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Abstract Previous investigations of Ni-based catalysts

for the steam reforming of hydrocarbons have indicated

that the addition of a second metal can reduce the effects of

sulfur poisoning. Two systems that have previously shown

promise for such applications, NiW and NiRu, are con-

sidered here for the steam reforming of ethylene, a key

component of biomass derived tars. Monometallic and

bimetallic Al2O3-supported Ni and W catalysts were

employed for ethylene steam reforming in the presence and

absence of sulfur. The NiW catalysts were less active than

Ni in the absence of sulfur, but were more active in the

presence of 50 ppm H2S. The mechanism for the

W-induced improvements in sulfur resistance appears to be

different from that for Ru in NiRu. To probe reasons for the

sulfur resistance of NiRu, the adsorption of S and C2H4 on

several bimetallic NiRu alloy surfaces ranging from 11 to

33 % Ru was studied using density functional theory

(DFT). The DFT studies reveal that sulfur adsorption is

generally favored on hollow sites containing Ru. Ethylene

preferentially adsorbs atop the Ru atom in all the NiRu

(111) alloys investigated. By comparing trends across the

various bimetallic models considered, sulfur adsorption

was observed to be correlated with the density of occupied

states near the Fermi level while C2H4 adsorption was

correlated with the number of unoccupied states in the

d-band. The diverging mechanisms for S and C2H4

adsorption allow for bimetallic surfaces such as NiRu that

enhance ethylene binding without accompanying increases

in sulfur binding energy. In contrast, bimetallics such as

NiSn and NiW appear to decrease the affinity of the surface

for both the reagent and the poison.

Keywords Electronic structure � Sulfur � Ethylene �
NiRu � DFT

1 Introduction

Supported Ni catalysts are well known for their high

activity for the steam reforming of hydrocarbons. However,

the lifetime of these catalysts is greatly reduced by sulfur

poisoning. Although desulfurization of the reforming feed

stream can potentially be used to avoid catalyst poisoning,

such reactions are complex and not very cost effective [1].

Development of sulfur-resistant or sulfur-tolerant catalysts

is an attractive alternative [2, 3]. It is widely accepted that

modifying the electronic properties of a metal catalyst by

adding a second metal to form a bimetallic is one of the

best ways to modify its catalytic properties [4–8]. For

instance, a Ni-W/Al2O3 catalyst maintains its activity for a

longer period of time in the presence of sulfur than a

monometallic Ni/Al2O3 catalyst during the steam reform-

ing of gasoline [9]. Strohm et al. [10] have found that the

addition of Ni to a Rh/CeO2–Al2O3 catalyst greatly

improves its resistance to sulfur poisoning during the

reforming of jet fuel. Likewise, it has been reported that a

Ni–Re/Al2O3 catalyst maintains activity longer than a pure

Ni catalyst during the steam reforming of sulfur-containing

fuels [11, 12]. The addition of a second metal (such as Sn
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or Au) to a Ni catalyst not only affects S adsorption but can

also significantly change the energetics of coking reactions

[13, 14]. Studies have shown that a Ru-doped Ni/Al2O3

catalyst is much more resistant to deactivation due to

carbon deposition than a pure Ni catalyst [15, 16].

In previous work, we used ethylene as a probe molecule

to experimentally study the activities of various Ni bime-

tallic catalysts [17]. We found that C2H4 conversion in both

the presence and absence of sulfur is much higher on the

NiRu bimetallic catalyst compared to a monometallic Ni

catalyst. The NiRu bimetallic catalyst was also more active

for the reforming of ethylene, methane, and benzene in a

model synthesis gas stream both in the presence and

absence of sulfur. We furthermore reported on preliminary

density functional theory (DFT) calculations which indi-

cated that NiRu bimetallics were characterized by stronger

binding of ethylene and sulfur, but with promotion of

ethylene binding (and subsequent decomposition) being

much stronger [17].

In this paper, we explore the mechanism for sulfur

resistance during ethylene reforming on NiRu bimetallic

catalysts. Furthermore, we compare the mechanism for

sulfur resistance to that on another bimetallic catalyst that

has previously been employed for improving sulfur resis-

tance during hydrocarbon reforming, NiW. In particular,

we investigate structure–property relations for NiRu

bimetallic surfaces to probe the mechanism by which

addition of Ru alters the interaction of ethylene and sulfur

with the surface. Across a range of bimetallic surface

models, we explore how ethylene and sulfur adsorption

energies are affected by the change in the electronic

structure of a Ni catalyst caused by the addition of Ru [4].

