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ABSTRACT

We introduce a small amount of Mo atoms into Ni/YSZ catalyst for the partial oxidation reaction
of gasoline. Ni-Mo/YSZ catalyst displays a high reforming activity and stability with an isooctane
conversion of 90% and H. yield of 76% with less degree of coking and sintering compared to
Ni/YSZ catalyst. Our XRD results indicate that a Ni-Mo solid solution is formed. Raman results
also suggest that a presence of well dispersed Mo=0 species over Ni surface can be a possible
active site that is related to the high coke resistance of Ni-Mo/YSZ catalyst. DFT-based
calculations indicate that Ni-Mo/YSZ catalysts enhance the carbon-tolerance by increasing
activation barriers for the C-H bond cleavage and C-C coupling as compared with the Ni/YSZ
system. Ni-Mo catalyst is used as an internal micro-reforming layer on top of conventional Ni-
YSZ anode supported single cells. The single cell displays a significantly improved stability with

a low degradation rate.
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1. INTRODUCTION

Conventional gas turbine and internal combustion engines generate electricity via fuel
combustions, followed by converting the generated heat energy into mechanical energy and finally
into electricity. These multiple conversion steps lead to a low overall energy conversion efficiency
with large energy loses 2. Solid oxide fuel cells (SOFCs) can convert the chemical energy of
liquid transportation fuels and next-generation liquid bio-fuels to electrical energy with a higher
efficiency via electrochemical reactions, while they produce less emissions and require less
maintenance costs *#. Current methods for operating fuel cells using logistic liquid fuels involve
external fuel reforming processors, which add complexity to the overall fuel cell system and
increase the device footprint °. An internal reforming SOFC technology can combine both SOFCs
and external reforming units as one system, and it can offer a much more compact and simple fuel
cell system by directly feeding liquid fuels to the anode ®°. Among various internal reforming
SOFC configurations, introducing a micro-reforming layer over the conventional anode is the most
promising path *. In this configuration, the fuels are first internally reformed over the micro-
reforming layer to generate the synthesis gas followed by its electrochemical oxidation over the
anode. Thus, the successful development of internal reforming SOFCs depends on the
development of cost-effective and high-performance catalysts with high coking resistance and
sulfur tolerance for fabricating its micro-reforming layer. Although several transition metals
including Rh, Pt, and Ru are active for liquid fuel reforming 113, the cost and availability of noble
metals limits their application as the internal reforming catalyst. Ni-based catalysts are a promising
alternative to noble metals because they show good activity at a much lower price point 4,
However, coke formation and particle sintering often lead to the rapid deactivation of Ni-based
catalysts >’ Controlling the size of a Ni particle is one of the strategies that have been shown to

minimize the formation of surface carbon *8. Carbon nucleation and subsequent growth on the Ni



surface can be limited by preparing small Ni particles in order to improve the catalytic stability
during the hydrocarbon reforming *°. It is generally acknowledged that Ni nanoparticles less than
7 nm in diameter can suppress coking and sintering 2-22, Another strategy is to use supports with
enhanced oxygen storage capacity (OSC) to facilitate the removal of coke and enhance the
dispersion of Ni 2%. A solid solution of ceria-zirconia (CZ) is known to have both a high OSC and
redox capability, which results in a high coking resistance during reforming reactions 24-2%. More
recently, a number of authors have attempted to improve the long-term stability of Ni catalysts by
the addition of secondary metals to Ni #2730, For example, Ni-Sn bimetallic catalysts demonstrate
an enhanced carbon tolerance than monometallic Ni during the steam reforming of isooctane 3.
DFT-based calculations indicate that Ni-Sn catalysts have a high propensity to oxidize carbon and
that they also lower the driving force to form carbon deposits on low-coordinated metal sites as
compared to monometallic Ni 3222, Some groups reported that adding Mo-based promoters to Ni
catalysts enhances their stability *%. For example, Claudia et al. % found that Mo species
increases the coking resistance of Ni-Mo/Al,Os catalysts during the dry reforming of methane.
According to this previous study, Mo can block the active sites on the Ni metal surface or could
be placed on the Ni crystal surface resulting in a dilution effect. Both effects would help to diminish
the deposition of carbon. The carbon resistance of Ni-Mo based catalysts during the dry reforming
of methane was also explained in terms of the electronic modifications produced by Mo. It was
postulated that the addition of Mo (an electron acceptor) leads to a decrease in the adsorption

strength of coke on the Ni surface and hence decreases the coking rate .

This work aims to improve the activity and stability of supported Ni catalysts by the addition
of Mo promoter for partial oxidation (POX) of isooctane and gasoline at high weight-hourly-space-

velocity (WHSV) that is consistent with the operating condition of SOFCs. Herein, Ni-Mo



catalysts are used as an internal micro-reforming layer on top of conventional Ni/YSZ anode
supported single cells. In this reforming layer/electrochemical anode bilayer design, liquid
hydrocarbon fuels are reformed into syngas within the catalytic reforming layer. The resulting
gases are then delivered to the anode for the subsequent electrochemical reactions 33°. Effects of
the micro-reforming layer on the electrochemical performance of the single cells are comparatively
investigated by running the cell with an isooctane (or gasoline)/air mixture as fuel. This work also
aims to understand how the addition of Mo improves the overall reforming performance of Ni/YSZ
catalyst system toward the isooctane (or gasoline) by using a combination of experimental work

and ab initio quantum mechanics computations.

2. METHODS

2.1 Experimental Section
2.1.1. Catalyst Preparation

Commercial yttrium-stabilized zirconia (YSZ, 8 mole % Y03, Inframat Advanced Materials)
was used to prepare the Ni (11 wt.%)-Mo (3 wt.%)/YSZ sample (with Mo/Ni molar ratio of 1/6)
by the wet co-impregnation method. An aqueous solution of (Ni(NOsz)2-6H.0, Alfa Aesar) and
((NH4)sM07024-4H20, Alfa Aesar) was mixed with the YSZ support. The sample was then dried
overnight at 100 °C, calcined at 500 °C for 4 h (dry pure air, A-L Compressed Gases) and then
reduced at 750 °C for 1.5 h in a stream of 50% Hx/He (OXARC). Ni (11 wt.%)/YSZ was
synthesized by the same method using an aqueous solution of Ni(NO3)2-6H2O without the Mo
precursor. Ni (11 wt.%)-Sn (3 wt.%)/Y SZ was also synthesized by the same method using aqueous
solutions of Ni(NOz3).:6H20 and SnCl,-2H20 (Sigma-Aldrich). Both Ni (11 wt.%)/YSZ and Ni

(11 wt.%)-Sn (3 wt.%)/Y SZ samples were used as reference catalyst materials for the comparison.



