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The dehydrogenation and decarbonylation of ethylene glycol and ethanol were studied using temperature
programmed desorption (TPD) on Pt(111) and Ni/Pt(111) bimetallic surfaces, as probe reactions for the
reforming of oxygenates for the production of fér fuel cells. Ethylene glycol reacted via dehydrogenation

to form CO and H, corresponding to the desired reforming reaction, and via total decomposition to produce
Cady Oway and H. Ethanol reacted by three reaction pathways, dehydrogenation, decarbonylation, and total
decomposition, producing CO,,HCH,, Cagy @and Qagy Surfaces prepared by deposition of a monolayer of

Ni on Pt(111) at 300 K, designated NPt—Pt(111), displayed increased reforming activity compared to
Pt(111), subsurface monolayeri—Pt(111), and thick Ni/Pt(111). Reforming activity was correlated with

the d-band center of the surfaces and displayed a linear trend for both ethylene glycol and ethanol, with
activity increasing as the surface d-band center moved closer to the Fermi level. This trend was opposite to
that previously observed for hydrogenation reactions, where increased activity occurred on subsurface
monolayers as the d-band center shifted away from the Fermi level. Extrapolation of the correlation between
activity and the surface d-band center of bimetallic systems may provide useful predictions for the selection

and rational design of bimetallic catalysts for the reforming of oxygenates.

I. Introduction temperature and time. Deposition of monolayer coverage Ni
on Pt(111) at a substrate temperature of 600 K produces a

. ! surface with nickel atoms diffusing into the subsurface region,
by selective reforming of oxygenates. The oxygenates may be eaving the top layer enriched with platinum, as confirmed by

derived from renewable biomass and offer advantages such a: TM, LEIS, XPS, and AES? The subsurface monolayer alloy.

low toxicity, low reactivity, and compatibility with the current - . .
infrastructure for transportation and storage. Recently, aqueousdes'gnateol as PNi—Pt(111), can be prepared by depositing

. : : V
phase reforming of oxygenates, such as ethylene glycol, hase'ther Ni onto PY(11%p or Pt onto Ni(111) a.t_GOO.K ata
been studied on various transition metals The rate of monolayer Ni or Pt coverage. Longer deposition times of Ni

reforming decreased as follows: Pt, NiRu > Rh, Pd> Ir onto Pt(111) at 600 K produce surfaces composed of several

; - . ) nickel layers, which begin to approximate the structure and
while hydrogen selectivity showed the following trend: Pd L .
Pt > Niy> Fgu ~ Rh3 Ov)érall, Pt was identifieo?as the most reactivity of the Ni(111) surface. On the other hand, the

promising catalyst. Nickel-based catalysts were found to be depo§|t|on of monolayer Ni at .300 K Ieagls to 'the Ni atoms
active for reforming of ethylene glycol but also displayed residing on the surface, and this surface is designated as Ni

- Pt—Pt(111). Annealing the surface monolayer¥it—Pt(111)
decreased hydrogen selectivity due to alkane produét@ther - ) .
studies have investigated the replacement of precious metalfgspgaiiﬁfjgg l;r:?j Gogguizgszs_:qr'te_g't(altﬂr)lsstﬁbtg?;iémo
catalysts with less expensive substitutes, and a Sn/Ni bimeta”icmonola or with s'm'lgr structure and reactivity as those
catalyst has been reported with hydrogen selectivity comparable yer wi imi uctu ity

to Pt/ALO3.48710 The reforming of other oxygenates, such as deposne_d at 600 Ks _ ) ) .
ethanol, has been studied on bimetallic catalysts such as Rh The Ni/Pt(111) bimetallic surfaces display chemical properties
Pt12 Au—Rh13 and Ni-Rh14 different from those of either Pt(111) or Ni(111). For example,

Bimetallic catalysts offer one approach to altering the physical on Pt—Ni_PF(ll_D' the desorption temperature of hydrogen
and chemical properties of metals, in some cases producingdecreases significantly as compared to either Pt(111) or Ni-

7 o : 7 . .
unique catalytic properties not seen for either of the parent (111)* Since the dissociative adsorption of hydrogen is
metals!>19 Recent work has demonstrated that combined nonactivated, this sugge_sts a weaker mdt-l_ilbo_n_d on the
experimental and theoretical studies can be used to understan&ubskl:rface monolﬁyerPNl—P_t(lll). The k?vallab_lll_ty Off molre
the reactivity of bimetallic alloys and to predict properties of weakly bonded ydrog?“ increases the activity for low-
new combinationgo-32 temperature hydrogenation of molecules such as cyclohex-

22,24,27 1 _ _ _
The Ni/Pt bimetallic system displays novel catalytic properties €€ 2Tl hexen_e, and 1 buteﬁé.Other temperature pro
and has been studied extensiv&y2” The surface morphology grammed desorption (TPD) experiments have shown that the

of a Ni/Pt(111) bimetallic surface depends on the deposition d6composition of ethylene on PNi—Pt(111) is decreased
compared to Pt(111) or Ni(11%3:26 On the basis of HREEL