Rather than attempting to determine the precise NiRu

surface structures present during reaction, the focus is on

identifying explanations for the enhancement of adsorption

energy for ethylene without a corresponding increase in the

adsorption energy of sulfur. Understanding the adsorption

of simple adsorbates like S and C2H4 on NiRu surfaces is a

key step towards understanding the surface kinetics and

detailed mechanisms involved in steam reforming of

hydrocarbons in the presence of sulfur on bimetallic Ni

surfaces.

2 Methods

2.1 DFT Calculations

Total energies of adsorbed sulfur and ethylene on various

NiRu surfaces were obtained from DFT calculations per-

formed using the Vienna ab initio simulation package [18,

19]. The Kohn–Sham one-electron valence states were

expanded in a plane wave basis set using the projector

augmented wave method [20]. A cutoff energy of 350 eV

was used in the expansion of the plane wave basis set. The

Perdew–Wang (PW91) generalized gradient approximation

functional was employed to calculate the exchange–cor-

relation energy [21]. A periodic supercell was used to

model the bimetallic NiRu(111) surfaces. In order to

determine the equilibrium lattice constant, the bulk bime-

tallic NiRu was geometrically optimized with a

11 9 11 9 11 Monkhorst–Pack k-point mesh to obtain the

lowest energy lattice constant [22]. In all the calculations

performed, the top two layers of the slab were relaxed and

the Brillouin zone was sampled using a 7 9 7 9 1

Monkhorst–Pack k point mesh [22].

Previous studies have indicated that Ni and Ru atoms in

a NiRu alloy interact with each other to form a fairly

homogeneous alloy [23]. Thus, the bimetallic NiRu(111)

slabs we examined contained varying proportions of Ni and

Ru atoms both on the surface and in the bulk. Alloy naming

corresponds to the concentration of Ru and Ni in the NiRu

alloy (e.g. Ru0.25Ni0.75 slab contains 25 % Ru and 75 %

Ni). We studied S and C2H4 coverage effects by examining

the following adsorbate (C2H4 and S) coverages -1/16ML,

1/8ML, 1/4ML and 1/2ML—on a Ru0.25Ni0.75(111) sur-

face. The Ru0.25Ni0.75 alloy consists of 2 9 2 unit cells

with a Ni to Ru ratio of 3:1 in each of its 4 layers. The

effect of Ru coverage was investigated by calculating S and

C2H4 adsorption on three different NiRu alloys with

varying concentrations of Ru–Ru0.33Ni0.67(111) (%Ru =

33), Ru0.22Ni0.78(111) (%Ru = 22) and Ru0.11Ni0.89(111)

(%Ru = 11) (see supporting information for details). We

used an adsorbate coverage of 1/9ML on each of the 3

alloys. We also studied adsorption trends for the same

sulfur and ethylene coverages—1/16ML, 1/8ML, 1/4ML

and 1/2ML—on Ru0.25Ni0.75(100). The S and C2H4

adsorption energies in all cases were calculated by sub-

tracting the adsorbate/substrate energy from the reference

energy. A positive reaction energy indicates an exothermic

reaction while a negative reaction energy implies an

endothermic reaction.

Details of the electronic structure of the NiRu alloys

were obtained by projecting the density of states (DOS)

onto individual atoms. The d-band centers reported in this

paper are the weighted average of the d-band and are ref-

erenced to the Fermi level [24]. The DOS plots shown in

this paper are also referenced to the Fermi level.

2.2 Experimental Methods

A series of catalysts were prepared via incipient-wetness

impregnation. During the synthesis, the precursors were

dissolved into an aqueous solution that was then added,

dropwise, to the catalyst support to fill the appropriate pore

volume. Catalyst precursors for nickel and tungsten were
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nickel nitrate hexahydrate, Ni(NO3)2�6H2O (Aldrich), and

ammonium metatungstate, (NH4)6W12O39 (Aldrich),

respectively. The catalyst supports that were used were

fluidizable and attrition-resistant so that the materials could

be used in a fluidizing environment as necessary. The

support was alpha-alumina (a-Al2O3, Saint Gobain Nor-

pro), a proprietary support from CoorsTek Ceramics which

consists of 90 % a-Al2O3 and a specified mixture of other

oxides. In instances when more than one impregnation was

used, the impregnated support was dried in air at 110 �C

for at least 3 h, to evaporate water and restore pore volume,

before additional impregnations were performed. Follow-

ing impregnations, the catalysts were calcined by heating

in air at a rate of 10 K/min to 900 �C and held for 3 h.

Catalyst naming corresponds to the molar ratio between Ni

and the promoter (e.g. W0.33Ni/a-Al2O3 corresponds to

6 %Ni/a-Al2O3 with a 0.33:1 W:Ni molar ratio).