2.1.2. Single Cell Fabrication

The anode supported coin-type single cells with a configuration of porous Ni-YSZ anode
support/YSZ/CeosSmo 2019 (SDC) bi-layer electrolyte/LaosSro4Coo2FeosOsz5 (LSCF) cathode
were fabricated by a dry-pressing and spin-coating process. The detailed fabrication procedure was

reported in our previous paper “°.

The micro internal reforming layer was fabricated by painting the Ni-Mo/YSZ catalyst on a Ni
metal mesh. The catalyst paste was prepared by mixing 20 wt.% Ni-Mo/Y SZ powder with a slurry
containing 2.4 wt.% binder (Butvar B-98, Sigma-Aldrich) and 77.6 wt.% ethanol. A total of ~20
mg of Ni-Mo/YSZ catalyst was painted on both sides of the Ni mesh to form the micro internal
reforming layer. This internal reforming layer was attached to the anode of the single cell for

electrochemical performance evaluation .

2.1.3. Catalyst Characterization

The crystalline phases in the fresh and spent catalysts were determined by powder X-ray
diffraction (XRD) using a Rigaku Miniflex 600 diffractometer with Cu Ka radiation operated at
40 kV voltage and 15 mA current. The XRD patterns were collected at a scanning step size of
0.01° with a scanning rate of 1 °/min in a 20 range from 20° to 60°. Transmission electron
microscopy (TEM) was used to investigate the morphologies of the catalysts using a FEI Technai
G2 20 Twin at 200 kV. Temperature-programmed reduction (TPR) measurements were performed
in a chemisorption system (ChemiSorb 2720, Micromeritics). The following procedure was used
for TPR: 100 mg of sample was placed in a quartz U-tube and pretreated with flowing pure He (A-
L Compressed Gases) at 50 mL/min at room temperature. Following the pretreatment, 10% H./He
(OXARC) was introduced at the same flow rate for temperatures ranging from 25-900 °C with a

heating rate of 10 °C/min. The amount of carbon deposited on the surface of the spent catalysts



was quantified using thermogravimetric analysis (TGA) under dry pure air (A-L Compressed
Gases) using TA Instruments Q50. Samples were loaded in platinum crucibles and then heated
with air from room temperature to 800 °C at a rate of 5 °C/min. Molecular structure and bonding
vibration of the fresh and spent Ni-Mo/YSZ samples were determined via Raman spectroscopy at
room temperature with a Renishaw-inVia Raman microscope equipped with a confocal
microscope and 3600 grooves/mm gratings. For comparison, bulk YSZ, Mo/YSZ, and Ni/YSZ
Raman spectra were also collected. The laser excitation at 325 nm was generated from the He-Cd
laser (Kimmon, Model: 1K3201R-F). The scattered photons were directed into a single
monochromator and focused onto an air-cooled charge-coupled device. The Raman shift was
calibrated with a Teflon (731 cm™). The spectral acquisition times were 20 scans accumulated with
50 sec/scan. The Raman spectra of the carbon phase on the spent samples were collected by the
visible Raman spectrometer (BaySpecNomadic™ Raman Microscope) equipped with a confocal
microscope (Olympus BX-51 upright microscope), Volume Phase Gratings (VPG), and a dichroic
filter. The spent samples were excited with 532 nm excitation (DPSS CW, diode-pumped solid
state continuous wave, single-mode, open beam, max power output 50 mW) in the 1200-1800 cm
1 Raman shift regions. The visible 532nm Raman spectra were collected through a CCD detector
(2048 x 64 pixels). The spectral acquisition times were 10 scans accumulated with 30 sec/scan. X-
Ray photo-electron spectroscopy (XPS) was performed on a SPECS Phoibos 100 hemispherical
analyzer to characterize the composition and surface chemistry. Typically, Al Ka (1486.6 eV) was
used as the X-Ray source. The surface charging effect was compensated through a calibration by
applying the binding energy (BE) of C1s (BE=284.6 eV) as an internal standard. Powder samples
were mounted on a copper plate by pressing two copper plates against each other under 5 MPa.

Then the copper plate was attached to the sample holder by copper tape.



2.1.4. Electrochemical Performance of Fuel Cell

Electrochemical performances of the anode-supported single cells with the Ni-Mo/YSZ
catalytic reforming layer were evaluated using a lab-designed fuel cell testing system. The system
consisted of an Autolab electrochemical workstation (Metrohm Autolab M101), a DC electric load
(BK precision 8500), a set of mass flow controllers (Brooks 8580E), and alumina sample holders.
An alumina-based ceramic binder (AREMCO Products) was used as the gas sealing material. The
single cell was heated to 750 °C and the anode was reduced in hydrogen. The performance of the
single cell was first tested using H2 (50 ml/min) as fuel. The fuel was then changed to a mixture of
isooctane and air by flowing air through an isooctane bubbling system at a flow rate of 90 ml/min at
25 °C. Electrochemical impedance spectra of the single cell were obtained under open-circuit voltage
(OCV) conditions in the frequency range of 0.01 Hz to 100 kHz. The amplitude of the input

