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Abstract

We have studied the reaction of ethanol and water over Ni-CeO,4(111) model surfaces to
elucidate the mechanistic steps associated with the ethanol steam reforming (ESR) reaction. Our
results provide insights about the importance of hydroxyl groups to the ESR reaction over Ni-
based catalysts. Systematically, we have investigated the reaction of ethanol on Ni-CeO,4(111)

. + . . . . .
at varying Ce*" concentrations (CeO, 8.2.0) with absence/presence of water using a combination

of soft X-ray photoelectron spectroscopy (sXPS) and temperature programmed desorption (TPD).

Consistent with previous reports, upon annealing, metallic Ni formed on reduced ceria while
NiO was the main component on fully oxidized ceria. Ni° is the active phase leading to both the
C-C and C-H cleavage of ethanol but is also responsible for carbon accumulation or coking. We
have identified a Ni;C phase that formed prior to the formation of coke. At temperatures above
600K, the lattice oxygen from ceria and the hydroxyl groups from water interact cooperatively in
the removal of coke, likely through a strong metal-support interaction between nickel and ceria

that facilitates oxygen transfer.

Keywords: Ethanol, reforming, H, production, ceria, nickel, X-ray photoelectron spectroscopy,

temperature programmed desorption.
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INTRODUCTION

The steam reforming of ethanol, C;HsOH + 3H,O — 6H, + 2CO,, is of interest to the
chemical industry and fuel cell applications as it provides an alternative route to obtain
renewable hydrogen through ethanol (or bio-ethanol), which can be readily extracted from
sources such as biomass.'” Typically, it involves the use of metal/oxide catalysts (i.e. Pt, Rh or
Pd supported on CeOy), and the reaction occurs by a complex series of mechanistic steps which
are strongly coupled to a combination of factors, including the structural, chemical and electronic
properties of the catalyst.”” It has been postulated that this process requires both the metal and
oxide parts of the catalyst to work co-operatively, with the metal component contributing to the
C—C and C—H bond scissions of ethanol, and the oxide support promoting the dehydrogenation

(or dehydration) reaction as well as the dissociation of H,0.*¢

Catalysts based on nickel have emerged as promising candidates for the ethanol steam
reforming reaction and have been reported to exhibit activity and selectivity comparable to that
of noble metals such as Rh and Pd.”® However, the drawback of nickel based catalysts is the
high propensity for the loss in selectivity (i.e. through methanation), and deactivation which
occurs through metal sintering and coke formation.”™ ®'! Particularly, for coke formation, it

could occur through the following side reactions during the steam reforming processes:
(1) Dehydrogenation of the hydrocarbon groups from ethanol: -CH,(ad) — C + H(ad);
(2) Boudouard reaction: CO(ad) + CO(ad) — CO,(g) + C;
(3) Polymerization: nC,H,; — polymer — C.*?

In principle, minimizing the coke deposition could be achieved by perturbing the electronic
properties of the metal through interactions with the oxide support,” '* by controlling particle
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size”®™!*, by alloying with another metal,'”'® and by enhancing the capacity for oxygen storage

1719 Reducible substrates such as ZnO and Ce0O,, can act

and mobility within the oxide support.
as an oxygen storage reservoir to the supported metal by cyclically regenerating the oxygen from
dissociation of water, and thereby facilitate the oxidation of the surface carbon species.
Previously, in our study of Ni-CeO, powder catalysts, we have investigated the role of ceria as a
promoter of water dissociation and we identified that the generation of —OH groups is essential
for the oxidation of surface carbon species.” Nevertheless, since few techniques utilized in the
powder system study can directly observe the formation of coke during the reaction, more

mechanistic insights is still needed to prove how ethanol, water and associated hydroxyl groups

evolved in the surface process of carbon oxidation and leads to the subsequent production of H,.

In this study, to gain insights into the role of water and related hydroxyl groups during the
reaction of ethanol on Ni-CeO,, we have expanded our study to a Ni-CeO,.«(111) model system
and experiments were carried out using soft X-ray photoelectron spectroscopy (sXPS) to
examine the surface adsorbed species as well as temperature programed desorption (TPD) to
investigate the desorbed products. So that, with this knowledge, catalysts can be constructed to
specifically target the suppression of coke formation by enhancing the chemical, electronic and

redox interactions between the active metal and the oxide support.

