±0.7 

Pt–Ni[d] 10.6±0.6 2.55±0.01 5.9±0.4 

Pt–Pt[d] – – – 

NiPt(0.66)/Al2O3 Pt–Ni[c] 3.5±0.3 2.549±0.005 7.5±0.5 

Pt–Pt[c] 4.1±0.4 2.687±0.005 10.3±0.6 

Pt–Ni[d] 6.5±0.3 2.547±0.003 6.4±0.3 

Pt–Pt[d] 1.9±0.6 2.67±0.01 6±1 

NiPt(0.71)/Al2O3 Pt–Ni[c] 3.3±0.3 2.556±0.005 7.4±0.4 

Pt–Pt[c] 4.8±0.4 2.700±0.004 9.9±0.6 

Pt–Ni[d] 6.9±0.4 2.545±0.003 6.3±0.3 

Pt–Pt[d] 1.5±0.5 2.66±0.02 5±1 

Pt foil Pt–Pt 12 2.76±0.01 2±1 

[a] N refers to coordination number. [b] in10-3 Å2. [c] Before thermal 
treatment. [d] After thermal treatment. For all the samples, ΔE0 varies 
in the range of 3.7–8.4 eV and R-factor varies in the range of 0.01–
0.02. 

Upon thermal treatment, the first coordination sphere of the Pt 
atom is substantially modified as shown in Table 2. The N(Pt–Ni) 
increases from ca. 3 to ca. 7 while the N(Pt–Pt) correspondingly 
decreases from ca. 4 to ca. 2, the total coordination number being 
still ca. 8. Since the total coordination number is still much lower 
than the theoretical one (ca. 11) for the metal NPs with comparable 
particle size, except NiPt(0.18)/Al2O3, it implies that, after thermal 
treatment, the Pt atoms remain on the surface/subsurface of the 
bimetallic NPs, which is in agreement with those observed in the 
(S)TEM and CO-IR spectra. However, the marked variation of 
N(Pt–Ni) and N(Pt–Pt) unambiguously indicates that surface 
restructuring takes place upon thermal treatment. Considering the 
increase of the Ni composition in the surface after thermal treatment, 
as observed in the CO-IR spectra, it can be imagined that the Pt 
atoms on the surface of the Ni NPs diffuse into the sublayers to form 
the surface alloy upon the thermal treatment, while the Ni atoms in 
the sublayers migrate into the outer layer, finally leading to the 
increase of N(Pt–Ni) and the decrease of N(Pt–Pt). This observation 
is also in accordance with the overall decrease of the Dybye-Waller 
factors and the Pt–Pt distance after thermal treatment, which is 
expected when the Pt atoms sit in a crystallographic position within 
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the Ni crystal lattices (see Table 2). For the particular case of 
NiPt(0.18)/Al2O3, no Pt-Pt scattering paths could be detected and 
the coordination number of the Pt-Ni bond is around 11. It suggests  

Figure 5. (a) Normalized Pt L3-edge XANES spectra of a Pt foil and 
NiPt(0.71)/Al2O3 before and after thermal treatment at 700°C under 
vacuum for 1 h. The inset is a magnification of the energy range near 
the absorption edge. (b) Calculated spectra with FDMNES code 
assuming that the Pt atoms deposit as an epitaxial monolayer on the 
{111} planes of the Ni NPs with average particle size of 7 Å and (c) 
assuming that one Pt atom substitutes one Ni atom in a Ni crystal. (d) 
Overlap of the previous calculated spectra with the corresponding 
projected density of states on the central Pt atom and the surrounding 
Ni atoms. 

that the proportion of Pt atoms reaching the bulk of Ni crystal is 
higher when the initial Pt coverage is lower. 