sinusoidal signal was set to be 10 mV #.,

2.1.5. Isooctane Catalytic Reforming Tests

The partial oxidation reaction was carried out in a fixed-bed quartz reactor (300 mm length,
7 mm internal diameter). In a typical experiment, 100 mg of the reduced catalyst was loaded into
the quartz reactor and held in place by a quartz wool plug. The temperature of the catalyst bed was
maintained at 750 °C for all reforming tests. A K-type thermocouple (Omega) was placed at the
center of the catalyst bed to record and control its temperature. The inlet and outlet temperatures
of the catalyst bed were measured during the reforming reaction of isooctane at 750 °C and no
temperature changes were observed. A silicon carbide bed was placed 5 cm upstream from the
catalyst bed to enhance the mixing of the reactants. The reactant feed was composed of isooctane
and air at an O,/C ratio of 0.5 using a flow rate of 2 mL/h (liquid) and 90 ml/min (gas), respectively
(WHSV of 13.8 h™1) at atmospheric pressure. A calibrated mass flow controller and syringe pump

were used to control the flow rates of air and isooctane, respectively. The exit stream was cooled



down to 5 °C before it was sent to a gas chromatograph. The dry gaseous products were then
analyzed using the gas chromatograph equipped with two packed columns (Molecular Sieve 13X

and HayeSep D) and a TCD detector.

2.2 Computational Setup

The DFT calculations were carried out with the Vienna Ab Initio Simulation Package (VASP)
code *>*3, The exchange-correlation interactions were treated using the Perdew-Burke-Ernzerhof
(PBE) * functional and the projector-augmented wave (PAW) method was applied *° to solve the
ion-electron interactions in the periodic system. The pseudopotential version (PAW_PBE) for each
element is listed here: 07Sep2000 for Zr_sv, 08Apr2002 for O, 06Sep2000 for Y_sv, 06Sep2000
for Ni, and 08Apr2002 for Mo “6. The size of the Ni/YSZ (or Ni-Mo/YSZ) slab was 7.25 A x 12.56
A 4750 We used a Monkhorst-Pack mesh 5 with a (4 x 2 x 1) kpoint grid and a plane wave
expansion up to 400 eV. This computational setup ensured that the oxygen vacancy formation
energy inside the Ni/YSZ slab differs by less than 0.03 eV as compared to a more-dense (4 x 4 x
1) kpoint grid and a higher energy cutoff of 500 eV. The Ni/YSZ (or Ni-Mo/YSZ) cermet included
a three-layer YSZ slab and an 18-atom Ni cluster (or an 18-atom Ni cluster with one Mo atom
dopant) and a 12 A vacuum layer separation between each periodic unit cell as shown in Fig. SI 8.
When we performed a Bader charge analysis, we applied a fast Fourier transform (FFT) grid that
was twice as dense as compared to the standard FFT grid so as to ensure that the Bader charge
results were fully converged. More details about the computational setup were given in our

previous works %2,

3. RESULTS AND DISCUSSION

3.1 Catalyst Characterization



To obtain insight into the reduction process of the calcined samples, an H2-TPR experiment
was performed. The H2-TPR profiles of YSZ supported Ni and Ni-Mo catalysts calcined at 500 °C
are shown in Fig. 1. For Ni/YSZ, the single peak located at around 350 °C is attributed to the
reduction of NiO to metallic Ni ®. The Ni-Mo/YSZ reduction peak is shifted to higher
temperatures at around 450 °C, which could be related to the improvement of the metal-support
interaction and enhancement of the Ni dispersion over YSZ supports (Table Sl. 1) after the addition
of Mo species *8. The catalysts following the H2 reduction were characterized by a XRD analysis
prior to the reaction to determine their crystalline phases and average crystallite sizes. The XRD
patterns of Ni/YSZ and Ni-Mo/Y SZ catalysts after reduction treatment at 750 °C are shown in Fig.
2. Both samples clearly showed diffraction peaks corresponding to YSZ %%, Specifically, XRD
patterns for the YSZ supported metal catalysts contain higher intense peaks at ~28.3° and ~31.5°
for the m-ZrO; phase as compared to the pristine YSZ (t-ZrO, dominant, ~30°, not shown for
brevity). As such, the surface species (Ni or Ni-Mo) can cause the metastable t-ZrO;
transformation into a stable m-ZrO,. The m-ZrOa/t-ZrO, peak ratio in the Ni-Mo/YSZ XRD
pattern is higher than that of Ni/YSZ, which indicates that the presence of Mo can improve the
stability of YSZ. The nickel oxide (NiO) phase was entirely transformed into metallic nickel (Ni)
after the reduction step, as deduced from the absence of peaks associated to the NiO phase (20 =
37° and 43°) and the appearance of the metallic Ni (26 = 44° and 52°). With the addition of Mo,
the main diffraction peak of the Ni metal (206 = 44.5°) is shifted to a lower 20 value. This is
attributed to the expansion of the Ni lattice due to the partial substitution of a Ni atom (r ~ 1.35 A)
by a larger Mo atom (r = 1.45 A) during the formation of a Ni-Mo solid solution. Moreover, with
the addition of Mo, the metallic Ni peak broadens and decreases in intensity, suggesting that the

Ni particles are well dispersed on the YSZ support. The Scherrer equation was used to calculate



the average crystallite size of the metallic Ni phase, as reported in Table SI 1. The average
crystallite size for Ni-Mo/YSZ is 8.2 nm while Ni/YSZ is 16.1 nm, which indicates that a higher
degree of sintering took place for the sample without Mo during thermal treatment. It can be
hypothesized that increased YSZ stability with the addition of Mo can possibly reduce the

agglomeration of Ni particles.

