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A B S T R A C T

The reactions of ethylene glycol and ethanol have been studied on Fe/Pt(1 1 1) and Ti/Pt(1 1 1) bimetallic

surfaces utilizing temperature programmed desorption (TPD). These results are compared to our

previous studies on Ni/Pt(1 1 1) to illustrate the trend in the reforming activity on 3d-Pt bimetallic

surfaces. The oxygenates decomposed on these surfaces to produce mainly H2 and CO. The bimetallic

surfaces were prepared by thermal evaporation of Fe or Ti onto Pt(1 1 1), using Auger electron

spectroscopy (AES) to monitor surface compositions. Surfaces prepared by deposition of a monolayer of

Fe or Ti on Pt(1 1 1), designated Fe–Pt–Pt(1 1 1) or Ti–Pt–Pt(1 1 1), displayed higher reforming activity

for both ethylene glycol and ethanol than the corresponding subsurface monolayer Pt–Fe–Pt(1 1 1) and

Pt–Ti–Pt(1 1 1) structures or clean Pt(1 1 1). The reforming yield increased as the surface d-band center,

calculated from density functional theory (DFT), shifted closer to the Fermi level. The reforming

selectivity of oxygenates, especially ethanol, began to decrease as the d-band center shifted closer to the

Fermi level. Combining results in the current work with previous studies on Ni/Pt(1 1 1), a general

criterion can be formulated for selecting 3d-Pt bimetallic surfaces with desirable reforming activity and

selectivity.
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1. Introduction

Selective reforming of oxygenates can be used for the
production of hydrogen for use in fuel cells. If the oxygenates
are derived from renewable biomass the reforming process is
potentially CO2 neutral, as the CO2 by-product can be consumed by
future biomass growth. Other advantages of oxygenate reforming
include low toxicity and low reactivity of the reactants, which are
compatible with the current infrastructure for transportation and
storage. A general review on this topic can be found in a recent
paper by Dumesic and co-workers [1,2]. Along with use of
oxygenates for production of hydrogen, the direct use of methanol
[3–5], ethanol [6–8] and ethylene glycol [9,10] in fuel cells has
attracted recent attention, as new catalytic materials are needed to
increase the kinetics of oxygenate oxidation at the anode.

The reforming of an oxygenate, using ethylene glycol as an
example, can be described as follows. The reaction proceeds
through initial dehydrogenation and C–C bond scission to produce
CO and H2. CO further reacts with H2O through the water gas
* Corresponding author.

E-mail address: jgchen@udel.edu (J.G. Chen).

0920-5861/$ – see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2008.12.005
shift reaction to produce CO2 and more H2. The overall reaction
produces CO2 and H2.

C2O2H6 ! 2CO þ 3H2

CO þ H2O ! CO2þH2

C2O2H6þ2H2O ! 2CO2þ5H2

This study focuses on the initial oxygenate dehydrogenation and
C–C bond scission, which will be referred to as reforming
throughout the paper.

In our previous work, the reforming of ethylene glycol and
ethanol was studied on Ni/Pt(1 1 1) bimetallic surfaces [11,12]. The
surface with a monolayer of Ni atoms residing on Pt(1 1 1),
designated as Ni–Pt–Pt(1 1 1), displayed increased activity for
reforming of ethanol and ethylene glycol. A linear correlation
between experimental reforming yield and the surface d-band
center calculated by DFT was observed, with increasing yield as the
surface d-band center shifted closer to the Fermi level. Similar
increases in reforming activity on the Ni–Pt–Pt(1 1 1) surface have
been observed using methanol [13] and glycerol [14] as probe
reagents. Along with surface science studies, investigations using
supported catalysts showed that NiPt, CoPt, and FePt supported on
g-Al2O3 displayed increased turnover frequencies for aqueous
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phase reforming of ethylene glycol compared to Pt/g-Al2O3 at
similar conditions [15].

The different properties of the surface monolayer, 3d-Pt–
Pt(1 1 1), versus the subsurface monolayer structure, Pt-3d-
Pt(1 1 1), have been investigated using a series of 3d metals,
including Ni, Co, Fe, and Cu [16,17]. The Pt-3d-Pt(1 1 1) surfaces
exhibit decreased interactions with adsorbates, such as atomic
hydrogen and oxygen, and molecularly adsorbed alkenes, com-
pared to those on the 3d-Pt–Pt(1 1 1) surfaces. The weaker binding
energy of atomic hydrogen is important for low temperature
hydrogenation activity, while stronger binding energies are of
interest for reforming reactions. The experimental results are in
agreement with previous theoretical DFT studies [18–22] of
binding energies of atomic and molecular adsorbates.