EXPERIMENTAL SECTION

Experiments were performed in two separate UHV chambers. Soft X-ray photoelectron
spectroscopy was conducted using synchrotron radiation at beamline Ul2a at the National

Synchrotron Light Source (NSLS). O Is and C 1s sXPS were recorded using 700 and 395 eV
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excitation, respectively. The instrumental resolution was ca. 0.2 eV. The Ce 4d photoemission
lines were used for binding energy calibration using the 122.8 eV satellite features.”” The
temperature programmed desorption was performed in a separate chamber at the Chemistry

Department of Brookhaven National Lab (BNL).

Previous studies have been devoted to understanding the growth and the formation of well-
defined CeO,(111) films.*' Briefly, Ce metal was evaporated onto a Ru single crystal (0001) held
at 700K in the presence of 5 x 107 Torr O,, and then annealed to 800K for 10 mins at the same
O, pressure. For sub-stoichiometric film, 2 x 10® Torr O, pressure was used during the Ce
deposition at 700K,*' and a reduced surface containing ~40% Ce’" was obtained, as determined
by XPS. After deposition, the surface was subsequently annealed to 800K for 10 mins in UHV.
The ceria films were estimated to be ca. 2-4nm thick (7-10 layers of O-Ce-O) based on the
attenuation of the Ru 3d XPS signal, which can eliminate the interference of Ru 3d3,, (284 eV)
with the C 1s signal. Ni was vapor deposited on the as-prepared ceria film at 300K under vacuum
and then annealed to 700K for 1min. Ni coverage was estimated by thermal desorption of
CO/Ni-CeO,. (see SI figure 1), whereas desorption peak area was calibrated by the 0.58
monolayer (ML) saturation coverage of CO on clean Ru(0001).** The deposition rate of Ni was

estimated to be 0.20 ML/min.

Temperature programed desorption data were collected with a shielded and differentially
pumped UIT 100C mass spectrometer using a heating rate of 3K/s. The crystal was placed in
“line-of-sight” geometry about 0.5 cm from the aperture of the UTI. The ethanol source
(Pharmco-aaper, ACS/USP grade) was freeze-pumped-thawed in liquid nitrogen to remove

gaseous contaminants. The adsorbate was introduced to the UHV chamber using a “backfilling”
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method via a high precision leak valve. 2 Langmuir (L) exposure of ethanol was sufficient to

saturate the surface as was evident in both sXPS and TPD.

RESULTS and DISCUSSION

1.1. Chemical state of Ni nanoparticles on CeO,(111) film.

The growth of Ni nanoparticles on the well-defined ceria film and the identification of
oxidation states have been studied in detail previously.”>* Upon deposition of Ni on CeOx(111)
at 300K, Ni predominantly remains metallic. Heating the surface to 700K causes extensive Ni
oxidation to NiO due to the existence of strong metal-support interaction between Ni and ceria.”
24 Ni forms two-dimensional particles with an average height of 0.3 nm on CeO, film at 300 K
as shown in the scanning tunneling microscopy (STM) images (Figure 1). After heating to 700 K,
Ni sinters into larger particles that are 2.7 nm wide and 0.5 nm high at the cost of particle density.
As shown in our previous study, smaller Ni particles with a higher particle density can form on
reduced ceria due to the presence of surface defects.” In order to control reproducibility of the

Ni-ceria system and ensure morphological stability in our study of ethanol reaction, all the Ni-

Ceria surfaces used for the study were annealed to 700K.
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Figure 1. Scanning Tunneling Microscopy images of 0.13ML Ni deposited on to CeO(111) film

at 300 K and after heating to 700 K, respectively. The image size is 100 x 100 nm?,