3.2 Effect of Mo on the Catalytic Performance

Isooctane partial oxidation (POX) was carried out over Ni/YSZ and Ni-Mo/YSZ catalysts under
0,/C of 0.5, 750 °C, atmospheric pressure, and WHSV of 13.8 h™.. As shown in Fig. 3, the Ni-
Mo/YSZ catalyst is stable over 24 h of time-on-stream (TOS) with a conversion of 97%, H, yield
of 73%, and CO yield of 80%. The molar ratio between H, and CO is about 0.92 (which is lower
than the stoichiometric ratio). This difference indicates the possible occurrence of the reverse-
water gas shift (RWGS) reaction that consumes some of the H» products during the partial
oxidation process 2. Beside the RWGS reaction, there could be other side reactions including the
complete oxidation and methanation which can affect the final carbon conversion and product
yields!8-%1, The Ni/YSZ sample shows a severe deactivation after only 8 h of TOS. Consequently,
its conversion decreases to 45% while both H> and CO yields drop to 21% at a TOS of 24 h. In
this work, the partial oxidation reaction was operated at a relatively high space velocity (WHSV
of 13.8 h™!) of the fuel stream containing 5 mol% of isooctane in order to produce enough syngas
to operate the fuel cell. There are few other publications which used different catalysts for the
partial oxidation of isooctane/gasoline (Table SI. 2). However, they either operated at a lower fuel
content (i.e., a lower amount of isooctane/gasoline catalytically processed per unit time) than one
we used in this study or showed lower stability as compared to the Ni-Mo/YSZ catalyst. For

example, Pengpanich et al. prepared a Ni(5 wt.%)Sn(0.5 wt.%)/Ceq.75Zr0 2502 catalyst for the POX



of isooctane at a O,/C ratio of 0.5, 1 mol% of isooctane in the feed stream, and 700 °C 2 After a
time-on-stream of 12 h, the isooctane conversion was only 73 %, while the total carbon deposition
was 2.2 wt.%. When the Sn loading is changed from 0.5 wt.% to 2 wt.% the conversion after 12 h
time-on-stream dropped to 51 % ®2. As compared to our current study, Pengpanich et al ®2, operated
their Ni-Sn bimetallic catalysts at more diluted isooctane in the feed stream (1 mol% vs. 5 mol%).
Despite these less severe operating conditions, our Ni-Mo bimetallic catalyst in this present study
still outperformed previously studied Ni-Sn bimetallic catalysts. MoO; was also tested for the POX
of premium gasoline (with 37% aromatics) and compared its performance with a Ni catalyst at
0,/C =0.72, 1.6 mol% of isooctane in the feed stream, WHSV = 0.6 h!, and T = 700 °C . Based
on its reforming data, MoO catalysts were active and stable after 7 h time-on-stream with a carbon
conversion and a H yield of 100 and 94%, respectively, while Ni catalysts showed severe
deactivation due to the formation of carbon . MoO; is a very promising catalyst for the POX of
various logistic fuels. However, its phase stability is very low: it can easily oxidize into MoO3
phase if O2/C ratio is too high (e.g. O./C is higher than 0.7) while it can easily reduce into metallic
Mo or a MoC phase if the O2/C ratio is too low (e.g. if the O2/C ratio is lower than 0.6) . Its
stability window is very small such that it has many challenges for implementing it to the practical
applications where O/C ratio would fluctuate a lot. Unlike MoO2, our Ni-Mo/YSZ in the present
study uses Mo as the promoter and it does not possess any bulk MoOy phases. Thus, its phase

stability was not affected even at the stoichiometric O2/C ratio for POX of isooctane.

XRD was used to estimate the average crystallite size of the spent sample and verify the
formation of carbon deposition. Fig. 4 shows that there is a diffraction peak at 26.6° for the Ni/YSZ
sample, which is attributed to the formation of carbon deposits. Moreover, the spent Ni/YSZ

sample shows a significant increase in its average crystallite size from 16.1 to 26.1 nm (Table SI.



1). The Ni-Mo/YSZ spent sample, however, shows no indication of carbon formation (Fig. 4 (B))
and much less nanoparticle aggregation (from 8.2 nm to 10.3 nm) during the isooctane reforming
reaction. It should be noted that the presence of small size or amorphous carbon species, which
could not be detected by using the XRD, cannot be ignored. The formation of different carbon
phases on Ni/YSZ and Ni-Mo/YSZ will be explained in more detail in the corresponding Raman
spectroscopy measurements. The combination of sintering and coking resistant natures of Ni-
Mo/YSZ catalyst allows the reaction to run stably for 24 h. These results are confirmed by TEM
images of fresh and spent catalysts as shown in Fig. 5. It is clearly observed that whisker carbon
is formed on the spent Ni/YSZ sample, while no such carbon is observed on the spent Ni-Mo/YSZ
sample. It can be concluded that the addition of Mo to a Ni/YSZ catalyst can effectively reduce
the growth of carbon whiskers. Huang et al. 5 reported that Mo species play an important role in
reducing the amount of shell-like carbon deposits which encapsulate the Ni particles. It was also
reported that strong metal-support interactions lead to a higher dispersion of Ni nanoparticles,
prevents Ni-Mo metal particles from being physically lifted up off of the support during the carbon
growth process, and limits the encapsulation of the Ni particles by carbon . Our results agree
with other reports %6 that adding different promoters to prevent Ni agglomerations and to increase
the interaction between Ni nanoparticles and the support, whose combined effects can mitigate the

formation of carbon.

To measure the resilience of the Ni-Mo/YSZ catalyst against coking, we tested it using
premium gasoline (octane rating of 91~94) as fuel with an aromatic content of approximately 35
vol% 8. Based on its CHO elemental analysis, its composition is approximated as C7.14H143.
Aromatic compounds are considered coking precursors and therefore, a high rate of coke formation

can be expected when using aromatic-rich fuels. The operation conditions for the test are the same



as isooctane reforming conditions (O2/C=0.5, WHSV=13.8 h, and T=750 °C). As shown in Fig.
6, even after 12 h of TOS, the catalytic performance exhibited by Ni-Mo/YSZ is fairly stable with
a H yield of 76% and a conversion of 90%. However, the Ni/YSZ sample starts with relatively
poor initial performances, worsening after around 6 h of TOS. The low performance observed with
the Ni/YSZ catalyst is the direct result of coke formation, which eventually clogged the reactor
and significantly reduced its catalytic performance. XRD analysis of the spent samples (Fig. SI 1)
shows a much more intense peak for carbon deposition on the Ni/YSZ sample as compared to that
of the Ni-Mo/Y SZ sample. Furthermore, the spent Ni/YSZ sample shows an increase in its average
crystallite size from 16.1 to 26.8 nm (Table SI 3), which is a similar result that is observed for the

isooctane reacted sample (Table SI 1).