The reactions of ethylene glycol have been previously studied
on Pt(1 1 1) [11], Cu(1 1 0) [23], Ni(1 0 0) [24], Ag(1 1 0) [25,26],
Rh(1 1 1) [27], and Mo(1 1 0) [28]. Ethanol has been studied
previously on many surfaces, including Pt(1 1 1) [11,29–31], and
Ni(1 1 1) [32,33]. In this work, we investigate the reforming of
ethylene glycol and ethanol on Fe/Pt(1 1 1) and Ti/Pt(1 1 1)
bimetallic surfaces, and compare these results with our previous
studies on Ni/Pt(1 1 1) to correlate the trends in reforming activity
and selectivity as a function of surface d-band center. The
comparison reveals that the 3d-Pt–Pt(1 1 1) structure is more
active compared to the Pt-3d-Pt(1 1 1) structure for Ni, Fe and Ti
bimetallic surfaces. Reforming activity generally increases for
surfaces with d-band centers closer to the Fermi level. However,
reforming selectivity decreases for early transition metal bime-
tallic surfaces such as Ti/Pt(1 1 1), suggesting that optimal
catalysts for reforming would contain Ni, Co and Fe on Pt(1 1 1).

2. Experimental

The UHV chamber used for the experiments was a two-level
stainless steel chamber (base pressure of 1 � 10�10 Torr), equipped
for Auger electron spectroscopy (AES) and temperature pro-
grammed desorption (TPD). TPD experiments were performed
using a quadrupole mass spectrometer (UTI 100C), which could
monitor up to 12 masses simultaneously. A linear rate of 3 K/s was
used in all TPD measurements. The Pt(1 1 1) single crystal (Princeton
Scientific, 99.99%) was 1 mm thick, with a 10 mm diameter, and was
oriented to within 0.58. The crystal was spot-welded directly to two
tantalum posts that served as electrical connections for resistive
heating, as well as thermal contacts for cooling with liquid nitrogen.
The temperature of the crystal could be varied between 100 K and
1100 K, and was measured by spot welding a chromel-alumel
thermocouple to the top edge of the Pt(1 1 1) single crystal. The
Pt(1 1 1) surface was cleaned by repeated cycles of Ne+ sputtering at
600 K and annealing at 1100 K. Following the last sputter cycle, 1 L of
O2 at 890 K was used to remove carbon left on the surface, followed
by annealing at 1100 K for 5 min. This cleaning procedure was
repeated until negligible C or O was detected by AES.

Ethylene glycol (Sigma–Aldrich, 99.8%) and ethanol (Sigma–
Aldrich, 99.5+%) were transferred into glass sample cylinders and
purified using repeated freeze-pump-thaw cycles. All other gases
were of research purity and were used without further purifica-
tion. The purity of all reagents was verified in situ by mass
spectrometry prior to use. Doses are reported in Langmuirs
(1 L = 1 � 10�6 Torr s) and are uncorrected for ion gauge sensi-
tivity or flux enhancement due to dosing with the directional
doser. In all experiments, the gas exposures were made at a crystal
temperature of 200 K through a 1/4 in. stainless steel tube. For
ethylene glycol experiments, dosing was performed with the
crystal several inches away facing the dosing tube. Ethanol
experiments were performed with the crystal facing away from
the dosing tube.
The Fe/Pt(1 1 1) and Ti/Pt(1 1 1) bimetallic surfaces were
prepared by thermal evaporation of Fe or Ti onto a Pt(1 1 1) single
crystal, similar to procedures described earlier for Ni and Co
[18,34]. The source consisted of a tungsten filament with a high
purity Fe or Ti wire (Alfa Aesar, 99.99+%) wrapped around it,
mounted within a tantalum enclosure. AES was used to monitor
surface composition. For Fe/Pt(1 1 1) surfaces, the Fe(654 eV)/
Pt(241 eV) AES ratio was used to determine Fe coverages, where a
Fe/Pt ratio of 0.8 was taken as the monolayer coverage for Pt–Fe–
Pt(1 1 1) based on previous calibration [16]. The Pt–Fe–Pt(1 1 1)
surface was prepared at a crystal temperature of 600 K, while for
Fe–Pt–Pt(1 1 1) a temperature of 300 K was used. For preparation
of Ti/Pt(111) surfaces the Ti(421 eV)/Pt(241 eV) AES ratio was used
to determine Ti coverage. Further explanation of Ti deposition and
surface characterization will be presented in Section 3.