The Ce 4d + Ni 3p region of XPS results from the 0.2 ML Ni-CeO,4(111) system after
preparation (black line) and after ethanol reaction (red line) are shown in Figure 2a. A closer
detail of the Ni 3p region is shown in Figure 2b. Before ethanol exposure, fully oxidized ceria
and reduced ceria could be identified in the Ce 4d region by comparing the intensities of the
peaks at 122.8 eV and 126.1 eV, labeled as X" and W', respectively. These two features are
associated with Ce*" spin-orbit splitting.”” Deconvolution of the Ce 4d spectrum (SI figure 2)
indicates that the reduced film contained ~40% of Ce’", designated as Ni-CeO;g(111). In the Ni
3p region, our results match well with previous studies.”>*> When pre-annealed to 700K, most of
the Ni was oxidized to Ni’™ on the stoichiometric CeO, surface while significant amount of Ni
still remained metallic on the reduced ceria surface. Peak fitting of the Ni 3p region in Figure 2b
illustrates different ratios of the two components on the two surfaces. The two peaks at 65.9 eV
and 67.1 eV are attributed to Ni° 3psz and 3pyp, respectively,26 whereas the Ni*" exhibits an
additional two peaks located at 68.0 eV (3ps5) and 69.5 eV (3p1,).” Integrating the peak area of
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each component identifies that ~80 % and ~10% of Ni’ are present in the Ni nanoparticles on
reduced ceria and fully oxidized ceria, respectively. It’s noteworthy that the reduction of ceria, in
addition to the oxidation of Ni nanoparticles is negligible here, which is not surprising
considering only 6% of the ceria will be reduced by deposition of ~0.5 ML of Ni on the CeO,

surface as reported previously.*

2L of ethanol was dosed onto the surface at 300K and a step-wised heating up to 700K was
carried out by 100K. The XPS spectra that were recorded after heating up to 700K are shown as
a red line in Figure 2a. No significant changes of the oxidation states of Ni were observed on
either surfaces, and only ~8% of the ceria is further reduced to Ce’” in the Ni-CeO, g system. The
sustained oxidation states of Ni reinforces the existence of a strong metal-oxide interaction
between Ni and ceria, so that Ni*" is not easily reduced by 2L ethanol exposure. However, the
stable oxidation state of Ni during the reaction under UHV conditions allows us to study the
surface mechanisms of ethanol reaction by comparing the two surfaces (Ni-CeO, vs Ni-CeO, g),
correlating the adsorbed surface species and the desorption products from the two surfaces using

sXPS and TPD.
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Figure 2. a) black line: as-prepared Ni-Ce,.<(111) surface, red line: Ni-Cey(111) surface after
ethanol reaction. b) Deconvolution in Ni 3p region of as-prepared Ni-Ce,(111) surface, and a
Shirley background was used for fitting. The components are indicated as: blue dash line (Ni*"),

red dash line (Ni°), black line (envelope) and black dots (data points).

1.2. Identification of Surface Intermediates.
1.2.1. Ethanol Reaction on Ni-CeO,(111).

XPS results for ethanol adsorption on Ni-CeO,(111) in the C 1s and O 1s regions are shown
in Figure 3. The surface was exposed to 2L of ethanol at 300K and then sequentially heated up to
700K by 100K increments. In the O 1s region, the lattice O of ceria is centered at 530.3 eV with
a small shoulder at ~532.2 eV. Mullins et al.***° and Siokou et al. > have studied several
alcohol (methanol, ethanol etc.) surface reactions on metal free fully oxidized CeO,(111), and
they showed that the formation of alkoxy species could occur on the fully oxidized ceria surface
with relatively low concentration of O vacancies by adsorption on the under-coordinated Ce*"
sites. These sites are the seven-coordinated Ce*" cations located in the second layer underneath
the O-terminated CeO,(111) surface. Additionally, their studies have shown that the alkoxy
species could form on CeO, film at temperatures lower than 300K and no molecularly absorbed
ethanol was observed on the surface at 300K. Therefore in agreement with those results, the
small shoulder located at 532.3 eV can be attributed to the dissociative adsorption of ethanol on
Ni-CeO,(111) and the peak can be composed of the contributions from the O in the ethoxy
species as found in CH;CH,O- and also the —OH that forms upon binding of the dissociated H to
lattice O of ceria. By 600K, all the —OH or ethoxy species has desorbed from the surface.

Similarly, this desorption process follows the same trend upon heating in the C Isregion shown
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in Figure 3. At 300K, the two peaks located at 285.9 eV and 287.0 eV are attributed to the
methyl carbon (CH3-) and methylene carbon (-CH,-O-) in the ethoxy species, respectively, in
agreement with previous studies of ethanol on pure CeO,(111).**' It is noteworthy that a
previous TPD study of alcohols on NiO(100) film showed that ethanol has a desorption
temperature threshold below 300K.** Moreover, in our study of Ni-CeO,, ~90% of the 0.2ML
deposited Ni is in the form of NiO. Therefore, under UHV conditions, we assume that the
adsorption of ethanol on Ni sites is negligible at 300K and all the observed carbon features are
related to the ethoxy species on ceria sites. By heating up to 600K, all C-containing species
gradually desorbed from the surface, no trace of C-C scission or conversion of ethoxy is

observed during the heating process.