The in-depth analysis of the XANES spectra of 
NiPt(0.71)/Al2O3 further substantiates the findings obtained from 
the EXAFS. The XANES results are schematically presented in 
Figure 5. As displayed in Figure 5a, the Pt foil shows the most 
intense white line at ca. 11567 eV. For the untreated 
NiPt(0.71)/Al2O3 (N(Pt–Ni)= 3.3), the intensity of the white line 
slightly drops with respect to that of the Pt foil, and it further 
decreases when the NiPt(0.71)/Al2O3 was treated at high 
temperature (N(Pt–Ni)= 6.9). The intensity of the white line appears 
to be a function of the Ni content in the first coordination sphere of 
the Pt atoms. This observation is consistent with the results of the 
previous studies,47 especially that conducted by Moraweck et al..47a 
They investigated the alloying effects on X-ray absorption edges (Pt 
L2 and L3 edge and Ni K edge) of a series of NixPt1-x single crystals, 
and concluded that an electron transfer from Ni to Pt occurs and 
results in a progressive filling of the Pt 5d band as the Ni content is 
increased. Since the Pt L3 near edge structure corresponds to 2p3/2→

5d3/2 and 5d5/2 allowed transitions, and the probability of transition 
per unit time is proportional to the density of the final states (Fermi 
golden rule), it has been concluded that the state depletion just 
above the Fermi level due to the electron transfer from Ni to Pt can 
explain the variation of the white line intensity. However, Choi et 

al. 48  observed using X-ray photoelectron spectroscopy that the 
electron transfer in NixPt1-x alloys is in general very small, which is 
contradictory with the findings of Moraweck et al.47a It is also worth 
noting that a shoulder band (ca. 11576 eV) next to the white line is 
observed, which varies in intensity as a function of the surface 
composition (see inset in Figure 5a). This transition has also been 

observed, although not mentioned, in the Moraweck’s work,47a in 
which this band enhances with the Ni content in the NixPt1-x alloy. 

To elucidate such effects, we investigated the electronic 
structure of Ni/Pt bimetallic systems using the first principles 
calculation within the density functional theory. The NixPt1-x 

Scheme 2. Evolution of surface structure of the Ni/Pt bimetallic NPs 
upon thermal treatment. 

systems were modelled with two supercells built of 2×2×2 
containing eight conventional cells. In the first supercell, the Ni 
atom in the centre of the cell was substituted by one Pt atom, while 
in the second the atoms in the first coordination shell of the central 
Pt were replaced by 12 Pt atoms. The details of calculations and 
site-projected partial density of states plots (see Figure S5) are given 
in Supporting Information. The charge transfer from Ni to Pt was 
found to be very small in our calculation. When the Ni atoms are 
present in its first coordination sphere, the densities of states of the 
Pt d-orbitals near the Fermi level are indeed reduced, explaining the 
decrease of the white line intensity. In the meantime, new states 
located between 5 to 10 eV above the Fermi level appear and are 
composed of Pt(5d-6s) and Ni(3d-4s) orbitals, which could explain 
the new transition observed at 11576 eV. The depletion near the 
Fermi level seems to be due to a different hybridisation scheme of 
the Pt empty orbitals with the surrounding Ni empty orbitals rather 
than a Ni→Pt charge transfer. 

Thus, theoretical XANES spectra were also calculated using the 
FDMNES code for two model clusters derived from the above 
EXAFS fits of NiPt(0.71)/Al2O3 before and after thermal treatment: 
the Pt atoms depositing as a monolayer on the Ni {111} plane and 
one Pt atom locating in the centre of a Ni crystal by replacing the 
central Ni atom. For the latter model, the first coordination shell of 
the central Pt atom was tuned by substituting two Ni atoms with two 
Pt atoms. Both calculations show excellent agreements with the 
experimental data (see Figures 5b and c). A calculation using a 
cluster with Pt atoms deposited as a monolayer on the Ni {100} 
plane also gives a fairly good agreement. The theoretical spectra 
reproduce the intensity of the white line and the shoulder at 11576 
eV, both being confirmed to vary with Ni content in the first 
coordination sphere. The analysis of the projected density of states 
calculated with FDMNES (see Figure 5d) shows that the transition 
at 11576 eV arises from the availability of new empty states 
composed of Pt and Ni d-orbitals in accordance with the calculations 
operated with WIEN2K. 