H2 chemisorption was conducted at 40 �C on a

Quantachrome Autosorb instrument. Catalyst dispersion

was calculated assuming one adsorbed H atom per surface

Ni atom, with a Ni surface area of 1.2 9 1019 atoms/m2

based on an equal distribution of the three lowest index

planes of nickel (fcc) [25, 26]. Temperature-programmed

reduction (TPR) was done on 200 mg of sample using

10 %H2/Ar and ramping from 50 to 850 �C at 10 �C/min

and H2 consumption was measured using a TCD to refer-

ence the reactor inlet stream to the gas at the reactor exit,

after being sent through molecular sieves to remove

moisture. X-ray diffraction (XRD) scans from 20 to 80� 2h
were performed on a Scintag diffractometer using a step

size of 0.02�. Electron microscopy was conducted using a

field emission scanning electron microscope (JSM-7401F).

X-ray absorption fine structure (XAFS) spectroscopy was

performed at DuPont-Northwestern-Dow (DND) collabo-

rative Access Team (CAT) beamline 5-BM-D (BM =

bending magnet, http://www.dnd.aps.anl.gov/) at the

Advanced Photon Source, Argonne National Labora-

tory. The XAFS spectra was analyzed using the Athena

software package as described previously by Yung et al.

[27–30].

Reactions on powdered catalyst samples were conducted

in a fixed-bed reactor, with the catalyst held in place

between quartz wool plugs within a quartz, U-tube reactor

and heated by an electric furnace. Gas flow rates were

controlled by mass flow controllers (MKS Instruments) and

steam was introduced by adjusting helium flow through a

gas washing bottle filled with DI water and heated in an oil

bath to 70 �C. All lines downstream of the bubbler were

heat traced ([100 �C) to prevent condensation. The com-

position of the hot gas stream was measured using a Dycor

Proline mass spectrometer. The reactor system had a

bypass flow line for feed analysis before and after each

reaction. Catalysts (175 mg) were heated from 25 to

900 �C at 10 �C/min in 10 % H2/N2, and then held at

900 �C for 30 min to pretreat the samples prior to reaction.

All flow rates (dry) were 100 sccm in the reaction studies.

Catalyst tests lasted 3 h, consisting of (i) 60 min exposure

to reaction gases without H2S, (ii) 30 min exposure to

reaction gases with H2S, and (iii) 90 min exposure to

reaction gases without H2S. Catalysts were examined for

ethylene steam reforming (2 % C2H4, 50 ppm H2S when

included, 32 % H2O and balance He). These reaction

studies were performed at 900 �C.

3 Results and Discussion

3.1 Sulfur Resistant Ethylene Reforming on NiW

Catalysts

3.1.1 Experimental Studies of Ethylene Steam Reforming

Bimetallic NiW catalysts have previously been found to

improve the sulfur resistance during hydrocarbon reform-

ing reactions. To our knowledge, they have not previously

been investigated for ethylene reforming. Therefore, for the

purposes of comparison to NiRu reforming catalysts, it is

useful to briefly examine reactivity trends for a set of

catalysts including supported Ni, W, and two different

NiW bimetallic catalysts. Figure 1 shows ethylene con-

version versus time on Ni/Al2O3, W0.1Ni/Al2O3, W0.33Ni/

Al2O3 and W/Al2O3. Before H2S was introduced, the trend

in ethylene reforming activity was Ni/Al2O3 [ W0.1Ni/

Al2O3 [ W0.33Ni/Al2O3 [ W/Al2O3. The introduction of

H2S led to lower C2H4 conversion on all catalysts. The

trend in ethylene conversion after the introduction of

50 ppm of H2S was W0.1Ni/Al2O3 [ W0.33Ni/Al2O3 [ Ni/

Al2O3 [ W/Al2O3. The catalyst with lower tungsten

loading, W0.1Ni/Al2O3, showed higher activity than

W0.33Ni/Al2O3 both in the presence as well as the absence

of H2S in the feed stream, indicating that there is an

optimum amount W required in the catalyst to improve its

sulfur resistance, while very high loadings of W can sig-

nificantly lower activity for C2H4 steam reforming. This is

because W is inactive as a reforming catalyst as can be

seen in Fig. 1. Upon the removal of H2S, in the final hour

of the reaction, the two NiW catalysts recovered activity at

almost the same rate as the pure Ni catalyst. However, the

two NiW catalysts showed higher conversions than the

monometallic Ni catalyst even in this step of the reaction.