3. Results

3.1. Brief summary of reforming on Ni/Pt(1 1 1)

TPD experiments have shown that the Ni–Pt–Pt(1 1 1) surface
exhibits increased reforming activity compared to either Ni(1 1 1)
film, Pt(1 1 1), or Pt–Ni–Pt(1 1 1) surfaces for oxygenates such as
methanol, ethanol, ethylene glycol, and glycerol [11,13,14]. The
reforming activity displays a linear trend with the surface d-band
center, increasing as the d-band center shifts closer to the Fermi
level. Results from the Ni/Pt(1 1 1) system suggest that for
reforming reactions surfaces with d-band center closer to the
Fermi level are desired, and this can be achieved by placing 3d
metal on the surface of Pt(1 1 1). Furthermore, the d-band center
of 3d-Pt–Pt(1 1 1) shifts closer to the Fermi level as the 3d metal
moves toward left side of the Periodic Table. The primary focus of
the current paper is to test such predictions using the Fe/Pt(1 1 1)
and Ti/Pt(1 1 1) surfaces. In order to explore other 3d/Pt(1 1 1)
surfaces that might be promising for the reforming chemistry, the
binding energies of ethanol and ethoxy were calculated on other
surface monolayer Pt-based bimetallic surfaces, using 3d metals
as the surface monolayer starting from Ni all the way to Ti, as
shown in Fig. 1. Adsorbed species were bound in the atop
configuration, with calculation details similar to those described
for the Ni/Pt(1 1 1) surfaces [12]. Previous results for methanol
and methoxy on Ni/Pt(1 1 1) and Co/Pt(1 1 1) [13] are also
included for comparison. The binding energies increased as the
d-band center moved closer to the Fermi level, and this could be
achieved by choosing the surface 3d metal from the left side of the
Periodic Table. The binding energies of the alkoxide species were
greater than those of the molecular species. As seen from the
trend, the 3d-Pt–Pt(1 1 1) surface structures should be promising
for reforming of oxygenates, as the reforming activity is expected
to increase as the binding energy increases. However, an optimal
binding energy is likely needed, as surfaces with very strong
binding energy are more likely to react by total decomposition,
decreasing the reforming selectivity, as shown below for the
reactions of ethanol and ethylene glycol on Fe/Pt(1 1 1) and Ti/
Pt(1 1 1) surfaces.

3.2. Ethylene glycol TPD on Fe/Pt(1 1 1)

TPD experiments were conducted to probe the reactivity of
different bimetallic surfaces for oxygenate reforming. Ethylene
glycol is an ideal probe molecule for reforming, as its 1:1 C:O
stoichiometry leads to the production of only CO and H2 in the
reforming reaction. It is also the smallest molecule with OH groups
attached to adjacent carbons, a structural feature found in
oxygenates derived from carbohydrates, such as glycerol, sorbitol,
glucose, etc.



Fig. 1. DFT calculated binding energies of methanol, methoxy, ethanol, and ethoxy

on 3d-Pt–Pt(1 1 1) bimetallic surfaces.
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Fig. 2 displays the TPD spectra of (a) ethylene glycol, (b) H2 and
(c) CO following 0.2 L ethylene glycol exposure on Fe/Pt(1 1 1)
bimetallic surfaces. Ethylene glycol desorbed from Fe/Pt(1 1 1)
bimetallic surfaces from two peaks with the same peak tempera-
tures as on clean Pt(1 1 1). The lower temperature peak at 226 K
was attributed to multilayer desorption, while the peak at 266 K
was attributed to monolayer desorption. On Pt(1 1 1) the H2 and
CO products desorbed at 328 K and 461 K, respectively, both
Fig. 2. TPD spectra of (a) ethylene glycol, (b) H2 and (c) CO followi
consistent with desorption-limited processes. From Pt–Fe–
Pt(1 1 1), H2 and CO desorbed at 305 K and 413 K, respectively,
both at lower peak temperatures compared to clean Pt(1 1 1). From
Fe–Pt–Pt(1 1 1), H2 desorbed from several peaks. A low tempera-
ture peak was observed at 313 K, followed by high temperature
overlapping peaks at 417 K and 443 K. The high temperature peak
was reaction-limited, as the desorption temperature was higher
than that following H2 adsorption on this surface (spectrum not
shown). CO desorption occurred at 443 K, with a low temperature
shoulder at 413 K. Comparing peak areas among the three surfaces,
Fe–Pt–Pt(1 1 1) displayed increased H2 and CO peak areas
compared to Pt(1 1 1), although the increase was not as significant
as for the Ni–Pt–Pt(1 1 1) surface reported previously [11]. Pt–Fe–
Pt(1 1 1) also showed increased CO peak areas as compared to
Pt(1 1 1), in contrast to previous results for Pt–Ni–Pt(1 1 1) relative
to Pt(1 1 1) [11].