O1s ~ Lattice O

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

534 532 530 528 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
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Figure 3. Dot line: O 1s and C 1s spectra of 2L ethanol dose on Ni-CeO,(111) surface at 300K
followed by heating up to 400K, 500K and 600K, solid line: O 1s and C 1s spectra of the pristine

surface.

1.2.2. Ethanol Reaction on Ni-CeO; g(111).

Ethanol adsorption was also studied on Ni-CeO;g(111) surface, following the same
procedure upon 2L of ethanol exposure. The results from the O 1s and C 1s regions are depicted
in Figure 4. In the O 1s region, a peak related to —OH/ethoxy contributions at 532.3 eV is
observed alongside the lattice O peak after ethanol exposure at 300K. The intensity of the —
OH/ethoxy species resulting from the dissociative adsorption of ethanol is significantly higher
than the one we observed on the fully oxidized ceria since more O vacancies are available on the
reduced ceria surface for adsoprtion. These —OH/ethoxy features are gradually attenuated with
heating up to 500K, and eventually disappeared at 600K, indicating the desorption or
transformation of the ethoxy species. The C 1s region of Figure 4 further confirms this evolution
of ethoxy species. First, at 300K, the two peaks that are indicative of the ethoxy species are
evident at 286.6 eV and 287.6 eV for methyl C and methoxy C, respectively. The shift to higher
binding energy of these two peaks on the reduced ceria surface has also been observed in
previous studies.””** In addition to the two peaks for the ethoxy species, a new feature at 283.2
eV appears and it gradually increases in intensity upon heating up to S00K. This peak can be
assigned to the carbidic carbon of Ni;C species formed on the surface.**** Nickel carbide was
similarly observed in the study of other hydrocarbon related species on Ni.*>?* Also, in our
previous study of the Ni-CeO, powder catalysts, the in-situ X-ray Diffraction (XRD) clearly

shows the existence of a crystalline intermediate phase during the reduction from NiO to metallic
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Ni by exposing Ni-CeO; nanoparticles to a steam of ethanol. This transition phase has a clearly
refined hexagonal diffraction pattern, however it could be assigned to a NizC phase or a
hexagonal polymorph of a metallic Ni phase. Our XPS results on Ni-CeO, g(111) provide new

evidence that this species is likely NizC.

As the carbide feature is developing, the ethoxy species are attenuated in parallel and
eventually disappear at 500K. This transformation is a strong indication of the C-C bond
cleavage of the ethoxy species, which is not observed on the fully oxidized Ni-CeO, system and
can be attributed to Ni-Ce®” interactions. Since the surface contains significant amounts of
metallic Ni as shown in Figure 2, it also proves that, at 300K, metallic Ni nanoparticles can
readily break the C-C bond, which is consistent with the previous study of ethanol on a Ni(111)
film by Gates et al.> Their TPD data show that CO, arising from the C-C bond scission, could be
produced at 350K, which means that the carbon bond breaking of ethanol occurs below 350K on
the Ni(111) surface. Subsequently, the formed methyl groups (CHs-) are not stable on the Ni(111)
surface at 300K, and most of them will be further dehydrogenated to surface carbon and

hydro gen.‘m'43

In our case, over Ni-CeO, g, surface carbon was generated through the formation
of carbidic Ni, which reveals a strong interaction between the surface hydrocarbons and Ni metal
particles. Furthermore, one can also conclude that the ethoxy species shown here in the C 1s

spectra are mainly due to the dissociative adsorption of ethanol on ceria sites, whereas small

amount of ethoxy species that forms on the Ni sites may decompose to form Ni;C.