The partial restoration of activity on all the catalysts fol-

lowing removal of H2S suggests that H2S caused a decrease

in C2H4 conversion due both to reversible poisoning of the

Ni sites and to irreversible changes in the catalyst structure

or composition.
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Catalysts were characterized in their as-synthesized,

post-reduction, and post-reaction states using a variety of

characterization techniques. Full details are provided in the

supporting information, but an overview of key results is

given here. Hydrogen chemisorption results showed that

that the active catalyst surface area for the pure Ni catalyst

was 55–60 % higher than that of the W0.1Ni catalyst in

both the reduced and post-reaction state. The Ni disper-

sions of the W0.1Ni and W0.33Ni catalysts were more

similar, with the W0.1Ni catalyst having approximately

15 % more active surface area. A drop in active surface

area of more than 40 % was observed for all catalysts after

reaction. SEM images (figure S3 of the supporting infor-

mation) obtained for the Ni and W0.1Ni catalysts show

particle growth during reaction that is consistent with the

loss in dispersion.

Temperature programmed reduction results (figure S1 of

the supporting information) for the various catalysts indi-

cate that increasing W content was correlated with higher-

temperature TPR peaks, indicating as expected that W

decreases the reducibility of the catalyst. These findings are

consistent with results from XRD (supporting figure S2),

which indicate that the W0.33Ni catalysts retain a NiWO4

peak and a WO3 peak at 29.2 and 40.9�, respectively, in the

reduced W0.33Ni/Al2O3 catalyst. In the post-reaction sam-

ples, both the W0.33Ni and W0.1Ni catalysts exhibited more

significant peaks attributed to NiWO4 formation. Results

from EXAFS (figure S4 of the supporting information) are

generally consistent with the observations described above,

with the W0.33Ni catalyst being associated with a Ni–O

backscatter pair even in the reduced sample, with oxidation

increasing in the post-reaction samples. Overall, the char-

acterization results indicate that W lowers the availability

of reducible, active sites in the Ni catalyst, and that though

W improves sulfur resistance it comes at a cost of reduced

sulfur-free activity.

3.1.2 Sulfur and Ethylene Adsorption on NiW Bimetallic

Surfaces

We conducted preliminary DFT investigations of sulfur

and ethylene adsorption on ordered NiW bimetallic sur-

faces for direct comparison to the studies indicated below.

Both sulfur and ethylene adsorption are highly favorable in

the W-containing sites of W0.33Ni0.67(111) with adsorption

energies favored by 1.07 and 0.55 eV, respectively, com-

pared to Ni(111). On the other hand, the S adsorption

energy is slightly less favorable on W0.11Ni0.89(111) com-

pared to Ni(111) by 0.12 and 0.07 eV, respectively. These

results suggest that high W contents are associated with

high sulfur and ethylene adsorption energies, in contrast

with the experimental trends. As discussed in greater detail

below, we hypothesize that this divergence is due to the

fact that a homogeneous alloy is not a valid model for the

experimental NiW catalysts. Differences in surface struc-

ture between different alloys makes development of a truly

unified theory for the sulfur resistance of bimetallic cata-

lysts difficult, as discussed in Sect. 3.3.

Fig. 1 Ethylene conversion

versus time on Ni/Al2O3 (filled
triangle), W0.1Ni/Al2O3 (filled
circle), W0.33Ni/Al2O3 (filled
square) and W/Al2O3 (?)
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3.2 Sulfur Resistant Ethylene Reforming on NiRu

Catalysts

3.2.1 Experimental Studies of Ethylene Steam Reforming

As discussed in the introduction, we have previously per-

formed experimental investigations similar to those

described in Sect. 3.1 using NiRu bimetallic catalysts for

steam reforming of ethylene in the presence of H2S [17].

Briefly, these investigations showed that NiRu catalysts (at

loadings of both Ru0.33Ni and Ru0.1Ni) showed higher

activities for reforming of ethylene both in the absence and

presence of 5 ppm H2S. While H2S lowered conversion on

all catalysts, the rate was affected less on the NiRu bime-

tallics. Several techniques including TPR, XRD, SEM, and

EXAFS were employed to demonstrate a significant

interaction between bimetallic components. The NiRu

catalysts were also observed to be more active both in the

presence and absence of H2S during reforming of a model

biomass tar stream containing ethylene, methane, and

benzene. In the sections below, we employ DFT calcula-

tions to compute trends in the adsorption of ethylene and

sulfur on NiRu bimetallic surfaces with an aim of

explaining reasons for the enhanced activity and sulfur

resistance.

Note that in the experimental work reported here, NiW

catalysts were exposed to a higher H2S concentration

(50 ppm) as compared to the NiRu catalysts in the previous

study (5 ppm) [17]. While previous studies have generally

shown that higher H2S concentrations in this range result in

decreased catalyst activity and more rapid deactivation

[31], it is important to point out that NiW and NiRu

bimetallic catalysts may have different ranges of effective

sulfur resistance based on their different mechanisms for

sulfur tolerance described below.