3.3. Ethanol TPD on Fe/Pt(1 1 1)

Ethanol was used as a probe molecule, as it has attracted
interest as renewable fuel to produce H2 for hydrogen fuel cells or
for direct use in ethanol fuel cells [6–8]. The 2:1 C:O stoichiometry
of ethanol leads to the deposition of carbon on the surface along
with CO and H2. The surface carbon can be removed with water by
steam reforming.

TPD spectra of (a) ethanol, (b) H2 and (c) CO following 0.3 L
ethanol exposures on Fe/Pt(1 1 1) bimetallic surfaces are shown in
Fig. 3. The results on Pt(1 1 1) were in good agreement with
previous studies [11,29–31]. Ethanol desorbed from Pt(1 1 1) at
220 K, and from Pt–Fe–Pt(1 1 1) and Fe–Pt–Pt(1 1 1) surfaces at
232 K and 260 K, respectively. All peaks were attributed to
monolayer desorption, as ethanol multilayer desorption occurred
at �175 K and was not observed here because ethanol was dosed
on the surface at 200 K. Comparing peak areas, the ethanol peak on
Fe–Pt–Pt(1 1 1) was significantly reduced compared to the other
two surfaces. Ethanol reacted on Fe/Pt(1 1 1) bimetallic surfaces to
form mainly H2 and CO as the gas-phase products. Small amounts
of CH4 (not shown) were observed on Pt(1 1 1), but not on Fe/
Pt(1 1 1) surfaces. H2 desorbed from Pt–Fe–Pt(1 1 1) from several
peaks centered at 286 K, 319 K, and 375 K. From Fe–Pt–Pt(1 1 1),
H2 desorbed from peaks at 319 K, 367 K and 414 K. CO desorption
occurred at 421 K and 416 K from Pt–Fe–Pt(1 1 1) and Fe–Pt–
Pt(1 1 1) surfaces, respectively, both lower than from clean
ng adsorption of 0.2 L ethylene glycol on Fe/Pt(1 1 1) surfaces.



Fig. 3. TPD spectra of (a) ethanol, (b) H2 and (c) CO following adsorption of 0.3 L ethanol on Fe/Pt(1 1 1) surfaces.
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Pt(1 1 1) which occurred at 456 K. Comparing peak areas among
the three surfaces, the Fe–Pt–Pt(1 1 1) surface displayed the
highest H2 and CO peak areas, similar to previous results observed
on Ni–Pt–Pt(1 1 1) [11]. The Pt–Fe–Pt(1 1 1) surface generated
peak areas comparable to Pt(1 1 1).

3.4. Ti/Pt(1 1 1) surface preparation

We have previously studied the preparation and surface
characterization of bimetallic surfaces by depositing 3d metals,
such as Ni [18,35], Co [34], Fe and Cu [16], on Pt(1 1 1). Similar AES
characterization was used in the current study to investigate the
deposition of Ti onto Pt(1 1 1) as a function of time, as shown in
Fig. 4a. Deposition was carried out at 600 K at 60 s intervals, after
which Pt(241 eV) and Ti(421 eV) AES signals were measured. A
characteristic break was observed in the Ti(421 eV) AES signal at a
deposition time of �560 s, which was used to mark the formation
of a monolayer of Ti on Pt(1 1 1). The corresponding Ti(421 eV)/
Pt(241 eV) AES ratio was 2.0.