*To whom correspondence should be addressed. E-mail: chen@ SPectra, this difference has been attributed to the formation of
che.udel.edu. a weaklysr-bonded intermediate on the bimetallic surface vs a
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more strongly dis-bonded intermediate on the parent metafs. directional tubing. In all experiments, the gas exposures were
In contrast, surface monolayer NPt—Pt(111) displays very = made at a crystal temperature of 200 K through, . stainless
different properties. The desorption temperature pfrbim Ni— steel tube. For ethylene glycol experiments, dosing was per-

Pt—=Pt(111) increases significantly compared to that from Pt- formed with the crystal several inches away facing the dosing
(111) and is slightly higher than that from Ni(11%)This tube. Ethanol experiments were performed with the crystal
indicates a stronger metaH bond on Ni-Pt—Pt(111) compared  facing away from the dosing tube.

to either of the parent metals. The Pt(111) surface was cleaned by repeated cycles 6f Ne
Theoretical calculations confirm these experimental observa- sputtering at 600 K and annealing at 1100 K. Following the
tions. The hydrogen binding energy on-Rti—Pt(111) calcu-  last sputter cyclel L of O, at 890 K was used to remove carbon

lated by DFT is lower than that on Pt(111) or Ni(123)On left on the surface, followed by annealing at 1100 K for 5 min.
the other hand, on NiPt—Pt(111), the hydrogen binding energy ~ This cleaning procedure was repeated until negligible C or O
calculated by DFT is higher than that on either of the parent was detected by AES.
metals. The origin of this effect was attributed to the change in  Ni/Pt(111) bimetallic surfaces were prepared by physical
the d-band of the bimetallic surfaces, as characterized by thevapor deposition (PVD) of Ni, as described earf&Fhe crystal
surface d-band center. For-Rli—Pt(111), the d-band center was held at either 600 or 300 K during Ni deposition, depending
decreases compared to Pt(111) or Ni(111), shifting away from on which surface was being prepared. The evaporative PVD
the Fermi level, resulting in weaker interactions with adsorbates. doser consisted of a tungsten filament with a high-purity Ni
On the other hand, on NiPt—Pt(111), the d-band center moves Wwire (Alfa Aesar, 99.99-%) wrapped around it, mounted within
closer to the Fermi level thereby increasing interactions with a tantalum enclosure. The Ni(849 eV)/Pt(241 eV) AES ratios
adsorbates. A nearly linear correlation between the hydrogenwere used to determine Ni coverages, similar to procedures
binding energy and the d-band center was established for a widedescribed earlier where a Ni/Pt AES ratio of 1.0 was taken as
range of bimetallic surface$; 3! consistent with the theory of ~ the monolayer coverage forPNi—Pt(111)?2 For Ni—Pt—Pt-
chemisorption by Hammer and Ngrskév. (111), it is more difficult to determine the morphology of the
In the current work, we investigate reactivity trends for the monolayer because Ni does not grow in a layer-by-layer mode
reforming of oxygenates, such as ethylene glycol and ethanol, at 300 K. Therefore, for this work, NiPt—Pt(111) was formed
on Pt(111) and Ni/Pt(111) bimetallic surfaces. The reactions of by depositing Ni onto Pt(111) at 300 K for exactly the same
ethylene glycol have been studied previously on Cu(31B); deposition time as for monolayer-PNi—Pt(111). This proce-
(100)3* Ag(110)3536 Rh(111)3” and Mo(110)8 but to our dure leads to a difference in the AES Ni/Pt ratio between the
knowledge, surface science studies on Pt(111) or Ni/Pt(111) Pt=Ni—Pt(111) and Ni-Pt—Pt(111) surfaces. This is because,
have not been performed. Ethanol has been studied previouslyfor Pt=Ni—Pt(111), the subsurface Ni is somewhat screened
on many surfaces, including Pt(132)! and Ni(111)*243but by the top layer of Pt. Thus, after monolayer deposition for
not on Ni/Pt(111) bimetallic surfaces. TPD results for ethylene Ni—Pt=Pt(111), the AES ratios were approximately 1.5, as
glycol and ethanol on Pt(111) and Ni/Pt(111) will be presented compared to 1.0 for PtNi—Pt(111). For the thick Ni/Pt(111),
first, followed by correlations of the activities with the d-band deposition was carried out at 600 K until more than 6 ML of
center of the surfaces and predictions based on the surfaceNi were deposited.