3.2.2 Sulfur and Ethylene Adsorption on Ni and NiRu

Bimetallic Surfaces

A major focus of this paper is on studying how changes in the

model for the NiRu bimetallic surface—including the sur-

face structure, Ru content, and Ru distribution—affect the

adsorption of ethylene on sulfur. It is useful to begin, how-

ever, by providing an overview of the general observations

for adsorption of sulfur and ethylene on four surfaces:

Ni(111), Ni(100), Ru0.25Ni0.75(111), and Ru0.25Ni0.75(100).

Adsorption energies at three different surface coverages are

shown in Tables 1 and 2. Considering these surfaces allows

for comparing adsorption energy trends across surfaces and

across compositions. For all surfaces, ethylene preferen-

tially adsorbs in atop sites. From Table 1, it is apparent that

ethylene binds significantly more strongly on the bimetallic

surface than on pure Ni surfaces. The difference in binding

energy depends to some extent on the surface structure and

adsorbate coverage, but on average ethylene adsorption is

found to be 0.3–0.4 eV more stable on the bimetallic

surfaces.

Sulfur adsorbs in hollow sites on both the (111) and

(100) surfaces of Ni and Ru0.25Ni0.75; in the case of the

bimetallic surfaces, these sites include one Ru atom

(Fig. 2). In contrast to the case of ethylene, sulfur

adsorption is not noticeably favored on the bimetallic

surfaces. In fact, for coverages of �ML and below, the

average binding energy of sulfur is [0.10 eV more exo-

thermic on the monometallic surface. Thus, whereas eth-

ylene binding (and thus reactivity toward bond breaking

reactions) is clearly favored on the bimetallic, sulfur

binding is not stabilized. This is consistent with the finding

that ethylene steam reforming activity on the bimetallic is

improved both in the presence and absence of H2S, but

more so in the presence of H2S.

It is useful to examine the sensitivity of the results

presented above to varying contents and distributions of

Ru in the bimetallic. Full details on these calculations are

reported in the Supplementary Information. Table S3

compares the trends for S and C2H4 adsorption energies

with varying Ru concentrations in the alloy. No clear trend

was observed between S adsorption energy and Ru content,

though S adsorption was found to be slightly weaker (by

*0.1 eV) for the surface that was the most dilute in Ru. In

constrast, C2H4 adsorption became less exothermic (by

*0.2 eV) as we increased the Ru concentration in the slab

from 11 % Ru to 33 % Ru. That is, the strongest ethylene

adsorption is observed for the surface that is most dilute in

Ru, such that isolated Ru atoms appear to be associated

with strong ethylene adsorption. However, catalysts that

Table 1 Adsorption energies (eV) of ethylene as a function of sur-

face and coverage

Fractional coverage Ni(111) Ni3Ru(111) Ni(100) Ni3Ru(100)

1/16 -1.01 -1.10 -0.83 -1.24

1/8 -0.94 -1.10 -0.74 -1.23

1/4 -0.89 -1.37 -0.70 -1.21

Table 2 Adsorption energies (eV) of atomic sulfur as a function of

surface and coverage

Fractional coverage Ni(111) Ni3Ru(111) Ni(100) Ni3Ru(100)

1/16 -6.10 -5.94 -6.82 -6.53

1/8 -6.07 -6.04 -6.80 -6.52

� -6.05 -6.17 -6.77 -6.66

� -3.32 -3.84 -3.37 -3.07
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are highly dilute in Ru will have few of these active sites, a

tradeoff remarked upon in a previous contribution [17].

The adsorption energies are also somewhat sensitive to

the distribution of Ru within the bimetallic. The results for

S and C2H4 adsorbed on homogeneous and simple inho-

mogeneous models (characterized by the presence of

Ru–Ru bonds within the lattice) for Ru0.25Ni0.75(111) are

shown in Table S4 of the Supplementary Information.

There is a general trend that the presence of Ru–Ru bonds

weakens ethylene adsorption because ethylene prefers to

bind to isolated surface Ru atoms. For S adsorption, there is

no clear trend, with some inhomogeneous models

strengthening binding and others weakening it. Despite the

subtle variations with Ru content and distribution, there is

one key overall conclusion: that regardless of the Ru

composition and distribution conditions examined in these

calculations, ethylene binding is significantly stabilized on

the NiRu bimetallic surfaces, whereas sulfur adsorption

generally is not. Nevertheless, the results of the calcula-

tions with different Ru loadings and distributions helps in

developing a picture of the surface electronic characteris-

tics that lead to desirable ethylene and sulfur adsorption

energies, as discussed in the following section.