The stability of Ti on the surface of Pt(1 1 1) was investigated by
following the Pt(241 eV) and Ti(421 eV) AES signals as a function of
annealing temperature, as shown in Fig. 4b. A monolayer Ti–Pt–
Pt(1 1 1) surface was prepared at 300 K, after which the surface
was flashed to higher temperatures as indicated and then cooled
down for AES measurements. Results showed that the Ti(421 eV)
signal remained relatively constant to over 800 K, with a slight
decrease over this temperature range, suggesting that Ti remained
on or near the surface region and did not diffuse into the
subsurface. However, after annealing to temperatures higher than
850 K, the intensity of the Ti(421 eV) feature decreased signifi-
cantly, suggesting that Ti began to diffuse into the subsurface at
these temperatures. At the same time the intensity of the
Pt(241 eV) AES signal increased slightly due to decreased screening
of Pt atoms by the surface Ti atoms. The results presented here
were consistent with previous studies [36] that used He+ ion
scattering spectroscopy (ISS) to probe the topmost layer of Ti films
on Pt(1 1 1). Results from that study showed that Ti films were
stable on Pt(1 1 1) up to 750–800 K, with Ti atoms starting to
diffuse to the subsurface at higher temperatures. The results are
also consistent with the literature DFT studies which have shown
that the subsurface structure, Pt–Ti–Pt(1 1 1), is preferred in
vacuum, while in the presence of O2 which binds very strongly to
Ti, the surface configuration, Ti–Pt–Pt(1 1 1), is favored [37].
Based on these annealing studies, a deposition temperature of
900 K was chosen to prepare the subsurface Pt–Ti–Pt(1 1 1)
structure. Preparation of the Ti–Pt–Pt(1 1 1) surface was carried
out at 600 K, since at this temperature Ti did not diffuse into the
subsurface, but the temperature was high enough to prevent CO
adsorption from the background to keep the surface clean during
deposition. Compared to previous preparation procedures for Ni/
Pt(1 1 1), Co/Pt(1 1 1) and Fe/Pt(1 1 1), the temperature needed to
drive Ti atoms into the subsurface was significantly higher. For the
other 3d/Pt(1 1 1) bimetallic surfaces, such as Ni, Co, Fe, the
subsurface monolayer Pt-3d-Pt(1 1 1) structure could be prepared
at 600 K.

3.5. Ethylene glycol TPD on Ti/Pt(1 1 1)

The TPD spectra of (a) ethylene glycol, (b) H2 and (c) CO
following 0.2 L ethylene glycol exposure from Ti/Pt(1 1 1) bime-
tallic surfaces are compared in Fig. 5. Ethylene glycol desorbed
from Ti/Pt(1 1 1) bimetallic surfaces at 263 K, attributed to
monolayer desorption, with a lower temperature multilayer peak
at 224 K. Ethylene glycol reacted on these surfaces to form H2 and
CO. H2 desorption occurred from all the surfaces at �315 K, with a
high temperature shoulder at 347 K. The peak temperature was
similar to that observed on clean Pt(1 1 1). CO desorbed from 0.5
ML Pt–Ti–Pt(1 1 1) at 434 K, a slightly lower peak temperature
compared to clean Pt(1 1 1). From 0.5 ML Ti–Pt–Pt(1 1 1) CO
desorption occurred at 389 K and 439 K, both lower than that on
Pt(1 1 1). Comparing the different Ti/Pt(1 1 1) bimetallic surfaces,
the shift in peak temperature relative to Pt(1 1 1) was not as
significant as that on Fe/Pt(1 1 1) and especially Ni/Pt(1 1 1) [11]
surfaces. However, consistent with previous results, the surface
with Ti atoms on the surface, Ti–Pt–Pt(1 1 1), displayed increased
activity compared to the subsurface Ti structure, Pt–Ti–Pt(1 1 1). It
is also interesting to note that the differences in activity between
surface versus subsurface structures were observed at a coverage
of 0.5 ML for Ti, as opposed to previous work which focused on 1
ML coverage of 3d atoms on Pt(1 1 1). Experiments were carried
out with both 1 ML (not shown here) and 0.5 ML Ti coverages. The 1
ML Pt–Ti–Pt(1 1 1) and Ti–Pt–Pt(1 1 1) surfaces displayed similar
TPD results to each other and to the 0.5 ML Ti–Pt–Pt(1 1 1)
structure. This suggests that one cannot drive all the Ti atoms at
monolayer coverage to the subsurface with the experimental
procedures presented here, and for high coverage some Ti atoms



Fig. 4. Intensities of AES Ti(421 eV) and Pt(241 eV) transitions as a function of (a)

deposition time and (b) annealing temperature.
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remain on the surface, leading to similar activity. On the other
hand, on surfaces with a coverage of 0.5 ML, enough Ti atoms
diffused into the subsurface to produce a surface with different
chemical properties. Another possible explanation for the dis-
crepancy could be inaccuracies in the calibration procedure, in
using the break in the AES Ti(421 eV) signal during deposition to
mark the formation of a monolayer. Further surface characteriza-
tion of the Ti/Pt(1 1 1) system is needed to explain some of the
differences compared to other 3d/Pt(1 1 1) bimetallic systems.