d-band center of other Pt-3d metal bimetallic surfaces. 2.2. DFT Modeling. Theoretical calculations were performed
with the DACAPO package, which uses a plane wave basis set
Il. Experimental and Theoretical Methods with pseudopotentials to represent the core electrons. The PW91

functional was used for self-consistent electronic structure

2.1. TechniquesThe ultrahigh vacuum (UHV) chamber used  calculations, with an electronic temperaturekgT = 0.2 eV
for the experiments was a two-level stainless steel chamber (baSQOr Speeding up the convergence, extrap0|ated backto O K. The
pressure of 1x 1071° Torr), which was equipped with Auger  surfaces were approximated by ax22 unit cell with three
electron spectroscopy (AES) and TPD. In TPD experiments, |ayers of metal separated by five equivalent layers of vacuum,
the samples were heated at a linear rate of 3 K/s. The openingrepeated periodically. The top layer was relaxed to the lowest
of the random flux shield of the quadrupole mass SpeCtrometerenergy Configuration_ A p|ane wave cutoff of 350 eV was used
(UT1100C) was placed at a distance-eb mm from the sample  for all calculations. The d-band density of states was determined
surface. The TPD experimental setup allowed up to 12 masse%y projection of the p|ane waves onto Spherica| harmonic
to be monitored simultaneously. The Pt(111) single crystal orbjtals. The d-band center was calculated as the first moment
(Princeton Scientific, 99.99%) was 1 mm thick, with a 10 mm  of the projected d-band density of states on the surface atoms
diameter, and was oriented to within 8.3 he crystal was spot  relative to the Fermi level. The PNi—Pt(111) surface was
welded directly to two tantalum posts that served as electrical approximated by replacing the second layer Pt atoms with Ni,
connections for resistive heating, as well as thermal ContaCtSWh”e for N|—Pt—Pt(111) the topmost |ayer was rep|aced with
for cooling with liquid nitrogen. With this mounting scheme, Nj. The d-band center of the thick Ni/Pt(111) surface was
the temperature of the crystal could be varied between 100 andapproximated as that for Ni(111). For other Pt-3d bimetallic

1100 K. The sample temperature was measured by spot weldingsyrfaces, the topmost layer was replaced with the 3d metal of
a chromet-alumel thermocouple to the top edge of the Pt(111) interest.

single crystal.

Ethylene glycol (Sigma-Aldrich, 99.8%) and ethanol (Sigma- !ll- Results
Aldrich, 99.5+%) were transferred into glass sample cylinders  3.1. TPD of Ethylene Glycol.Figure 1a displays TPD spectra
and purified using repeated freezgump—thaw cycles. All of ethylene glycol from Pt(111) following different initial
other gases were of research purity and were used withoutexposures. Ethylene glycol desorbed from Pt(111) in two peaks.
further purification. The purity of all reagents was verified in  The higher temperature peak at 267 K saturated by 0.2 L and
situ by mass spectrometry prior to use. Doses are reported inwas attributed to monolayer desorption. The onset of a lower
langmuirs (1 L= 1 x 1078 Torr s) and are uncorrected for ion temperature peak at224 K was observed at 0.2 L exposure
gauge sensitivity or flux enhancement due to dosing with the and was attributed to multilayer desorption.
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Figure 1. TPD spectra of (a) ethylene glycol, (b)Hc) CO, and (d) Chifollowing different ethylene glycol exposures on Pt(111).

Ethylene glycol reacted on Pt(111) to form &hd CO. Parts ~ occurred at the same temperature as ethylene glycol. The higher
b and c of Figure 1 display Hand CO TPD spectra, temperature peaks at approximately 460 K occurred at the same
respectively, following different exposures of ethylene glycol temperature as the peaks in the 28 amu spectra and were
on Pt(111). H desorption occurred at 329 K following an attributed to the cracking of CO in the mass spectrometer.
ethylene glycol exposure of 0.05 L. With increasing exposures, Figure 2a contains TPD spectra of ethylene glycol from Ni/
the desorption temperature of,tshifted to slightly lower Pt(111) surfaces following a saturation exposure of 0.2 L
temperatures. The evolution of,vas most likely desorption  ethylene glycol. Ethylene glycol desorbed in several peaks from
limited, as the peak temperature was the same as that aftethe subsurface monolayer-A¥li—Pt(111). The peak at 227 K
exposure of H from calibration experiments not shown here, was consistent with multilayer desorption based on desorption
as well as literature dafd. CO desorption occurred at ap- from Pt(111). Monolayer desorption of ethylene glycol occurred
proximately 460 K, also in agreement with our own experiments from a peak centered at 257 K, with a high-temperature
after exposure to CO and with literature data for a desorption- shoulder. From the surface monolayeH¥®it—Pt(111) and the
limited process on Pt(11%}:*° The TPD spectra marked 0 L  thick Ni/Pt(111) surfaces, multilayer and monolayer desorption
show the contributions to +and CO spectra from background were not well resolved, suggesting that desorption from the
adsorption. For B background adsorption was minimal, but monolayer decreased significantly. When the bimetallic surfaces
background adsorption of CO was significant. Both were are compared to Pt(111), the desorption temperature of ethylene
accounted for in quantifying Hand CO yields, as explained glycol decreased slightly and the amount of chemisorbed
below. Figure 1d shows the 16 amu TPD spectra, monitored to molecules desorbed intact decreased significantly onPt-
determine whether ethylene glycol reacted to form methane. Pt(111) and on the thick Ni/Pt(111) surfaces.
Several peaks were observed; however, none could be attributed Parts b and ¢ of Figure 2 show TPD spectra gfadd CO,
to methane. The lower temperature peaks at 228 and 267 Krespectively, following a saturation exposure of 0.2 L ethylene
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Figure 2. TPD spectra of (a) ethylene glycol, (bxHc) CO, and (d) Chifollowing 0.2 L ethylene glycol on Pt(111) and Ni/Pt(111) surfaces.