To investigate the oxidation state of our catalyst samples, we have performed XPS
measurements. The Ni 2ps2 XPS spectra of fresh Ni-Mo/YSZ and Ni/YSZ catalysts are shown in
Fig. SI 2 (A). For the fresh Ni/YSZ sample, there is a strong peak at a core level binding energy
(CLBE) of ~855.8 eV, which can be assigned to the metallic Ni (Ni°). This metallic Ni peak up-
shifts by ~0.3 eV for the fresh Ni-Mo/Y SZ sample, which suggests that Ni is partially oxidized by
the presence of Mo. For the spent Ni-Mo/YSZ sample, although the peak intensities around a
CLBE of ~856.1 eV are very week, it clearly shows that the peaks still remain in the spent Ni-
Mo/YSZ spectrum (Fig. SI 2 (B)). In the case of Ni/YSZ sample, however, the Ni metal peak at a
CLBE ~855.8 eV disappeared after the isooctane and the gasoline POX reaction (Fig. Sl 2 (C)),

which indicates that Ni particles were fully covered by the thick carbon deposition.

A TGA analysis is used to obtain quantitative information regarding the deposition of carbon
on the catalyst surface after the partial oxidation of gasoline. As shown in Fig. 7, weight loss due

to the carbon oxidation is started at ~500 °C -7, The Ni/Y'SZ sample shows a much higher weight



loss (~80 wt.%) at 700 °C, which may be attributed to the presence of the larger amount of coke
that is formed as compared to that of the Ni-Mo/YSZ sample (~17 wt.%). The derivative peak of
the TGA curve (Fig. SI 3) for the spent Ni/YSZ catalyst is shifted to a higher temperature (~660
°C) as compared to that of the spent Ni-Mo/YSZ catalyst due to a higher degree of graphitization

of the coke deposit "'

Tin (Sn) is another promoter that has been widely used to improve the stability of catalysts
during liquid fuel reforming by reducing the Ni ensemble size and preventing surface coking. The
Linic group found that Ni-Sn bimetallic systems have a lower thermodynamic driving force for
the formation of coke, which is associated with the nucleation of carbon atoms on low-coordinated
Ni sites 32. Ni-Sn demonstrated an enhanced reforming performance as compared to that of
monometallic Ni in the steam reforming of isooctane, methane, and propane 3233, Pengpanich et
al. % tested Ni-Sn systems for the POX of isooctane (O2/C ratio of 1 and gas-hourly-space-velocity
(GHSV) of 80,000 h') at 700 °C and found a conversion of 73% with only 2.2 wt.% carbon
deposits after 12 h of TOS. For the present study, the catalytic performance of Ni-Mo/Y SZ for the
POX of isooctane is compared to that of Ni-Sn/Y SZ under the same reaction conditions (WHSV
of 13.8 h?, GHSV of around 100,000 h, and O/C ratio of 0.5). It is worthwhile to note that the
reforming conditions used by this present study for Ni-Mo/YSZ system are harsher than those of
Pengpanich et al’s. Use of NiSn/YSZ catalysts results in poor isooctane conversion and H»
selectivity: a conversion of 67% and H. yield of 18% after 24 h of TOS (Fig. SI 4). This
performance is not much higher than that of the non-catalyzed gas-phase reaction (45% conversion
and 15% H yield), indicating that Sn is not suitable to mitigate carbon formation and enhance the

activity of Ni-based catalysts at these harsh operating conditions. The XRD analysis of the spent



NiSn/YSZ catalyst indicates that carbon deposits are formed after operating the reactor for 24 h

(Fig. SI 5).

Over the past several decades, Raman spectroscopy has elucidated fundamental information
about the nature of the catalytically active sites for the supported metal and the metal oxide in a
heterogeneous catalyst, where metals or metal oxides are present as a two-dimensional surface
layer (67—70). In order to understand the molecular structure of a fresh, isooctane-reacted,
gasoline-reacted YSZ supported catalysts as well as the carbon species on the spent catalysts, we
characterized these samples by UV- and visible-Raman spectroscopy. The UV-Raman spectra of
a fresh YSZ, Ni/'YSZ, Mo/YSZ, and Ni-Mo/YSZ samples are shown in Fig. 8 (A). The Raman
spectrum of the YSZ sample contains several bands at 320 (medium), 378 (weak), 470 (medium),
and 630 (strong) cm™, which are characteristic of a tetragonal-ZrO; (t-ZrO2) and a monoclinic-
ZrO, (m-ZrO,) phase ">, The intensity ratio of the 470 and the 630 cm™* bands (lsso/l470) has been
applied to distinguish the ZrO; phase ™. The higher intensity of the 630 cm™ band as compared to
the 470 cm™ band (leso > la70) indicates that the YSZ sample possesses a dominant t-ZrO- phase.
In the case of the YSZ supported catalysts, the intensity of the Raman band at 630 cm™ decreases
dramatically as compared to the YSZ sample and a new weak band appears at 613 cm™, which is
characteristic of m-ZrO, 3. These results suggest that the presence of surface metals, such as Ni
and Mo, and a reduction temperature transform the zirconia phase partially from a t-ZrO, to a m-
ZrO» during the synthesis of a YSZ-supported mono- or bimetallic catalyst, which is consistent
with the XRD results. The Raman spectrum of the Mo/Y SZ catalyst gives rise to new Raman bands
at 850 (strong) and 962 (weak) cm™ that can be assigned to the asymmetric and the symmetric
stretching mode of the Mo=0 terminal bond ">/, respectively. It has been reported that at a higher