3.6. Ethanol TPD on Ti/Pt(1 1 1)

The TPD spectra of (a) ethanol, (b) H2 and (c) CO following 0.3 L
ethanol exposure on Ti/Pt(1 1 1) bimetallic surfaces are shown in
Fig. 6. Ethanol desorbed from Pt–Ti–Pt(1 1 1) at 223 K, the same
peak temperature as from clean Pt(1 1 1). These peaks were
attributed to monolayer desorption. On Ti–Pt–Pt(1 1 1), the
ethanol peak area was significantly reduced compared to the
other surfaces. Ethanol reacted on Ti/Pt(1 1 1) bimetallic surfaces
to form H2 and CO. From Pt–Ti–Pt(1 1 1), H2 desorbed at 300 K,
with a broad second peak at 401 K. From Ti–Pt–Pt(1 1 1), H2

desorption occurred at 300 K and 435 K. The high temperature
peak was reaction-limited on both surfaces. CO desorption
occurred at 426 K from both bimetallic surfaces, a slightly lower
peak temperature compared to clean Pt(1 1 1). Overall, increased
H2 and CO peak areas were observed on Ti–Pt–Pt(1 1 1) compared
to the Pt–Ti–Pt(1 1 1) surface. These results are similar to those for
ethylene glycol on Ti/Pt(1 1 1), and to previous results for ethanol
on Fe/Pt(1 1 1) and Ni/Pt(1 1 1) [11].

4. Discussion

4.1. TPD quantification of reaction yields

The TPD results have been quantified using a procedure
described previously [11]. The saturation coverage of H2 on
Pt(1 1 1) is reported in the literature to be�0.45 ML (or 0.9 ML H(a))
[38] based on D2 adsorption using nuclear microanalysis. The
saturation coverage of CO on Pt(1 1 1) is reported to be 0.68 ML
[39]. In the current work, the absolute coverages of H2 and CO were
obtained by comparing their TPD peak areas with those following
saturation exposures of H2 and CO on Pt(1 1 1). Product yields were
then calculated from TPD results with appropriate subtraction of
the contributions of H2 and CO accumulated from the UHV
background during surface preparation.

Ethylene glycol reacts on 3d/Pt(1 1 1) surfaces by two reactions:
(1) reforming and (2) total decomposition.

aHOCH2CH2OH ! 2aCO þ 3aH2 (1)

bHOCH2CH2OH ! 2bC þ 2bO þ 3bH2 (2)

Ethanol reacts on these surfaces by three reactions, (3) reforming,
(4) decarbonylation, and (5) total decomposition. The activity for
each reaction pathway was determined using the H2 and CO TPD
yields, as described previously for the Ni/Pt(1 1 1) surfaces [11].

aCH3CH2OH ! aCO þ 3aH2þ aC (3)

bCH3CH2OH ! bCOþ bCH4þ bH2 (4)

cCH3CH2OH ! 2cCþ cO þ 3cH2 (5)

The reaction yields for ethylene glycol on Fe/Pt(1 1 1) and Ti/
Pt(1 1 1) bimetallic surfaces are summarized in Table 1, along with
previous results on Ni/Pt(1 1 1) [11]. Comparing the Fe/Pt(1 1 1)
surfaces, the Fe–Pt–Pt(1 1 1) surface shows increased reforming
yield compared to Pt–Fe–Pt(1 1 1) and clean Pt(1 1 1). The Pt–Fe–
Pt(1 1 1) bimetallic surface also displays increased reforming yield
compared to clean Pt(1 1 1). This is in contrast to previous results
observed on Ni/Pt(1 1 1), where the Pt–Ni–Pt(1 1 1) subsurface
configuration was found to be less active than clean Pt(1 1 1). For
both Pt–Fe–Pt(1 1 1) and Fe–Pt–Pt(1 1 1) surfaces, the increase in
activity does not influence selectivity, as both display relatively



Fig. 5. TPD spectra of (a) ethylene glycol, (b) H2 and (c) CO following adsorption of 0.2 L ethylene glycol on Ti/Pt(1 1 1) surfaces.

Fig. 6. TPD spectra of (a) ethanol, (b) H2 and (c) CO following adsorption of 0.3 L ethanol on Ti/Pt(1 1 1) surfaces.

Table 1
Ethylene glycol reaction yields on Fe/Pt(1 1 1) and Ti/Pt(1 1 1) bimetallic surfaces.

Surface Activity (ML) Selectivity (%)

Reforming Decomposition Total Reforming Decomposition

Pt(1 1 1) 0.041 0.003 0.043 94 6

Pt–Ni–Pt(1 1 1)a 0.025 0 0.025 100 0

Ni–Pt–Pt(1 1 1)a 0.144 0.023 0.167 86 14

Thick Ni/Pt(1 1 1)a 0.122 0.016 0.138 88 12

Pt–Fe–Pt(1 1 1) 0.080 0 0.080 100 0

Fe–Pt–Pt(1 1 1) 0.107 0.015 0.122 88 12

Pt–Ti–Pt(1 1 1) 0.011 0.018 0.029 38 62

Ti–Pt–Pt(1 1 1) 0.128 0.029 0.157 82 18

a Ref. [11].
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high reforming selectivities comparable to that of clean Pt(1 1 1).
Comparing the Ti/Pt(1 1 1) bimetallic surfaces, the surface mono-
layer Ti–Pt–Pt(1 1 1) displays higher reforming yield compared to
Pt–Ti–Pt(1 1 1), while maintaining selectivity similar to Pt(1 1 1).
The Pt–Ti–Pt(1 1 1) surface exhibits low reforming selectivity.