3.2.3 Electronic Effects on Binding

The results section above focuses on identifying binding

energy trends for several NiRu bimetallic models. The

focus of this section is to unify these results to identify the

underlying explanations for observed trends for both sulfur

and ethylene adsorption. The adsorption of sulfur com-

pounds on transition metals has been widely studied and

reviewed [32–35]. More specifically, sulfur adsorption on

Ni surfaces and catalysts has been investigated both theo-

retically and experimentally [36–43]. The d-band center

has been identified as often being a good indicator of the

adsorbate–substrate bond strength and chemical reactivity

[44]. However, on NiRu bimetallic surfaces, adsorption of

S is complicated by the fact that two different types of

metal atoms, Ru and Ni, can be present in the binding site.

It is therefore expected that utilizing a single metric, such

as the d-band center, may be problematic in correlation of

binding energy trends. Supporting figure S7 shows the

change in S adsorption energies with changing d-band

center of the Ru atom in the NiRu alloys. We do not

observe a linear decrease in S adsorption energy with

increasing d-band center for this limited range of bimetallic

surfaces. Similarly, there was no direct correlation between

the S adsorption energy and the d-band center of the Ni

atom (supporting Fig. S7). However, as suggested by

Norskov et al., the adsorption of an atom or molecule on

closely related transition metal surfaces cannot be

explained in terms of the d-band center alone [45]. Studies

by Hyman et al. [24] indicate that S adsorption on Pd(111)

and Pd bimetallic surfaces is dependent on the width of the

d-band and the DOS near the Fermi level. The DOS near

the Fermi level is indicative of the number of occupied

states available for bonding and the unoccupied states that

reduce the anti-bonding repulsions.

As seen in Fig. 3, the width of the d-band of the Ni atom

and the Ru atom is almost identical in both

Ru0.25Ni0.75(111) and Ru0.11Ni0.89(111). However, the

DOS near the Fermi level differs considerably. The Ru

atom in Ru0.25Ni0.75(111) and the Ni atom in

Ru0.11Ni0.89(111) have a higher density of occupied states

near the Fermi level as compared to Ni atom in

Ru0.25Ni0.75(111) and the Ru atom in Ru0.11Ni0.89(111).

This explains why S adsorption energies are more favor-

able by 0.11 eV on the Ru-containing hollow in

Ru0.25Ni0.75(111) compared to Ru0.11Ni0.89(111). A com-

parison of the DOS of a Ru atom on the surface of a

homogeneous Ru0.25Ni0.75(111) alloy and a Ru atom in an

inhomogeneous alloy (see supporting information) reveals

a similar favorability for S adsorption when there is an

increased presence of electrons close to Fermi level. The

sulfur adsorption energy on this inhomogeneous alloy is

more favorable by 0.22 eV as compared to that on the

homogeneous alloy.

One way to illustrate the relationship between the DOS

near the Fermi level and the adsorption energy of sulfur is

to plot adsorption energy versus the number of states

within an arbitrary range close to the Fermi level. A strong

Fig. 2 a S adsorbed on the Ru

hollow site of Ru0.25Ni0.75(111)

and b C2H4 adsorbed atop a Ru

atom in Ru0.25Ni0.75(111). The

black atoms represent Ni, the

red atoms represent Ru, the

green atoms represent C, the

white atoms represent H and the

yellow atoms represent S
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relationship between the fraction of occupied states and the

S adsorption energy on the Ru hollow site of various NiRu

alloys for an arbitrary 1 eV energy range below the Fermi

level is found (see supporting figure S8). Though this

specification is arbitrary, we find that this trend is followed

regardless of the specified energy range, spanning a sig-

nificant range of values. For example, a similar relationship

is obtained when a 0.5 eV range below the Fermi level is

used. The adsorption site for S is made up of two Ni atoms

and one Ru atom, so it is expected that the electronic

structure of the Ni component is also critical. The S

adsorption energy was also found to be correlated with the

DOS near the Fermi level of Ni. Finally, perhaps the most

useful metric attempts to incorporate the presence of both

Ni and Ru surface atoms in the binding site. This can be

represented by taking a weighted average of the DOS near

the Fermi level according to the stoichiometry of the

binding site; that is, for a site consisting of two Ni atoms

and one Ru atom, using the sum of 2/3 the DOS of the Ni

atoms and 1/3 the DOS of the Ru atoms. This produces a

strongly linear relationship, as shown in Fig. 4.