MoOx loading, for instance, a monolayer or oligomerized MoOxy species, the stretching M=0 band



is shifted from < ~980 cm™ to > ~1000 cm™ in addition to the dioxo (O=Mo=0) transformation to
mono-oxo (Mo=0) . Due to the low Mo wt% used to prepare our Mo/YSZ catalyst sample and
a lack of its Raman band at > ~1000 cm™ (Fig. 8 (A)), we can possibly avoid the presence of a
monolayer or oligomerized MoOx species for the Mo/YSZ sample. Instead, we hypothesize that
the MoOx surface species are well-dispersed without agglomeration on the YSZ support. The
Raman spectrum of Ni/YSZ exhibits a weak peak intensity at ~800 cm™ in addition to the mixed
bands that are characteristic of the t-ZrO, and the m-ZrO; phase. The assignment of the band at
~800 cm? is not clear, but it can be the part of the YSZ sample after t-ZrO, partially transforms to
mM-ZrO,. The Raman spectrum of Ni-Mo/YSZ is very similar to that of Ni/YSZ, except for the
band at 906 cm™!, which is assigned to the asymmetric stretching mode of the well-dispersed Mo=0O
terminal bond 7%7"%°. Based on our XPS data, the surface Ni is partially oxidized for the Ni-
Mo/YSZ sample. However, the NiOx Raman band, which typically shows up between 500 cm
and 600 cm™ 8! is absent in our Ni/YSZ and Ni-Mo/YSZ samples. Thus, it seems that only the
surface electronic structure of Ni is affected by the presence of Mo, while the Ni subsurface clusters

are fully reduced.

To further understand the nature of the coke (or carbonaceous) species after the interaction
with isooctane and gasoline, the spent catalysts were investigated by visible-Raman spectroscopy.
As shown in Fig. 8 (B) and (C), two intense peaks dominate at ~1340 cm™ and ~1570 cm™!, which
are attributed to the disordered sp? carbon networks or the presence of structural defects in the
graphitic structure (D-band) and the stretching vibration of the ordered sp? C-C or graphitic phase
(G-band), respectively 283, The Raman spectra of the isooctane (Fig. 8 (B)) and gasoline (Fig. 8
(C)) reacted catalysts show the higher D band intensity than that of the G band, which indicates

that the spent catalysts have a relatively more disordered graphitic carbon. It should be noted that



the intensity ratios (Ic/Ip) between G and D bands for the isooctane and the gasoline reacted
NiI/YSZ and Ni-Mo/YSZ sample catalysts clearly show that Ni/YSZ sample contains more
graphitic carbon as compared to that of the Ni-Mo/YSZ sample. Although the Raman spectroscopy
can’t provide quantitative information of carbon deposition, we can get a better idea when we
combine these results with our XRD and our TGA analysis. As such, we expect that higher total
amounts of graphitic carbon species were formed for the spent Ni/YSZ sample under the harsh
reforming reaction conditions. There is one substantial difference between the isooctane and
gasoline reacted Ni-Mo/YSZ Raman spectra. Indeed, we notice that the Mo=0 band at 906 cm’!
disappears after the gasoline reforming reaction (Fig. SI 6), while the Mo=0 band in the isooctane
reacted Ni-Mo/YSZ spectrum remains. To confirm the regeneration of Mo=0 band, the gasoline
reacted sample was treated under oxidizing and reducing conditions. As shown in Fig. 8 (D), the
regenerated Ni-Mo/YSZ spectrum is very similar to the fresh sample’s spectrum including the
M=0 band at 906 cm™. This result suggests that the Mo=0 bond was only physically covered by
carbon species without changing of MoOx molecular structure. MoOx-based catalysts have shown
reforming activity for liquid hydrocarbons (including isooctane) with high coking resistance 5384,
The catalytic activity of the MoOx sample can be explained by the dual metallic-acidic character
of these species as well as its remarkable oxygen mobility ®38, The high oxygen mobility enhances
catalytic activity, which can be explained in terms of a Mars-van Krevelen mechanism. According
to this mechanism, the hydrocarbon molecules are first adsorbed on the metal oxide surface. The
next stage in the mechanism involves the oxidation of adsorbed hydrocarbons following the
insertion of oxygen atoms provided by the reduction of the metal oxide surface. The reduced metal

oxide surface is re-oxidized and surface oxygen vacancies are replenished by gas-phase oxygen

84,86



In summary, TEM, XRD and TGA results confirm that a Ni-Mo/YSZ catalyst has less
carbon deposits as compared to the spent Ni/YSZ catalyst, and our Raman spectroscopy analysis
demonstrates that the relative amount of graphitic carbon species on the spent Ni/YSZ sample was
higher than that of Ni-Mo/Y SZ sample (which was also confirmed by our TGA results). Our XRD
measurements suggest that Mo is incorporated into the Ni lattice (by partial substitution of Ni
atoms by larger Mo atoms) forming a Ni-Mo solid solution for its bulk phase. Our XPS data
suggest that the interaction between surface Ni and Mo atoms for the Ni-Mo/YSZ sample partially
oxidizes the surface Ni atoms. Besides the Ni-Mo bimetallic nanoparticles with its solid solution
bulk phase and partially oxidized surface Ni, Raman results also suggest that well-dispersed MoOx
species over Ni nanoparticles, especially Mo=0 bond, could promote the coke resistance and
catalyst stability of Ni-Mo/YSZ catalyst sample.

3.3 Electrochemical Performance of Ni-Mo/YSZ as Internal Reforming Anode SOFC

Ni-Mo/YSZ catalysts were applied as an internal micro-reforming layer over a conventional
Ni-YSZ anode. In this reforming layer/electrochemical anode bilayer design, liquid hydrocarbon
fuels are reformed to syngas within the catalytic reforming layer. The resulting gases are then
delivered to the anode for the subsequent electrochemical reactions (Fig. 9). Fig. SI 7 shows the
electrochemical performance of the single cell in Hz and isooctane/air, respectively. Fig. SI 7 (A)
shows current-voltage curves of the single cell at 750 °C. The cell exhibits an open circuit voltage
of 1.03 V and a maximum power density of 613 mW cm in H,. The data is comparable with our
previously reported results on SOFC single cells with similar configurations #8’. When changing
the fuel from H, to isooctane/air, the open circuit voltage dropped to 1.01 V and the maximum
power density decreased to 452 mW cm2. The decreased performances were mainly caused by the

lower concentration of Hz in the syngas stream generated from the reforming layer (i.e. the syngas