The reaction yields for ethanol on Fe/Pt(1 1 1) and Ti/Pt(1 1 1)
bimetallic surfaces are summarized in Table 2, along with previous
results on Ni/Pt(1 1 1) [11]. The Fe–Pt–Pt(1 1 1) surface displays
increased reforming yield as compared to Pt–Fe–Pt(1 1 1) and
clean Pt(1 1 1). The Pt–Fe–Pt(1 1 1) reforming yield is higher than
that of clean Pt(1 1 1), similar to the trend observed for ethylene
glycol. In contrast to ethylene glycol, the increase in the reforming
yield for ethanol on Fe–Pt–Pt(1 1 1) is accompanied by a decrease
in the reforming selectivity, as the total decomposition reaction
becomes more prominent. For the Ti/Pt(1 1 1) bimetallic surfaces,
the Ti–Pt–Pt(1 1 1) surface shows increased reforming yield
compared to Pt–Ti–Pt(1 1 1) and clean Pt(1 1 1). The reforming
activity on Pt–Ti–Pt(1 1 1) is slightly higher than that on Pt(1 1 1).
On both Ti–Pt–Pt(1 1 1) and Pt–Ti–Pt(1 1 1), total decomposition
has been found to be the major reaction pathway, leading to
decreased reforming selectivity. This is attributed to the high
affinity of Ti for oxygen that leads to the formation of atomic
oxygen on the surface instead of gas-phase CO.

Overall, comparing the trends for Pt-3d bimetallic surfaces the
surface monolayer structure, 3d-Pt–Pt(1 1 1), shows increased
oxygenate reforming activity compared to the subsurface mono-
layer structure, Pt-3d-Pt(1 1 1). This trend persists for different



Table 2
Ethanol reaction yields on Fe/Pt(1 1 1) and Ti/Pt(1 1 1) bimetallic surfaces.

Surface Activity (ML) Selectivity (%)

Reforming Decomposition CH4 Total Reforming D Decomposition CH4

Pt(1 1 1) 0.024 0 0.001 0.025 98 0 2

Pt–Ni–Pt(1 1 1)a 0.015 0 0 0.015 100 0 0

Ni–Pt–Pt(1 1 1)a 0.074 0.003 0.01 0.087 85 3 12

Thick Ni/Pt(1 1 1)a 0.07 0 0.001 0.071 98 0 2

Pt–Fe–Pt(1 1 1) 0.044 0 0 0.044 100 0 0

Fe–Pt–Pt(1 1 1) 0.097 0.054 0 0.150 64 36 0

Pt–Ti–Pt(1 1 1) 0.030 0.076 0 0.106 28 72 0

Ti–Pt–Pt(1 1 1) 0.085 0.105 0 0.191 45 55 0

a Ref. [11].
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metals (Ni, Co, Fe and Ti) and different oxygenates, such as
methanol, ethanol, ethylene glycol and glycerol [11,13,14].

4.2. Correlations with d-band center

The reforming yields of ethylene glycol and ethanol on Fe/
Pt(1 1 1) and Ti/Pt(1 1 1) bimetallic surfaces are correlated with
the calculated d-band centers of these surfaces, as shown in
Fig. 7. The surface d-band center was calculated using DFT; the
details of the calculations were reported previously [11]. Our
previous results on Ni/Pt(1 1 1) bimetallic surfaces are also
included for comparison. The surfaces for which the d-band
center is located closer to the Fermi level exhibit higher
reforming activity. In general, the surface monolayer 3d-Pt–
Pt(1 1 1) structure displays increased reforming yield for both
ethylene glycol and ethanol compared to the corresponding
subsurface monolayer Pt-3d-Pt(1 1 1) configuration. Among the
surfaces studied experimentally, the highest reforming yield was
observed on Ni–Pt–Pt(1 1 1) for ethylene glycol and on Fe–Pt–
Pt(1 1 1) for ethanol. However, several surfaces did not appear to
follow the trends. Specifically, Pt–Fe–Pt(1 1 1) and Pt–Ti–
Pt(1 1 1) showed higher reforming yields than Pt(1 1 1). Based
Fig. 7. Ethylene glycol and ethanol reforming yields as a function of d-band center.
on the d-band center correlation, either of these two bimetallic
surfaces would be expected to be less active than Pt(1 1 1). One
possible explanation is that surface segregation of the 3d metal
occurred on these surfaces. This could be because diffusion of the
more reactive 3d metal to the subsurface was incomplete on the
prepared surfaces, or re-segregation to the surface occurred upon
adsorption of the reactants. A similar explanation has been
offered for the higher than expected activity of Pt–Co–Pt(1 1 1)
for reforming of methanol [13].