Combining all the findings obtained from the CO-IR, (S)TEM, 
XRD, EXAFS and XANES, one can find the following 
experimental facts. For the untreated samples, the Ni NPs remains 
unchanged during the preparation and the Pt atoms deposit on the 
surface of the Ni NPs, as demonstrated by the (S)TEM and CO-IR 
spectra. The EXAFS fittings and XANES simulation further confirm 
that the Pt atoms locate on the surface of the bimetallic NPs, and 
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most probably exist as a monolayer. Based on these facts and the 
consideration of the incomplete Pt coverage for all the bimetallic 
samples, a structure model for the untreated bimetallic samples can 

be proposed, as presented in Scheme 2a, in which the Pt atoms 
deposit on the surface of the Ni NPs as a monolayer islands. For the 

Table 3. Summary of catalytic tests for CO2 reforming of methane.[a] 

Catalyst 
Amount 

(mg) 

5 min 20 h 
rate(C)[d] 

X(CH4) (%)[b] TOF of CH4
[c] H2/CO X(CH4) (%)[b] TOF of CH4

[c] H2/CO 

Ni/Al2O3 10 14.1 1.43 0.72 6.1 0.62 0.60 5.2 
NiPt(0.18)/Al2O3 10 17.5 1.71 0.68 7.6 0.75 0.52 4.9 
NiPt(0.66)/Al2O3 10 18.2 1.78 0.63 9.2 0.90 0.47 2.2 
NiPt(0.71)/Al2O3 10 20.5 2.01 0.66 10.2 1.00 0.47 1.1 
Pt/Al2O3 20 22.1 2.45 0.73 5.8 0.64 0.69 0.6 

[a] General reaction conditions: P= 1 atm, T= 600 ºC, t= 20.0 h, CH4/CO2/N2= 1:1:8, flow rate= 100 ml min-1. [b] X(CH4) refers to the conversion 
of CH4. [c] In 103 mol CH4 mol surface metal-1 h-1. [d] Rate(C) refers to the rate of carbon formation, in mol C mol surface metal-1 h-1.

Figure 6. Comparison of the catalytic activities of the monometallic 
and bimetallic catalysts for CO2 reforming of methane conducted 
at 600 ºC. 

treated samples, the Pt atoms still locate on the surface of the 
bimetallic NPs, as revealed by the CO-IR, (S)TEM and EXAFS. 
The XRD patterns indicate the presence of Ni/Pt alloy, which is 
consistent with the XANES simulation. Based on these facts, a 
structure model composed of Ni-rich core and Ni/Pt alloy shell 
can be proposed, as shown in Scheme 2b. 

All the monometallic and bimetallic NPs synthesized in this 
work were tested as catalysts for dry reforming of methane at 
moderate temperature (600 ºC) and high space velocity (600 L h-1 
g cat-1, except 300 L h-1 g cat-1 for Pt/Al2O3). These conditions 
make the reactions operate away from the thermodynamic 
equilibrium. The turnover frequency (normalized by surface 
metal atoms) is used to express the catalytic activity. The 
catalytic tests show that all the bimetallic NPs, as well as the 
monometallic samples, are active catalysts for CO2 reforming of 
methane. The results are given in Fig. 6 and Table 3. For the two 
monometallic catalysts, Pt/Al2O3 is remarkably more active than 
Ni/Al2O3, which is consistent with other groups’ work,49 and is 
mainly determined by the nature of metal. Additionally, the small 
nanoparticle sizes of Pt/Al2O3 may also partially contribute to its 
high activity because the small particle sizes may lead to more 
step sites on the metal surface that are more active than the facet 
sites.8a Both Pt/Al2O3 and Ni/Al2O3 however deactivate rapidly 
with reaction time. For the former, its deactivation results mainly 