stream did not have 100% H,) “. Fig. SI 7 (B) shows Nyquist plots of the single cell under OCV
conditions in Hz and isooctane/air, respectively. Ohmic and polarization resistances of the single
cell were determined by fitting the impedance spectra using Zview software (Table Sl 4). By
changing the fuel from H> to isooctane/air, the ohmic resistance (Ronm) increased slightly from
0.23 to 0.25 Q cm? while the polarization resistance (Rp) increased from 0.37 to 0.50 Q cm?. The
higher polarization resistance of the single cell in the isooctane/air system was mainly due to the
lower Hz concentration in the syngas stream, which leads to a lower maximum power density as
shown in Fig. SI 7 (A). To study the effects of the catalytic reforming layer on the stability of the
single cell running on isooctane, the electrochemical performance was measured under a constant
current of 500 mA cmas shown in Fig. 10. During the 15 h performance stability test, the cell
with the reforming layer displays a low degradation rate, while the cell performance without
reforming layer stopped in 12 h. Such improved stability demonstrates the great benefits of using
a catalytic reforming layer on the electrochemical performance of the single cell under

isooctane/air operating conditions.
3.4 DFT studies

For our Ni-Mo bimetallic catalyst system, its bulk phase consists of a Ni-Mo solid solution
phase (based on XRD) and its surface also consists of well-dispersed MoOx species (based on
Raman) with the partially oxidized Ni surface (based on XPS). Even though our experimental data
cannot clearly pinpoint the presence of the Mo-doped Ni site at the surface, we strongly believe
that there is a high probability of having such a site for our Ni-Mo bimetallic catalyst sample
because its bulk phase must influence its surface composition. The main purpose of DFT-based
calculations in this manuscript was to investigate the surface structure of the Mo-doped Ni site and

how it would mitigate the surface coking as compared to a Ni site without a Mo dopant. To



understand the effects of the addition of Mo dopant into Ni lattice on coke prevention in the
Ni/YSZ system during the partial oxidation of isooctane, we first determined the most favorable
configurations in our model systems (Ni/YSZ and Ni-Mo/Y SZ) by calculating their corresponding
phase diagrams from first principles (Fig.11). Our Ni-Mo bimetallic catalyst consists of 11 wt.%
Ni and Mo 3 wt.% Mo with Mo/Ni molar ratio of 0.16. For our DFT model, we used a Mo/Ni
molar ratio of 0.06 since a fraction of the Mo species form well-dispersed MoOx species as
discussed in our Raman experimental data. The Gibbs free energy change (AG) was obtained as a
function of the hydrogen chemical potential (Aux), which provides us with a direct connection
between our DFT-based model and the relative equilibrium stabilities with different oxygen
vacancy concentrations under various experimental conditions 88-°1, Our first principles-based
phase diagram (Fig. 11 (A) and (B)) gives us the most stable configurations for the Ni/YSZ and
the Ni-Mo/YSZ (2Vbulk) systems, which are those shown Fig. 11 (C) and (D) when the hydrogen
partial pressure is between 0.1 and 1 atm. More details regarding the definition of AG, the
configurations considered, nomenclatures for various Ni/YSZ and Ni-Mo/YSZ models are given

in Fig. SI 8 — Sl 10, respectively.

We then studied the electronic interactions between the Ni (or Ni-Mo) cluster and the YSZ
slab in the most favorable configurations of Ni/YSZ and Ni-Mo/YSZ via a differential charge
analysis. As shown in Fig. 12, a larger charge exchange occurs between the Ni-Mo cluster and the
YSZ surface as compared to the Ni/YSZ system. A Bader charge analysis also quantitatively
validates the integration of the electron cloud in the differential charge density analysis, where the
Ni-Mo cluster is more positively charged than the pure Ni cluster, especially near the Mo atom.
This indicates the Ni-Mo cluster exists in a more stabilized form with a higher oxidation state as

compared to the one in the absence of Mo when adsorbed on the YSZ slab.



To determine how the addition of Mo prevents the formation coke during the partial oxidation
of isooctane, we modeled the adsorption of CH (Fig. Sl 11), the subsequent cleavage of the C-H
bond (Fig. 13) as well as the C-C coupling (Fig. 14) reaction, since they are essential steps in the
formation of coke. Based on the DFT-computed adsorption energies, we determined that the most
favorable configurations for the adsorption of CH over a Ni/YSZ surface in the presence and in
the absence of Mo are similar (Fig. SI 11). To form carbon species, one of the main steps of the
partial oxidation of isooctane reaction is the cleavage of the C-H bond. As shown in Fig. 13, we
find an activation energy and a corresponding reaction energy of 1.19 eV and 0.89 eV, respectively,
for the C-H bond cleavage reaction over a Ni-Mo/Y SZ surface, which are significantly higher than
those over a Ni/YSZ catalyst (0.98 eV and 0.37 eV). This suggests that the formation of elementary

carbon species in the Ni-Mo/YSZ system is harder as compared to the Ni/YSZ system.

We also examined the C-C coupling reaction over Ni/YSZ in the presence and absence of
Mo. To accomplish it, we have tested different possible adsorption sites for the coadsorption of C
atoms for Ni/YSZ (Fig. SI 12) and Ni-Mo/YSZ (Fig. SI 14). Based on Fig. SI 12 and Fig. Sl 14,
we only found one configuration for each catalyst system to be stable or to not alter the structure
of the Ni-based cluster (Configuration (c) shown in Fig. SI 12 for Ni/YSZ and Configuration (e)
shown in Fig. SI 14 for Ni-Mo/YSZ). These two stable configurations were used for our transition
state calculation for the C-C coupling pathway shown in Fig. 14. We have also tested various
adsorption configurations for the adsorption of the C=C adspecies that are shown in Fig. SI 13 and
Fig. SI 15 of the Supporting Information. As shown in Fig. 14, the activation barrier of the C-C
coupling over the Ni-Mo/YSZ system is ~0.8 eV higher than that over the Ni/YSZ system. This
further suggests that the coke formation is more difficult with the addition of Mo into Ni catalytic

system. Similar results can also be found on the Ni (111) flat surface with and without Mo (Fig.