Further increasing the temperature to 600K shows a second transformation from NiC
(283.2eV) to coke (C°, 284.5 eV), as Ni;C is metastable and it will decompose to metallic Ni and
surface carbon at higher temperature around 733K.* By 700K, a significant amount of coke with

minor amounts of Niz;C is still retained on the surface, although there is a minor decrease in
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intensity of the coke/Ni;C features, suggesting a limited capability for coke removal from the
surface under these conditions. Thus, this result demonstrates a dramatic impact of the metal-

oxide interaction on the surface chemistry of ethanol at elevated temperatures and the role of

©CoO~NOUTA,WNPE

11 metallic Ni and reduced ceria here for its contribution to C-C and C-H bond breaking in ethanol,

13 in agreement with previous studies of Ni-CeO, powder catalysts.” **
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a1 Figure 4. Dot line: O 1s and C 1s spectra of 2L ethanol dose on Ni-CeO; g(111) surface at 300K
43 followed by heating up to 400K, 500K, 600K and 700K, solid line: O 1s and C 1s spectra of the

pristine surface.

48 1.2.3. Ethanol + H,O on Ni-CeO; g(111).
51 Previous studies have identified that generation of hydroxyl groups from water is favored on
53 reduced ceria.*® These hydroxyl groups are likely to impart a strong interaction with oxide

supported metal particles.”’ In addition, Ni/Ni*" in Ni-CeO4(111) can also dissociate water

60 13
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readily to form OH on the surface.”® Here, to study the effects of hydroxyl groups on the
reforming reaction of ethanol, 2L of ethanol was initially dosed onto the Ni-CeO; g(111) surface
at 300K, then -OH groups were introduced to the system by exposing the surface to 2x10™ Torr
of water. Since the —OH groups will not remain on the ceria surface above ~550K, and to ensure
the hydroxyl groups can evolve into the reaction at higher temperature,”® a 2x10® Torr
background pressure of water was maintained during the heating process between each
temperature step. XPS data were collected after each heating step when the water was pumped
out, as shown in Figure 5. In the O Is region, a stronger hydroxyl peak is observed at 532.4 eV in
comparison to the spectra prior to water exposure, indicating the surface was more hydroxylated
due to the presence of water. When the temperature was increased to 600K, only a small portion
of the —OH groups was left on the surface. It should be noted that even though the —OH groups
on the surface were almost gone at 600K, the interaction between the water and the Ni-CeO g
surface could still be occurring dynamically, as a background of 2x10™ Torr of water was always
maintained during the heating process. In the C s spectra, the two C peaks related to the ethoxy
species at 300K are clearly visible and then, with increased temperature, the evolution from
ethoxy species to Ni;C/coke emerged, similarly to the trend shown in Figure 4. However, further
increasing the temperature to 700K leads to removal of all the carbon related species from the
surface, leaving the surface free of coke. This implicates that the presence of water vapor and/or
additional OH groups not only completes the catalytic cycle in the steam reforming of ethanol to
produce more hydrogen product, but it is also crucial to prevent the formation of coke through
oxidation of the surface carbon at higher temperature (>700K), as will be further elucidated

below from TPD data.
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23 Figure 5. O 1s and C 1s spectra of 2L ethanol dose on Ni-CeO; g(111) surface at 300K followed
by heating up to 400K, 500K, 600K and 700K under a background of 2x10™® Torr pressure of

28 water.

34 1.3.Desorption of Products.

29, 49
d” ™ and we

The TPD of ethanol on plain CeO,(111) surfaces has been previously reporte
39 have also performed this as a control before we investigated the desorption products of ethanol
4l on Ni-CeO,4(111). Desorption products were calibrated with respect to cracking fragments and
included: ethanol (m/z=31), acetaldehyde (m/z=29), CO (m/z=28), water (m/z=18), ethylene
46 (m/z=27), methane (m/z=15) and CO, (m/z=44). The contribution from the fragmentation of the
48 parent masses were subtracted by a normalized factor of the corresponding mass. These scaled
51 factors were derived based on the fragmentation of the molecules, the ionization probability, and
53 the mass-dependent response of the spectrometer. The total and relative yield of each desorption
products was estimated by integrating the TPD peak area of its corresponding mass, as shown in
58 Table 1.