glycol from Ni/Pt(111) bimetallic surfaces.,Hlesorbed from CO peak areas from thick Ni/Pt(111) increased as compared to
Pt=Ni—Pt(111) as a weak, broad peak centered at approximatelyPt(111) or P£Ni—Pt(111). Figure 2d displays the 16 amu
300 K, a slightly lower temperature compared to Pt(111). CO spectra, which show that, similar to Pt(111), methane was not
desorption occurred at 401 K, about 60 K lower than that from formed on any of the bimetallic surfaces, as all the observed
Pt(111). The decrease in the desorption temperature of CO wageaks could be assigned to the cracking pattern of either ethylene
consistent with a desorption-limited process, as the heat of glycol or CO.

adsorption of CO should decrease on-Ri—Pt(111) due to 3.2. TPD of Ethanol. The reactions of ethanol exhibited both
the decrease in the d-band center, as described in more detaisimilarities and differences relative to those of ethylene glycol.
later. Both H and CO peak areas were reduced compared to Figure 3a displays TPD spectra of ethanol from Pt(111) after
Pt(111). From NiPt—=Pt(111), H and CO desorbed from different exposures of ethanol. Ethanol desorption occurred at
multiple overlapping peaks.tlesorbed at 360 and 385 K, with 224 K. This peak saturated at an exposure of 0.3 L and was
a smaller third peak appearing as a low-temperature shoulderattributed to monolayer desorption, consistent with previous
at 327 K. CO desorption occurred at 429 and 456 K, with a studies’® A multilayer peak was not observed because the
low-temperature shoulder at 401 K. Also, a fourth, much smaller dosing was performed while holding the crystal at 200 K to
peak was observed at 512 K. The peak areas pamtd CO prevent adsorption of water from the UHV background.
increased significantly on the NPt—Pt(111) surface as  Although not shown here, separate experiments were performed
compared to Pt(111) or PNi—Pt(111). From thick Ni/Pt(111), in which ethanol was dosed at 120 K, which showed that the
H, desorption occurred in a peak centered at 327 K, with a ethanol multilayer desorbed at 167 K, while water desorbed at
high-temperature shoulder at 360 K. CO desorbed from two 175 K, both consistent with literature resulfs'! Other than
overlapping peaks at 401 and 429 K, with a slight high- the lack of water desorption, no changes in the TPD spectra
temperature shoulder. Similar to NPt—Pt(111), the H and were observed for dosing at 200 K as compared to 120 K.
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Figure 3. TPD spectra of (a) ethanol, (b).Hc) CO, and (d) Chifollowing different ethanol exposures on Pt(111).

Ethanol reacted on Pt(111) to formyHCO, and CH. Parts reactivity of ethanol was lower compared to Pt(111).,Q¥hs
b—d of Figure 3 show the K CO, and CH TPD spectra, not detected, and Hlesorbed as a weak and broad peak centered
respectively, after different exposures of ethanol on Pt(111). at approximately 300 K. CO desorbed at 404 K, similar to CO
H. desorption occurred at 355 K, independent of the initial desorption from the decomposition of ethylene glycol on this
exposure of ethanol. CO desorbed from Pt(111) at 467 K, the surface and about 50 K lower than that from Pt(111). From
same temperature as CO desorption from ethylene glycal. CH Ni—Pt-Pt(111), H desorbed from an intense peak at 367 K.
desorption occurred at a peak temperature of 339 K. MethaneCO desorption occurred from three states, with the most intense
desorption was clearly reaction limited, as the desorption peak at 459 K, followed by two weaker peaks at 515 and 549
temperature of molecularly adsorbed £kdm Pt(111) has been K. On this surface, a relatively intense ¢lgeak was also
reported to be 67 K8 The other peak at 466 K in the 16 amu detected at 339 K, the same peak temperature as from Pt(111).
spectra was assigned to CO cracking by comparison with the From thick Ni/Pt(111), Hand CO desorbed at 363 and 425 K,
28 amu spectra. In general, the results presented here were imespectively. A small amount of CHvas also detected at 339
good agreement with previous studies of ethanol on Pt14). K. The peak areas for Hand CO increased significantly on
Figure 4a displays TPD spectra for ethanol from Ni/Pt(111) Ni—Pt—Pt(111) and thick Ni/Pt(111) surfaces as compared to
bimetallic surfaces following a saturation exposure of 0.3 L Pt(111) or PtNi—Pt(111), similar to the behavior of ethylene
ethanol. From PtNi—Pt(111) and the thick Ni/Pt(111) surfaces, glycol on these surfaces.
ethanol desorbed at approximately 230 K, just slightly higher
than from Pt(111). On the other hand, from-NRt—Pt(111), IV. Discussion
no ethanol desorption was observed. Pattd bf Figure 4 show
the H, CO, and CH TPD spectra, respectively. The reactivity 4.1. Quantification of TPD Peak Areas.The saturation
of ethanol on the Ni/Pt(111) bimetallic surfaces followed the coverage of K on Pt(111) is reported in the literature to be
same trend as that of ethylene glycol. Or-Ri—Pt(111), the ~0.45 ML (or 0.9 ML Ha)*” based on adsorption ofusing
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Figure 4. TPD spectra of (a) ethanol, (b).Hc) CO, and (d) Chifollowing 0.3 L ethanol on Pt(111) and Ni/Pt(111) surfaces.