The reforming selectivity of Fe/Pt(1 1 1) and Ti/Pt(1 1 1)
bimetallic surfaces as a function of d-band center is presented
in Fig. 8. Previous results on Ni/Pt(1 1 1) [11] surfaces are also
included for comparison. Fig. 8 shows that selectivity is fairly high
on most of the surfaces for ethylene glycol, with a slight decreasing
trend as the d-band center shifts to the Fermi level. On the other
hand, the reforming selectivity decreases significantly for ethanol
as the d-band center shifts closer to the Fermi level. One possible
explanation is that the binding energy of ethanol is too large,
leading to total decomposition to produce atomic carbon and
oxygen. This is consistent with the Sabatier’s principle, which
states that a balance in the binding energy of adsorbed species is
needed to achieve the desirable reaction products. It is also
Fig. 8. Ethylene glycol and ethanol reforming selectivities as a function of d-band

center.
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interesting to note that while ethanol displays decreased reform-
ing selectivity as the surface d-band center moves closer to the
Fermi level, the ethylene glycol reforming selectivity remains fairly
high. This difference suggests that oxygenates with 1:1 C/O ratios
might be more suitable reactants for the production of hydrogen by
reforming.

The Pt–Ti–Pt(1 1 1) surface does not follow any of the trends,
and displays very low reforming selectivity for both ethylene
glycol and ethanol. Further work is needed to understand the
properties of this surface, especially surface characterization to
confirm that the Ti is driven to the subsurface, forming the ideal Pt–
Ti–Pt(1 1 1) surface structure. Overall, the results in Figs. 7 and 8
suggest that 3d-Pt bimetallic surfaces with Ni, Fe as the 3d metal
display increased reforming yield compared to Pt(1 1 1) and might
be potential catalysts for reforming of oxygenates. However, 3d-Pt
surfaces using earlier 3d transition metals such as Ti can lead to
decreased selectivity as oxygenates tend to react via total
decomposition to produce adsorbed carbon and oxygen on these
surfaces.

5. Conclusions

The reactions of ethylene glycol and ethanol have been
studied on Fe/Pt(1 1 1) and Ti/Pt(1 1 1) bimetallic surfaces and
the following conclusions can be drawn:

(1) The surface monolayer Fe–Pt–Pt(1 1 1) and Ti–Pt–Pt(1 1 1)
structures display higher reforming activities for both ethylene
glycol and ethanol than the corresponding subsurface mono-
layer Pt–Fe–Pt(1 1 1) and Pt–Ti–Pt(1 1 1) structures and clean
Pt(1 1 1).

(2) The reforming yield displays an increasing trend as the surface
d-band center shifts closer to the Fermi level, confirming earlier
predictions [11].

(3) The preparation procedure for Pt–Ti–Pt(1 1 1) must be altered
from that for the corresponding Pt-3d-Pt(1 1 1) surfaces
involving Ni, Co, and Fe, as higher deposition temperatures
(900 K compared to 600 K) are required to drive the Ti atoms
into the subsurface.

(4) The reforming selectivity of oxygenates, especially ethanol,
begins to decrease as the d-band center shifts closer to the
Fermi level. This suggests that optimal 3d-Pt catalysts for
reforming of oxygenates include Ni, Co, or Fe as the 3d metal, as
earlier 3d transition metals can lead to decreased selectivity.

(5) The reactivity trends on Fe/Pt(1 1 1) and Ti/Pt(1 1 1) follow
earlier work reported on Ni/Pt(1 1 1) bimetallic surfaces, with
3d-Pt–Pt(1 1 1) surfaces displaying the highest activity. One
notable difference between Fe, Ti and Ni-based bimetallic
surfaces is the increased activity of Pt–Fe–Pt(1 1 1) and Pt–Ti–
Pt(1 1 1) compared to Pt(1 1 1), while the Pt–Ni–Pt(1 1 1)
surface is less active than Pt(1 1 1). One possible explanation
for the increased activity is the segregation of Fe and Ti atoms
from the subsurface region to the surface during reforming
reactions.
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