Next we consider the underlying reasons for trends in

ethylene adsorption energy, which are simpler because of

the simplicity of the ethylene binding site (atop a single

atom). Ethylene adsorption can be described in terms of the

Dewar–Chatt–Duncanson model [46, 47]. According to

this model, there is a donation of electrons from the p
orbital of the adsorbate to the metal d-band and a back

donation from the metal to the p* orbital of the adsorbate.

An alternative view is that the activation of C2H4 on a

metal surface is due to spin uncoupling in the adsorbate

that leads to an excitation to the triplet state and thus

prepares the adsorbate for bond formation [48].

We observed an increase of 0.12 Å in the C–C bond

length of ethylene for both Ni(111) as well as the NiRu

alloys; this expansion is in accordance with previous

observations of rehybridization [49–52]. This increase in

C–C bond length and the upward shift of hydrogen atoms

can be attributed to the r–p mixing that occurs when eth-

ylene binds to the Ni or NiRu surface. The DFT results

indicate that ethylene binds preferentially atop the Ru atom

on the bimetallic surfaces. It is useful to consider correla-

tions with the electronic properties of these atoms across all

the bimetallic surfaces considered above. Ethylene

adsorption does not correlate with the d-band center of the

Ru atom on which it adsorbs (see supporting information).

However, C2H4 adsorption is more favorable on metal

atoms (in this case Ru) that have a larger density of

unoccupied states near the Fermi level, as demonstrated in

Fig. 5. This figure shows ethylene adsorption energy versus

Fig. 3 DOS of the a Ni atom in Ru0.25Ni0.75(111), b Ni atom in

Ru0.11Ni0.89(111), c Ru atom in Ru0.25Ni0.75(111) and d Ru atom in

Ru0.11Ni0.89(111). The shaded region represents the occupied states

and the unshaded region represents the unoccupied region of the d

band

Fig. 4 S adsorption energy on the Ru hollow sites of various NiRu alloys

versus the quantity of 1/3 (the fraction of states in the Ru atom) ? 2/3 (the

fraction of states in the Ni atom) within 1.0 eV of the Fermi level. All the

alloys have a (111) face except Ru0.25Ni0.75(100). Alloys 3A and 3B are

inhomogeneous, as described in the Supporting Information
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the percentage of unoccupied d-states in the Ru atom of

various bimetallic NiRu(111) alloys. Ethylene adsorption

becomes more favorable as the percentage of unoccupied

d-states in a metal atom increases. The results discussed

earlier indicate that C2H4 adsorption becomes more exo-

thermic as the Ru concentration in the bimetallic alloy

decreases. As seen in Fig. 3, this is because of the decrease

in the percentage of the unoccupied d-states with respect to

the total DOS of the d-band of the Ru atom. The increase in

unoccupied states reduces the anti-bonding repulsion and

leads to more efficient rehybridization enabling formation

of bonds to the adsorbate.

In our previous work, we found that the addition of Ru

to a Ni catalyst supported on Al2O3 (Ni/Al2O3) greatly

improved its activity both in the presence as well as the

absence of sulfur [17]. As mentioned earlier, ethylene

adsorption is favored if there are more unoccupied states

above the Fermi level. The addition of Ru to a Ni catalyst

increases the number of unoccupied states available for

bonding above the Fermi level compared to either

Ru(0001) or Ni(111) surfaces (see supporting information,

Fig. S9). This, in turn, causes less repulsion during C2H4

adsorption on the NiRu(111) catalyst. This shift in the

electronic structure that favors ethylene adsorption was

observed in all the NiRu alloys investigated for this study.

Moreover, sulfur adsorption is less favorable on the

Ru0.25Ni0.75(111) surface than on Ni(111). This is consis-

tent with the observation that the Ni atom in the Ni(111)

slab has 28 % of its occupied states within 1 eV of the

Fermi level compared to 25 % in the Ru atom or 22 % in

the Ni atom of Ru0.25Ni0.75(111).

Overall, it appears that the enhanced reactivity of eth-

ylene in both the presence and absence of sulfur on NiRu

bimetallics may be related to the different mechanisms for

ethylene and sulfur adsorption on the two surfaces. To

illustrate this divergence, sulfur adsorption energies on

Ni(111), Ru0.25Ni0.75(111) and Ru(0001) are -6.77, -6.17

and -5.24 eV, respectively. Ethylene adsorption on

Ru0.25Ni0.75(111) was more favorable at -1.37 versus

-0.77 and -0.89 on Ni(111) or Ru(0001), respectively.

Thus, S adsorption is less favorable on the Ru0.25

Ni0.75(111) than the Ni(111) slab and ethylene adsorption is

more favorable on the bimetallic than either Ni(111) or

Ru(0001). This change in adsorption energy values is a

direct consequence of the different electronic structure of

the three surfaces as described above.