nuclear microanalysis. The saturation coverage for CO on Pt- spectra taken after TPD confirmed the presence gfyC
(111) is reported to be 0.68 M8 In the current work, the  following ethylene glycol exposures. The reforming activity,
absolute coverages of the,ldnd CO products were obtained a, and decomposition activity, are calculated as follows using
by comparing their TPD peak areas with those following the the H, and CO yields from the TPD peak areas. CO is only
saturation exposures of,tor CO on Pt(111). The CHyields produced by reforming, and the value afcan be calculated
were determined using an experimentally determined sensitivity from the CO vyield. H is produced in both reactions, thus the
factor relative to CO by back filling the UHV system with equal value ofb can then be determined using the Yeld and the
concentrations of ClHand CO based on the ionization sensitivity value ofa calculated from the CO yield.
factors of the two gases. Product yields were then calculated
from the TPD results with appropriate subtraction of the
background contributions.

The reaction pathways of ethylene glycol on Pt(111); Pt
Ni—Pt(111), Ni-Pt=Pt(111), and thick Ni/Pt(111) can be H,yield=3a+3b=b= 1 H, yield — a
summarized as follows 3

CO yield= 2a—a= % CO yield

aHOCH,CH,0OH — 2aCO + 3aH, @) Table 1 summarizes the calculated activities and selectivities
of ethylene glycol on Pt(111), PNi—Pt(111), Ni-Pt—Pt(111),
bHOCH,CH,0OH — 2bC ¢+ 2bO,q)+ 3bH,  (2) and thick Ni/Pt(111). The NiPt—Pt(111) surface displays the
highest reforming activity and total activity. The reforming
Reaction 1 is the desired reforming reaction, producing CO and activity of the thick Ni/Pt(111) is also significantly higher
H,. Reaction 2 represents total decomposition, producing H compared to Pt(111). The PNi—Pt(111) surface shows the
as well as Gqg) and Qaq) Which remain on the surface. AES lowest reforming and total activities. It is also interesting to
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TABLE 1: Reactivity of Ethylene Glycol on Pt(111) and Ni/Pt(111) Surfaces

activity (ML) selectivity (%)
surface reforming decomposition total reforming decomposition
Pt(111) 0.030 0.004 0.034 88 12
Pt=Ni—Pt(111) 0.025 0 0.025 100 0
Ni—Pt=Pt(111) 0.144 0.023 0.167 86 14
thick Ni/Pt(111) 0.122 0.016 0.138 88 12
TABLE 2: Reactivity of Ethanol on Pt(111) and Ni/Pt(111) Surfaces
activity (ML) selectivity (%)
surface reforming decomposition GH total reforming decomposition CH
Pt(111) 0.025 0 0.002 0.027 93 0 7
Pt=Ni—Pt(111) 0.015 0 0 0.015 100 0 0
Ni—Pt—Pt(111) 0.074 0.003 0.010 0.087 85 3 12
thick Ni/Pt(111) 0.070 0 0.001 0.071 99 0 1

note that ethylene glycol reacts primarily through dehydroge-
nation and G-C bond scission on all four surfaces. The
selectivity toward total decomposition representing@bond
scission is at most 14%. This is important for hydrogen
production by reforming of oxygenates becauseCC bond

Similar to ethylene glycol, ethanol reacts primarily through
dehydrogenation and the desireetC bond scission. €0 bond
scission is minimal and probably can be attributed to defect
sites on the surfaces, consistent with previous studies which
report negligible G-O bond scission in reactions of ethanol on

scission is undesirable as it can lead to other products andpoth Pt(1113° and Ni(111)*3 Theoretical studies of surface

deposit Gag) onto the surface, deactivating the catalyst.

The reaction pathways of ethanol on Pt(111);Rit—Pt(111),
Ni—Pt=Pt(111), and thick Ni/Pt(111) can be summarized as
follows

aCHCH,0OH — aCO + 3aH, + aC ®3)
bCH,CH,OH — bCO + bCH, + bH, @)
CCH;CH,OH — 2cCq + O+ 3cH, (5)

Reaction 3 is the most desirable pathway for reforming, as it
produces CO, b and Gaq) The last of these can be removed
from the surface as CO by steam gasification witfOHor by

the Boudouard reaction with GQ(Cag) + CO, <= 2 CO).
Reaction 4 is a decarbonylation reaction, producing @ldng
with CO and H, which is undesired because 2 kholecules

reactions of ethanol and its derivatives also suggest that C
bond scission should be favored, as the activation barrier for
C—0 bond scission is higher than that for-C bond scission
on Pt(111)9:50