from the sintering because the particle sizes increase almost by 2 
times after the reforming reaction (see Figure S6 in Supporting 
Information), while for the latter, its deactivation is ascribed 
mainly to the carbon formation because the particle sizes remain 
nearly unchanged after the reforming reaction (see Figure S6 in 
Supporting Information), but a large amount of carbon was 
formed (see Table 3). For all the bimetallic catalysts, they show 
high initial activities, and deactivate rapidly during the first 4 h, 
and then become relatively stable until 20 h. Their catalytic 
activities vary as a function of the Pt coverage. As the Pt 
coverage rises, their activities increase. All the bimetallic 
catalysts are more active than Ni/Al2O3, but less active than 
Pt/Al2O3. For the carbon formation, an opposite trends are 
observed, as shown in Table 3. The rate of carbon formation 
decreases with increasing the Pt coverage. The same tendency 
has also been observed for the dry reforming operated at 700 ºC, 
as shown in Figure S11 and Table S3. The CH4 conversion 
increases with increasing the Pt coverage and the reaction 
reaches the thermodynamic equilibrium at 0.71 of the Pt 
coverage, while the carbon formation decreases as the Pt 
coverage increase. Since the metal loading and nanoparticle sizes 
for all the bimetallic catalysts are comparable, the differences of 
their catalytic performances can be ascribed to their varied 
surface structure and composition. 

Actually, Ni/Pt bimetallic systems have been widely 
investigated for CO2/H2O reforming.17,36,37 For instance, García-
Diéguez et al.17a,b supported Ni/Pt bimetallic NPs on the 
nanofibrous Al2O3 using impregnation or reverse microemulsion 
methods, and they found that the addition of Pt can promote the 
formation of NiO, rather than NiAl2O4, and facilitate its 
reduction to Ni0 during the catalyst activation, finally leading to 
the enhanced activities and the less coke formation for dry 
reforming of methane. Parizotto et al.17c revealed, using in situ 
XANES, that the presence of Pt can initiate the NiO reduction 
process by rapid dissociation of H2 and migration of atomic H to 
the NiO surface by hydrogen spillover, which can maintain Ni in 
the metallic state under oxidative steam-reforming of methane 
conditions. It is generally accepted that the presence of Pt can 
increase reducibility of Ni, no matter during catalyst preparation 
or reforming test, and improve Ni NP dispersion over inert 
support because of distinct spillover of H2 from Pt to Ni. 
However, the studies on the effects of surface composition and 
structure of Ni/Pt bimetallic catalyst are to date scarce, although 
the Pt segregation on the surface of Ni/Pt alloy has already been 
observed.36,37 
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In our case, the Pt atoms were deposited selectively on the Ni 
surface with the controlled Pt coverage, and we demonstrated 
that upon thermal treatment, the Pt surface restructuring takes 
place, consequently leading to the core-shell bimetallic NPs 
consisting of the Ni-rich core and Ni/Pt alloy shell. Although the 
conditions for the thermal treatment is not completely the same 
as that used for the dry reforming test and the real structures of 
the bimetallic catalysts under the reaction conditions need to be 
investigated by in situ analysis, we assume that the structures of 
the bimetallic catalysts are the same under both conditions, which 
were proven at least partially by the results of XRD (see Figure 
3). The attempts to measure the superficial composition of the 
bimetallic samples after thermal treatment using XPS showed 
that the superficial composition obtained by XPS is close to the 
bulk composition obtained by ICP (see Table S1 in Supporting 
Information), which is inconsistent with that we expected from 
the proposed structures. It might be because the small particle 
sizes of the bimetallic samples limit the XPS to distinguish the 
differences between the bulk composition and the superficial one. 
Therefore, we suggest that the Pt surface composition of the 
bimetallic catalysts after thermal treatment is dependent on their 
initial Pt coverage, i.e., the higher the initial Pt coverage, the 
higher the Pt composition on the surface after thermal treatment. 
It is not unexpected that, in our catalyst systems, the intrinsic 
nature of Pt would contribute to the enhancement of the catalytic 
activities and suppression of carbon formation because the metal 
Pt is more active than the Ni for the reforming and it is more 
resistant toward the carbon formation. Therefore, the presence of 
more Pt atoms on the surface of the bimetallic catalysts will 
improve the catalytic activities and inhibit the carbon formation. 
On the other hand, the presence of Pt on the Ni surface may 
modify the Ni surface structure electronically and geometrically, 
which in turn influence the catalytic performance of the catalyst. 
As illustrated in the case of Ni/Au bimetallic catalyst, deposition 
of Au on a Ni surface reduce not only the ability to dissociate 
CH4 but the stability of the adsorbed C through tuning electronic 
properties of neighbouring Ni atoms and tailoring ensemble 
size.50 We believe that such a mode of combined electronic and 
ensemble size effects takes effect as well in our Ni/Pt bimetallic 
catalysts.  