60 15
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Figures 6a-c shows the TPD data obtained from fully oxidized CeO,(111), reduced
CeO;5(111) and Ni-CeO,(111) following a 2L dose of ethanol at 300K. On the fully oxidized
film (Figure 6a), in addition to a small amount of molecularly desorbed ethanol, the primary
desorption products are ethylene, acetaldehyde and H,O with a desorbing temperature threshold
at 515K (505K for acetaldehyde), which is in agreement with the previously reported TPD of
CeOg_X.zg’ 49 H; production is not evident on the fully oxidized surface even though a small
amount of acetaldehyde is observed. This might be owed to recombination of adsorbed H with
the lattice O and subsequent desorption as H,O instead of H,. In contrast, the ethanol TPD results
on reduced ceria film in Figure 6b clearly shows the production of H, as a consequence of the O
deficiency of the reduce ceria surface and presence of Ce’". Additionally, as shown in Table 1,
no molecularly desorbed ethanol is detected, and the amount of product formation through either
dehydration or dehydrogenation processes rises significantly because of the increased amount of
adsorbed ethoxy due to the surface defects (oxygen vacancies) on the reduced ceria. These

defects are essential to the dissociative adsorption of ethanol on ceria.

TPD results of ethanol after adding 0.2 ML of Ni on fully oxidized ceria are displayed in
Figure 6¢, showing a similar set of desorption profiles followed as on the metal free oxidized
ceria surface. No evidence of C-C bond breaking is observed here. This result supports the XPS
data, which shows that the adsorbed ethoxy species are likely to be on ceria sites and that ethanol
does not adsorb on NiO at 300K. By this, we could assume that, on the 0.2 ML Ni-CeO, system,
most of the surface exposed sites are Ni*~ and Ce*" and that they are inert for the reforming of
ethanol through C-C bond scission. The possible reaction pathway for desorption profiles shown

in Figure 6 a-c could be interpreted as follows:

(1) CH3;CH,0H(ad) — CH3CH,0-(ad) + -H(ad), 300K;

16
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1
2
; (2 CH3CH,0(ad) — CH,=CH-(ad) + -OH(ad) + -H(ad);
5
° CH,=CH-(ad) + -H(ad) — CH,=CHa(g),
8
20 -OH(ad) + -H(ad) — H,O(g), ~500K-650K;
11
12
13 Or CH3CH;0 (ad) — CH3CHO- (ad) + -H(ad),
14
15 .
16 -H(ad)*2 + O(lattice) — H,0O(g), on CeO,,
17
18
19 -H(ad)*2 — Hy(g), on CeOy s, ~500K-650K.
20
21
5:23 i Ce0,(111) Ce0, 4(111) Ni-CeO,(111)
10
24 {a 1b 6_ c
25 3 gt WO = °7 I N
26 s \/—\ s 8-_&0,_/\ s \’\—‘/\
27 §4_ T 74 co g i
31 5 £ 4 £
32 %2‘ CH,=CH, x2 §- 3_‘ CH,=CH, x2 §_2‘ CH,=CH, %2
33 g ] om0 — o | gelanono 2| g |oweo o
T [ © 1
gg = | CHCHOH = 19 CH,CH,OH = | CHyCH,0H
36 O4———7—T1 7177717 0"I‘I'I'I‘I'l'|‘l' Od——T 7T 7T T T 1
37 300 350 400T450 500 550 6(!!})< 650 700 750 300 350 400 450 500 550 600 650 700 750 300 350 400 450 500 550 600 650 700 750
o emperature (K) Temperature (K) Temperature (K)
39
22 Figure 6. TPD results from 2L ethanol adsorbed at 300K on a) CeO; (111), b) CeO; 5(111) and c)
42 ,
43 Ni-CeOy(111) film.
44
45
46 However, the desorption profiles from the Ni-CeO, s surface shown in Figure 7 exhibit
47
jg drastic changes with respect to the Ni-CeO,(111) surface. Two reaction conditions were
22 undertaken here in order to match the XPS experiments: the 2L ethanol TPD (black line) and the
52
53 2L ethanol TPD under 2*10™® torr of D,O vapor background (red line). First, following the
54
gg ethanol TPD without D,O, three distinguishable peaks for CO are observed with desorption
57
58 temperatures at 346K, 500K and 596K. The CO desorption peak at ~360K threshold is similar to
59
60 17
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the one observed on Ni(111) film by Gates et al.*” The observation of CO (g) production requires
the C-C cleavage of the surface adsorbed ethoxy, and with an isotope study, Gates et al assigned
this ~360K CO peak to methylene C (-CH,-O-) desorbed from the ethoxy species due to C-C
bond breaking. In our Ni-CeO, 3 case, the similarity of the temperature for the emergence of
Ni3C from 300K~500K reinforces the argument that C-C bond scission has already taken place
on the metallic Ni sites at 300K. Therefore, the CO produced at 346K here is attributed to the
decarbonylation of the methylene C (-CH,-O-) of the ethoxy species adsorbed on metallic Ni.
Moreover, H, is simultaneously produced with CO at 346K to form a small broad peak.
Considering both dehydrogenation of ethoxy species as well as the surface adsorbed —H from C-
C bond scission in methyl groups, the H, production at 346K here is mainly from the
recombination of surface —H(ad) on different sites originating from the methylene H (-CH,-O-)
as well as the methyl H (-CH3). Additionally, no CO; production was detected and negligible
CH4 was produced at ~500K (not shown here), indicating that the coke formation was mainly