It is interesting to compare the reactivity of ethanol on thick
Ni/Pt(111) with literature studies on Ni(1143.0n thick Ni/
Pt(111), ethanol reacts to form primarily CO ang ttith small
amounts of CH However, on Ni(111), acetaldehyde (gEHO)
is also produced, in addition to GHCO, and H. The
temperatures for the products common for both surfaces are
similar. Also, both surfaces show negligible-O bond scission
during TPD experiments. Overall, thick8 ML) Ni/Pt(111)
and Ni(111) display similar but not identical properties, as the
thick Ni/Pt(111) surface still retains some bimetallic character.
Other studies have shown that thick bimetallic surfaces often
display reactivity different from the parent metals. For example,

are “lost” as methane. Reaction 5 represents total decompositionspick (>3 ML) Pd/Mo(110) and Pt/W(110) surfaces exhibit H

producing H, as well as @gq) and Qaq) which remain on the

desorption temperatures different from pure Pd(111) and Pt-

surface. AES spectra taken after TPD confirmed the Presence(111)31 respectively. Also, the reactivity of ethylene on thick

of Caq) following TPD experiments. The reforming activitg,
decarbonylation activityh, and total decomposition activitg,

are calculated as follows using the,K£O and CHyields. CH,

is only produced through reaction 2, and thusquals the Chl
yield. CO is produced by reforming and decarbonylation. The
value ofa is calculated using the CO yield and the valuebof
H, is produced in all three reactions, and thus the valueisf
determined using the Hield along with the values & andb.

COyield=a+b=a=COyield— b
CH,yield=b= b= CH,yield

szield=3a+b+3c=>c=%H2yield—a—%b

Pt/Ni(111) surfaces is different compared to Pt(1Z¥1Further
work is needed to understand these differences.

4.2. Correlation and Prediction of Activity using the
Surface d-Band Center. To establish trends for different
bimetallic surfaces, the reactivity of ethylene glycol and ethanol
was correlated with the electronic properties of the correspond-
ing surfaces as characterized by their d-band centers. The d-band
center provides a useful measure of the electronic properties of
transition metal surfaces, as the adsorption energies of small
molecules have been shown to follow a nearly linear trend as
a function of the d-band centét.The reforming activity of
ethylene glycol and ethanol on Pt(111) and Ni/Pt(111) can be
correlated with the surface d-band center, as shown in Figure
5. The correlation displays a fairly linear relationship, with

Table 2 summarizes the calculated activities and selectivities ctivity increasing as the d-band center moves closer to the

of ethanol on Pt(111), PiNi—Pt(111), Ni-Pt—Pt(111), and
thick Ni/Pt(111). The reactivity trend of ethanol is very similar
to that of ethylene glycol. The NiPt—=Pt(111) surface displays
the highest reforming and total activities. The reforming activity
of ethanol on thick Ni/Pt(111) is increased compared to Pt-
(111). On the other hand, PNi—Pt(111) shows decreased
activity as compared to Pt(111).

Fermi level. The reforming activity of ethylene glycol is higher
than that of ethanol, in agreement with studies on Rh(313).
The selectivity to reforming for ethylene glycol and ethanol is
shown in Figure 6 and does not display any discernible trend
as a function of the d-band center. The reforming selectivity is
fairly constant within experimental error for all surfaces except
Pt—Ni—Pt(111) where it is slightly higher.
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Figure 5. Correlation of ethylene glycol and ethanol reforming activity Figure 7. Prediction of ethylene glycol reforming activity on different .
with the d-band center on Pt(111) and Ni/Pt(111) surfaces. monolayer 3d-Pt bimetallic surfaces based on extrapolation from Ni/

Pt(111) surfaces.

" Pt-Ni-.P ¢ H, dissociation is likely to be activateéd>® The volcanic

% behavior of the hydrogenation activity is consistent with
Ni é Sabatier’s principle that states there must be a balance in the
Ni-PLP binding energy of adsorbed species for catalytic reactions to
take place.

In the current work, we consider Pt-3d bimetallic surfaces
0.6 - where the 3d metals occupy the top layer. As shown in Figure
7, DFT modeling results indicate that the presence of surface
monolayer 3d metals on Pt(111) shifts the surface d-band center
closer to the Fermi level, therefore increasing the interactions
with adsorbates. By the use of the trend between activity and
d-band center established experimentally in Figure 5, Figure 7
displays an extrapolation of ethylene glycol reforming activity
0.2 1 on different 3d-PtPt(111) bimetallic surfaces. A similar
predictive trend can be established for ethanol. The trend predicts
O ethylene glycol increased activity on surfaces with d-band centers closer to the
¢ _sthanol Fermi level, opposite of the trend observed for hydrogenation
T T T T T reactions. The shift in the d-band of 3d-fRt(111) surfaces

3.0 25 2.0 1.5 -1.0 increases as the 3d metal moves to the left of the periodic table.
d-band center (eV) . . . . ..
Figure 6. Reforming selectivity of ethylene glycol as a function of gtt(qif)srs gl::gﬁ:?;én;alr)rtcrg&i: gnSt:TrLfJ:; T::r|§llt\%:;ga2 ;vclttir:,e
the d-band center on Pt(111) and NifPt(111) surfaces. as Ni=Pt=Pt(111), the most active surface alloy in the present