In order to further investigate the effects of the surface 
composition and structure of the bimetallic catalysts on their 
catalytic activities and carbon formation, a density functional 
theory (DFT) calculation was carried out. As a matter of fact, a 
large number of calculations have been to date made for 
CO2/H2O reforming of methane.51 The activation of the first C–H 
bond of CH4 is generally believed to be the rate-determining step 
although the debates still remain, which is consistent with some 
experimental results.49b However, the recent theoretical studies 
revealed that the adsorption stabilities and dissociation activation 
barriers of various reaction intermediates (e.g., CHx, CO2, CO, C, 
H etc.) vary largely with the step (defect) sites on the surface, and 
the CH species is likely to be most stable CHx (x= 1,2,3) 
intermediate and its C–H bond activation is structure sensitive, 
which is more favourable on the stepped surface than on the flat 
surface.8a,52 It has been further suggested that the nucleation of 
graphite is initiated at the step sites, and the addition of 
promoters such as S, K and Au can selectively block the step  

Scheme 2. A schematic diagram for the proposed mechanism for 
dry reforming of methane.52 

sites and consequently give rise to a different activation barriers. 
We believe that the Pt atoms in our bimetallic systems may play 
the same role as the other promoters like K and Au in the Ni-
based catalyst systems. Therefore, we performed a DFT 
calculation based on a comparable mechanism, in which the 
oxidation of the CH species including the dehydrogenation (C 
oxidation) and oxygenation (CH oxidation) pathways dominates 
the overall reforming reaction and carbon formation, as 
schematically displayed in Scheme 2,52 The reaction energies for 
both pathways were calculated at three different Pt surface 
coverages. The calculation results showed that as the Pt coverage 
increases, the reaction energy for the CH dehydrogenation 
becomes more endothermic, whereas the one for the CH 
oxygenation becomes more exothermic (see Table S2 in 
Supporting Information). Since the reaction energies for a given 
step are linearly correlated to the activation energies through the 
known Brønsted–Evans–Polanyi (BEP) relations,53 it is apparent 
that as the Pt coverage rises, the tendency of the CH oxygenation 
increases and that of the CH dehydrogenation decreases and 
consequently results in the less coke formation and higher 
catalytic activity, which are in agreement with our experimental 
results. 

In conclusion, we develop a SOMC protocol to synthesize 
the supported Ni/Pt bimetallic NPs with controlled surface 
composition and structure. The surface restructuring of the 
bimetallic catalysts upon thermal treatment was investigated 
using various techniques, demonstrating a structure evolution of 
the bimetallic NPs from Pt monolayer island-modified Ni NPs to 
core-shell bimetallic NPs comprised of the Ni-rich core and the 
Ni/Pt alloy shell. The dry reforming tests showed that the surface 
modification of Ni-based catalysts by adding the Pt atoms can 
effectively enhance the catalytic activities and the resistance 
towards carbon formation. The DFT calculation suggested that 
the addition of Pt on the Ni surface may facilitate the CH 
oxidation pathway and inhibit the C oxidation pathway (see 
Scheme 2), and consequently leads to the enhanced catalytic 
activity and the suppressed carbon formation as the Pt coverage 
increases. 

Keywords: nickel · platinum · nanoparticles · dry reforming of 
methane · EXAFS spectroscopy 
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