3.3 Mechanisms for Sulfur Resistant Ethylene

Reforming on Bimetallic Ni-Based Catalysts

The catalytic studies presented here and elsewhere reveal

that a number of Ni-based bimetallics including NiW,

NiSn, NiRu, and NiRh exhibit improved sulfur resistance

during hydrocarbon steam reforming reactions [9, 10, 13,

17]. However, the mechanisms for these bimetallics appear

to vary significantly. The use of the bimetallic systems

NiW and NiSn reduces the initial activity of the catalysts in

the absence of sulfur, but also reduces the susceptibility to

poisoning. The addition of Ru and Rh—metals which are

themselves active catalysts—to Ni can result in higher

reforming activity both in the presence and absence of

sulfur, but with an improvement in the overall sulfur

resistance. The fact that NiRu and NiRh catalysts involve

two highly active metal components complicates analysis,

but such combinations of active metals have been widely

used in other applications to improve poisoning resistance

[53].

One important difference between the two types of

bimetallic catalysts is apparent in the TPR catalyst char-

acterization results. The addition of Sn and W to the Ni

catalysts shifts TPR features to higher temperature,

whereas Ru and Rh are more easily reducible metals that

lower the reduction temperature of Ni. The reducibility of

the catalyst has previously been correlated with the activity

toward steam reforming reactions for Ni-based systems

[54]. The effects of Sn on the physical and electronic

structure of Ni have been thoroughly characterized; Sn

forms a surface alloy with Ni, and shifts the d-band center

of neighboring Ni atoms to lower energies, reducing sus-

ceptibility to poisoning by carbonaceous species and sulfur

[14, 55]. The effects of W are less clear and potentially

more difficult to study. The results indicate the presence of

W-containing oxide and sulfide phases under reaction

conditions; these phases are much more difficult to model

using computational approaches than surface or homoge-

neous alloys. Yet, the behavior of these NiSn and NiW

Fig. 5 C2H4 adsorption energy versus the percentage of unoccupied

d-states near the Fermi level of the Ru atom of an alloy. All the alloys

have a (111) face except Ru0.25Ni0.75(100)
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catalysts appear to be similar in their overall nature—the

addition of the relatively inactive components Sn and W

decrease the reducibility and reactivity of the Ni compo-

nent, lowering the intrinsic rate but also significantly

reducing the effect of poisoning by other species. Under

conditions where poisoning is a critical consideration—

where decreasing the surface coverage of a poison is

expected to increase the reaction rate—the effect of these

promoters can be beneficial.

In contrast, NiRu surfaces adsorb ethylene more

strongly, and appear to be more active catalysts. One might

expect that stronger binding of ethylene would be corre-

lated with stronger binding of atomic sulfur, leading to

poor poisoning resistance. However, ethylene and sulfur

prefer different adsorption sites on the surface, and the

strength of their binding is dictated by different electronic

features of the surface. Because of this, surfaces can be

designed to favor binding of a desired species, such as

ethylene, in preference to an undesired poison, such as

sulfur. Although not included in this study, we hypothesize

that Rh improves the sulfur-resistant activity of Ni through

a similar mechanism.

4 Summary

Experimental studies revealed that addition of W to Ni/

Al2O3 catalysts decreases the activity of the catalyst for

steam reforming of ethylene under sulfur-free conditions,

but improves activity in the presence of H2S. This behavior

contrasts to previous studies of NiRu bimetallic catalysts,

which showed improved ethylene stream reforming activity

both in the presence and absence of sulfur. Using DFT cal-

culations, we have demonstrated that S and C2H4 adsorption

on NiRu bimetallic alloys is affected by several factors: Ru

concentration in the NiRu alloy, the adsorption site, the face

of the alloy and local surface conditions. Sulfur preferen-

tially adsorbs on the Ru hollow site on all the NiRu(111)

alloys we examined except Ru0.11Ni0.89(111). Ethylene, on

the other hand, preferentially adsorbs atop the Ru atom in all

the NiRu(111) alloys studied. The differences in trends

observed for S and C2H4 adsorption on the different

NiRu(111) bimetallic alloys can be attributed to the differ-

ence in the adsorption mechanisms of the adsorbates in

consideration. Sulfur adsorption is dependent on the occu-

pied d-DOS near the Fermi level while C2H4 adsorption is

dependent on the percent of unoccupied d-DOS of the atom

with respect to the total d-DOS of the metal atom. In contrast,

modifiers such as W and Sn appear to function by shifting the

d-band center of the Ni atoms to lower energies.
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