From the experiments carried out in this work, the-Ri— study, and seven times as active as Pt(111). However, the linear
Pt(111) surface with the monolayer Ni residing in the top layer trend between predicted reactivity and the d-band center might
shows the highest reforming activity compared to either Pt- not continue and a volcanic-type behavior might be observed,
(111), thick Ni/Pt(111), or subsurface monolayerRi—Pt- as reported for the hydrogenation activity of cyclohexgne.
(111) surfaces. Using the experimentally determined linear trend Further experimental studies on Fe/Pt(111) and Ti/Pt(111) are
of activity vs the surface d-band center, one can explore the under way to investigate the reactivity of ethylene glycol and
reactivity of other Pt-3d bimetallic surfaces toward reforming ethanol on other 3d-P#t(111) bimetallic surfaces to confirm
of ethylene glycol and ethanol. It is known that for Pt-3d metal the prediction from the current study.
bimetallic surfaces, substituting a 3d metal in the subsurface of 4.3. Stability of the Ni—Pt—Pt(111) Surface Although the
Pt(111) tends to decrease the d-band center, resulting in weakeNi—Pt—Pt(111) surface shows much higher reforming activity
interaction with adsorbed species such as hydrogen and oxy-than Pt-Ni—Pt(111), experimental stud®sand DFT model-
gen?® Furthermore, the d-band center of the P+=RI(111) ing?32%indicate that monolayer 3d atoms prefer to reside in the
surfaces, as compared to Pt(111), shifts further away from the subsurface region under UHV or reducing conditions. However,
Fermi level as the 3d metal moves to the left side of the periodic recent experimental and DFT studiéshow that the surface
table. For reactions such as hydrogenation, this is desirable asmonolayer is more thermodynamically stable than the subsurface
the weaker binding of hydrogen is expected to increase the monolayer in the presence of oxygen. For example, in the
hydrogenation activity? However, the increase in hydrogenation presence of 1@ Torr of O,, subsurface Ni atoms start to diffuse
activity does not continue for surfaces that exhibit very weak on top of Pt(111) at 450 K, while the diffusion of Co in-Pt
binding of hydrogen, such as Pd/Mo(110) and Pt/W(110), where Co—Pt(111) occurs at temperatures as low as 350 Because

0.8 Pt

Selectivity

0.4 —

0.0
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oxygen-containing molecules, such as water, are present in the (9) Shabaker, J. W.; Dumesic, J. ld. Eng. Chem. Re2004 43,
i ; ; fon i ; 3105.
reformlng_ reaction e”‘&[ﬂ?m‘?”t and. the reaction is Came.d out (10) Shabaker, J. W.; Simonetti, D. A.; Cortright, R. D.; Dumesic, J.
at approximately 500 K; Hitis possible that the more active A Catal. 2005 231, 67.
3d surface monolayer might be present in the 3d-Pt bimetallic (11) Davda, R. R.; Shabaker, J. W.; Huber, G. W.; Cortright, R. D.;
catalysts under reforming conditions. More direct measurements,DUTgS'%hJ- AA,EP\IQ 9$ta|-,AB?§05 56'k171é A ldriss. HCatal 200
such as careful EXAFS (extended X-ray adsorption fine 205(3 3)93_ eng, P. Y.; Yee, A.; Bowmaker, G. A.; ldriss, HCatal. 2002
structure) studies under in situ reaction conditions, would reveal  (13) Sheng, P. Y.; Idriss, Hl. Vac. Sci. Technol., 2004 22, 1652.

whether the diffusion of subsurface 3d metals occurs during  (14) Kugai, J.; Velu, S.; Song, Catal. Lett. 2005 101, 255.
reforming (15) Goodman, D. WUItramicroscopy199Q 34, 1.
’ (16) Berlowitz, P. J.; Houston, J. E.; White, J. M.; Goodman, D. W.
Surf. Sci.1988 205 1.
(17) Berlowitz, P. J.; Goodman, D. V&urf. Sci.1987 187, 463.

. (18) Rodriguez, J. ASurf. Sci. Repl996 24, 223.
The reactions of ethylene glycol and ethanol have been (19) Sinfelt, J. H.Bimetallic Catalysts: disceries, concepts, and

studied on Pt(111) and Ni/Pt(111) bimetallic surfaces, as probesapplications Wiley: New York, 1983.

of the reforming of oxygenates for the production of fér g% S;?ﬁ:ﬁg’r JE'S; .M,j"g{'sﬁ'f}sjN'?“maé'tu'\rﬂeai%rééogfa&zgéo'

fuel cells. The following conclusions can be drawn: (22) Fr'mbergér, B.: Eng, J.Jr.: Chen, J. Gatal. Lett. 1997 45, 85.
(1) The surface monolayer NPt—Pt(111) displays the (23) Kitchin, J. R.; Khan, N. A; Barteau, M. A; Chen, J. G;

highest reforming activity, compared to Pt(111), subsurface YahSklnSﬁy, B.; Mé}deylvl T. ESurf. -SCIHZOOS 544, ?98-_

monolayer PtNi—Pt(111), and thick Ni/Pt(111) surfaces. gg; Ehggj N'. ﬁ"'; ﬁvﬂ?h.MH.;B'i:ﬁer?,nj.Jfég‘tj,céﬁggélzggaz%i

Reactions involving €0 bond scission are minimal on these (26) Khan, N. A.; Zellner, M. B.; Murillo, L. E.; Chen, J. GCatal.

surfaces.