due to the dehydrogenation of the surface methyl groups instead of the Boudouard reaction.

The remaining two CO desorption peaks with temperature threshold at 500K and 596K were

39, 50

not observed in the previous study of ethanol on the plain Ni film, suggesting that they are

associated with the ceria substrate and its interfaces formed with Ni. Also note that the reported

temperature regime for CO desorption from Ni film is below 450K.’'’

These two higher
temperature peaks are, therefore, reaction-limited. As mentioned above, at 500K, only Ni;C and
coke remain on the surface, no hydrocarbon related species are evident in the C 1s, which
suggests that all the C-H bonds have been broken by this temperature. Furthermore, coincident

with the CO evolution at 500K temperature threshold, H, is also produced in the TPD data.

These results all imply that the surface retained ethoxy species on ceria sites could either

18
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dehydrogenate/dehydrate followed by desorption as acetaldehyde/ethylene, or diffuse to the
metal and further react in the same manner. As a result, more surface carbon will be accumulated

on the surface as indicated by the 500K C 1s spectra in Figure 4.

The oxidation of the surface Ni;C/C requires oxygen transfer from the ceria substrate to the
Ni nanoparticles via the reduction of ceria. This process can be simply described as Ni + 2CeO,
— 2Ce;03 + NiO, and it is thermodynamically unfavorable at low temperature (AH~136.9
kJ/mol).>* Also, computational studies show that migration of O from ceria to Ni is an

1,>> which indicates

endothermic process associated with a thermodynamic barrier of 18 kcal/mo
that the transfer of oxygen from ceria to Ni is only favored at higher temperatures. Furthermore,
the 8% reduction of ceria for the post-reaction surface shown in Figure 2 is reasonably consistent
with the consumption of O by 0.2ML of Ni, since only 2L of ethanol was dosed to the surface.
Hence, the observation of the CO peak at 596K could be attributed to the surface Ni;C/C on Ni
nanoparticles combining with the O transferred from the support ceria oxides at higher
temperature. It is worth to note that although some of the surface C could react and desorb as CO
with the oxygen from ceria, substantial amount of coke is still accumulated on the surface as

proved by the 700K C 1s spectra in Figure 4. The possible reaction routes for the desorption

profiles in Figure 7 in the absence of water can be explained as follows:

(1) CH3CH,0H(ad) — CH;CH,0-(ad) + -H(ad), 300K
(2) On Ni sites: CH;CH,0- —CHj3-(ad) + CO(g) + 2-H(ad), 300K-450K;
CHj;(ad) — C (coke) + 3-H(ad), 300K-450K;
2-H(ad) — Ha(g), 300K-450K;
(3) On ceria sites: CH;CH,0- — CH3;CHO(ad) + -H(ad) ~500K;
19
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Then diffuse to Ni sites: CH;CHO(ad) — CHj(ad) + CO(g) + -H(ad), ~500K;

-0 (lattice) + NizC/C — Ni’ + CO(g), >600K;