Lett. 2004 95, 1.
(2) A linear correlation between reforming activities of both

V. Conclusions

(27) Hwu, H. H.; Eng, J., Jr.; Chen, J. G.Am. Chem. So@002 124,

ethylene glycol and etha_nol and the d-band center of these (ég) Murillo, L. E.: Khan, N. A.: Chen, J. GSurf. Sci.2005 594, 27.
surfaces has been established. (29) Kitchin, J. R.; Ngrskov, J. K.; Barteau, M. A.; Chen, JJGChem.
(3) DFT modeling has been performed to predict the Phys.2004 120 10240.

. .. . . . (30) Kitchin, J. R.; Nagrskov, J. K.; Barteau, M. A.; Chen, J.Rhys.
reforming activity of 3d-PtPt(111) bimetallic surfaces with o™ ""5004 93 156801,
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the periodic table. The activity trend for the reforming of 19, 43. _ ‘

oxygenates is the opposite of that observed for hydrogenation ggg ggggtgv ﬁ- "3 '\’\/'Az?i'i))((' Fé— ?IUVI\- nfc'élhgeiﬂ Zslfaggg' 111 3570
reactions on Pt-3d bimetallic surfaces. (37) Brown, N. F.. Barteau, M. Al. Phys. Cheml994 98, 12737.

) ) (38) Queeney, K. T.; Arumainayagam, C. R.; Weldon, M. K.; Friend,
Acknowledgment. We acknowledge financial support from  C. M.; Blumberg, M. Q.J. Am. Chem. Sod.996 118 3896.

the U.S. Department of Energy, Office of Science, Division of __(39) Lee, A. F.; Gawthrope, D. E.; Hart, N. J.; Wilson, Burf. Sci.

. . 2004 548 200.
Chemical Sciences (Grant FG02-03ER15468). (40) Sexton, B. A.; Rendulic, K. D.; Hughes, A. urf. Sci.1982 121,

181.

(41) Rendulic, K. D.; Sexton, B. Al. Catal.1982 78, 126.

(42) Xu, J.; Zhang, X.; Zenobi, R.; Yoshinobu, J.; Xu, Z.; Yates, J. T.
Surf. Sci.1991, 256, 288.

(43) Gates, S. M.; Russell, J. N., Jr.; Yates, J. T.Sinf. Sci.1986
171, 111.
References and Notes (44) Kostov, K. L.; Jakob, P.; Menzel, Csurf. Sci.1997, 377—379,

802.

(1) Shabaker, J. W.; Davda, R. R.; Huber, G. W.; Cortright, R. D; (45) Thomas, V. D.; Schwank, J. W.; Gland, J.8urf. Sci.200Q 464,
Dumesic, J. AJ. Catal.2003 215 344. 153.

(2) Shabaker, J. W.; Huber, G. W.; Davda, R. R.; Cortright, R. D; (46) Sloan, D. J. A.; White, J. MSurf. Sci.1996 365 212.

Note Added after ASAP Publication. The title has been
modified. This paper was published ASAP on 1/10/06. The
corrected version was reposted on 1/18/06.

Dumesic, J. ACatal. Lett.2003 88, 1.

(3) Davda, R. R.; Shabaker, J. W.; Huber, G. W.; Cortright, R. D;

Dumesic, J. AAppl. Catal., B2003 43, 13.

(4) Shabaker, J. W.; Huber, G. W.; Dumesic, J.JA.Catal. 2004
222, 180.

(5) Cortright, R. D.; Davda, R. R.; Dumesic, J. Nature2002 418
964.
(6) Davda, R. R.; Dumesic, J. &hem. Commur2004 1, 36.
(7) Davda, R. R.; Dumesic, J. AAngew. Chem., Int. E2003 42,
4068.

(8) Huber, G. W.; Shabaker, J. W.; Dumesic, JS&ience2003 300,
2075.

(47) Norton, P. R.; Davies, J. A.; Jackman, T.Surf. Sci.1982 121,
103.

(48) Ertl, G.; Neumann, M.; Streit, K. MSurf. Sci.1977, 64, 393.

(49) Gursahani, K. I.; AlcdlgR.; Cortright, R. D.; Dumesic, J. Appl.
Catal., A2001, 222, 369.

(50) Alcalg R.; Mavrikakis, M.; Dumesic, J. AJ. Catal. 2003 218
178.

(51) Houtman, C. J.; Barteau, M. A. Catal.1991, 130, 528.

(52) Khan, N. A.; Murillo, L. E.; Chen, J. GJ. Phys. Chem. B004
108 15748.

(53) Zellner, M. B.; Chen, J. Gl. Catal.2005 235 393.

(54) Hwu, H. H.; Menning, C. A.; Chen, J. G. Manuscript in preparation.