To study the effects of hydroxyl groups on the ethanol reaction, ethanol TPD under D,O
vapor pressure (2*10® torr) over Ni-CeO, g is presented as red lines in Figure 7. D,O was used
here to distinguish the hydrogen from ethanol from that of water. First, at temperatures below
500K, the surface in the presence of D,O exhibits a TPD profile comparable to the one of pure
ethanol, showing that there is no apparent effect of hydroxyls on the ethanol reaction at lower
temperature. However, at temperature above 500K, D, and DH were detected in addition to the
CO and H; production, indicating that D,O has been involved in the reaction at this temperature.
The occurrence of DH here is not surprising since mobile surface hydrogens are available for
isotopic exchange with the deuterated hydroxyls during thermal desorption, which could also
explain the lower production of H», as some of the adsorbed H desorbs as DH(g). For the CO
evolution, two peaks appears at S00K and 600K with a slight peak shift compared to the one in
pure ethanol. The peak area of the 600K CO peaks resulting from the oxidation of surface
Ni3C/coke are estimated to be 40% larger than those from the D,O free surface. The fact that the
XPS data shows a coke free surface at 700K in the C 1s spectra of Figure 5, and also noting that
a significant amount of D, is produced from D,O simultaneously at ~600K due to the transfer of
oxygen to ceria/Ni, one can draw the conclusion that the —OD groups formed upon D,O exposure,
as water is prone to be dissociated on reduced ceria,*® and can play a vital role here in assisting
the removal of coke from surface as in the form of CO. At this temperature (>600K), considering
the mobility of the surface oxygen and the strong interaction between Ni and ceria, the lattice O
from ceria and the —OD groups from D,0O could have a synergistic interplay during the oxidation

of the Ni3C/C phases, which can be interpreted as follows:

20
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(1) D,0(g) — -OD(ad) + -D(ad),

(2) -OD(ad) — O (lattice) + -D(ad), >600K;

©CoO~NOUTA,WNPE

10 (3) -0 (lattice) + NizC/C — Ni” + CO(g), >600K;
14 Or -OD(ad) + Ni3C/C — Ni° + CO(g) + -D(ad), >600K;

17 Our results highlight a strong interaction between Ni and Ceria, and present important
insights into the mechanism of ethanol steam reforming. Model surfaces studied here can have a
22 strong correlation to steady state conditions of the ESR over powder samples, at temperatures
24 above 600K. It is likely that two competing processes will occur on the surface: the surface
27 carbon accumulation and the oxidation of surface carbon by water/hydroxyls. The ability to
29 sustain sites that can do both steps including C-C bond breaking and —OH formation is critical
and can now be joined with additional step which includes the remediation of coke formation.
34 The later process relies heavily on the redox nature of the oxide substrate as well as the metal-

36 oxide interaction facilitating the oxygen transport.
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Figure 7. TPD results from 2L ethanol adsorbed at 300K on Ni-CeO;g(111) film, black line:

temperature ramping without DO, red line: temperature ramping under 2x10® Torr D,O

background pressure.
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Table 1. Total and relative (in brackets) product yields of desorption products estimated by peak

integration from the TPD results shown in Figure 6 and 7.
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H,0 co CHs | CH,=CH, | CH,CHO | EtOH
CeO, 13 - - 12 8 12
(0.29) (0.27) (0.18) | (0.27)
CeOyg 25 20 7 10
(0.4) (0.32) (0.11) | (0.16)
Ni-CeO, 77 40(0.2) 45 39 -
(0.38) (0.22) (0.19)
Ni-CeOy5 - 150 98 184 58 140 12 22 32
(0.22) (0.14) (0.26) (0.08) (0.20) (0.02) | (0.032) | (0.05)
<500K 500- >600K <500K >500K
600K
Ni-CeOy5 149 110 260 60 76 58 160 10 20 28
(with D,0) (0.16) (0.12) (0.28) (0.06) | (0.08) | (0.06) (0.17) | (0.01) | (0.02) (0.03)
<500K 500- >600K (Hz) (H,) (DH) (D2)
600K <500K | 500- 500- >600K
600K 600K
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CONCLUSIONS

Ethanol and ethanol with water reactions on Ni-CeOx(111) surface were studied using a
combination of sXPS and TPD. The scission of the C-C and C-H bonds is only observed on the
Ni-CeO, s surface, demonstrating the importance of the Ni’ and Ce’" interplay as an active
components in the reaction. A Ni;C phase was formed prior to the surface coke formation. The
oxidation of surface carbon requires the transfer of oxygen from ceria to nickel at higher
temperature (>600K) and the addition of water and hydroxyls essentially assist in the removal of
surface coke. With these aspects, we hypothesize that developing catalysts capable of higher
water dissociation efficiency as well as strong metal-oxides interaction could enhance the

transfer of oxygen and thus improve the oxidation of surface carbon.
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