Sl 16 and SI 17). In addition, to deconvolute the strain effects coming from the YSZ support in the
Ni or the Ni-Mo systems, we examined the projected density of states (PDOS) of the Ni 3d orbital
in Ni(111) (Fig. SI 18) with and without Mo. The d-band center of the Ni atom located in close
proximity of the Mo atom shifts away from the Fermi level (Fig. SI 18), suggesting the adsorbed
C atom has less electronic interaction with the Ni atom nearby Mo. Consequently, there would be
less adsorbed carbon in the Ni-Mo system. This correlates well with our experimental findings that

less amount of coke formation on Ni-Mo sample as compared to that of Ni sample.

In summary, we theoretically investigated the C-H bond cleavage and C-C coupling reactions
over Ni/YSZ in the presence and absence of Mo dopant into the surface Ni cluster as well as in the
presence and absence of YSZ support. These two elementary reactions have higher activation
barriers over the Mo-doped Ni catalyst site as compared to the pure Ni catalyst site without the
Mo dopant. The theoretical DFT results again correspond well with our experimental results that

the Ni-Mo/YSZ catalyst can successfully prevent coking during the partial oxidation of isooctane.

CONCLUSIONS

Carbon-induced catalyst deactivation is one of the main problems associated with the
catalytic reforming of liquid hydrocarbons over supported Ni catalysts. Our XRD, TEM, TGA,
XPS, and Raman results demonstrate that the Ni-Mo/YSZ catalyst is more carbon-tolerant than
Ni/YSZ for the partial oxidation of isooctane and gasoline at high fuel flow rates. Our catalyst
studies demonstrate that Ni-Mo/YSZ samples possess an excellent catalytic performance in terms
of carbon conversion (97%) and H: yield (73%) for the POX of isooctane as compared to that of
the unpromoted catalyst. Our XRD measurements suggest that Mo is incorporated into the Ni

lattice (by partial substitution of Ni atoms by larger Mo atoms) forming a Ni-Mo solid solution for



its bulk phase. Our XPS data further suggest that the interaction between surface Ni and Mo atoms
for the Ni-Mo/YSZ sample partially oxidizes the surface Ni atoms. Besides the Ni-Mo bimetallic
nanoparticles with its solid solution bulk phase and partially oxidized surface Ni, Raman results
also indicate that well-dispersed MoOx species over Ni nanoparticles, especially Mo=0O bond,
could promote the coke resistance and catalyst stability of Ni-Mo/YSZ catalyst sample. Ni-
Mo/YSZ catalysts are also applied as the reforming layer over conventional Ni-YSZ anode-based
SOFCs. Under isooctane/air operating conditions, an initial maximum power density of 452 mW
cm 2 is achieved together with high stability and much-improved coking resistance compared to
the Ni-based SOFC without the reforming layer. DFT-based calculations were used to investigate
the surface structure of the Mo-doped Ni site and how it would mitigate the surface coking as
compared to a Ni site without a Mo dopant. Our DFT-based calculations suggest that the presence
of Mo-doped Ni surface site over YSZ support is thermodynamically possible and it can enhance
the carbon-tolerance by increasing activation barriers for C-H bond cleavage and C-C coupling
reactions compared to the Ni/YSZ catalysts. Furthermore, for the projected density of states
(PDOS) of the Ni 3d orbital in Ni(111) with and without Mo, the d-band center of the Ni atom
located in close proximity of the Mo atom shifts away from the Fermi level and as a result, it
decreased the electronic interaction between carbon and Ni. Consequently, there would be less

adsorbed carbon in the Ni-Mo system.
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Figure 1. H>-TPR of Ni/YSZ (A) and Ni-Mo/YSZ (B). The Ni-Mo/YSZ reduction peaks
are shifted to higher temperatures, which can be related to the improvement of the
metal-support interaction and enhancement of the Ni dispersion over the YSZ support
after the addition of Mo species.
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Figure 2. XRD patterns of Ni/YSZ (A) and Ni-Mo/YSZ (B). With the addition of Mo,
the main diffraction peak of the Ni metal (44.5°) is shifted to a lower 20 value. This is
attributed to the expansion of the Ni lattice due to the partial substitution of Ni atoms

by larger Mo atoms during the formation of a Ni-Mo solid solution. All other non-
labeled diffraction peaks correspond to YSZ.
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Figure 3. Isooctane conversion (A), H2 yield (B), and CO yield (C) of the Ni/YSZ and
the Ni-Mo/YSZ system. The partial oxidation reactions are performed at 750 °C,
WHSYV of 13.8 h'!, residence time of 35 ms, catalyst mass of 0.1 g, and O/C ratio of
0.5. The flow rates of isooctane and air are fixed at 2 ml/h and 86 sccm, respectively.
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Figure 4. XRD patterns of the spent Ni/YSZ (A) and the spent Ni-Mo/YSZ (B)
samples after operating them under the isooctane POX reaction for 24 hours. The Ni-
Mo/YSZ spent sample shows no indication of carbon formation and it suffers much
less nanoparticle aggregation during the reforming reaction than that of the Ni/'YSZ
sample.
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Figure 5. TEM images of the fresh Ni-Mo/YSZ (A), spent Ni-Mo/YSZ (B), fresh
Ni/YSZ (C), and spent Ni/YSZ (D). For these spent samples, they are first operated
under the isooctane POX reaction for 24 hours at 750 °C and WHSV of 13.8 h't. The
addition of Mo to the Ni/YSZ catalyst system effectively reduces the growth of whisker
carbon.
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Figure 6. Gasoline conversion (A), H yield (B), and CO yield (C) of the Ni/YSZ and
the Ni-Mo/YSZ samples. The partial oxidation reactions are performed at 750 °C,
WHSYV of 13.8 h'!, residence time of 35 ms, catalyst mass of 0.1 g, and O/C ratio of
0.5. The flow rates of isooctane and air are fixed at 2 ml/h and 86 sccm, receptively.
Gasoline is purchased from our local gas station in Pullman, WA, USA.
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Figure 7. TGA profiles of Ni-Mo/YSZ (A) and Ni/YSZ (B) after 12 h of gasoline POX
test (750 °C, WHSV of 13.8 h1, and O2/C of 0.5). The Ni/YSZ sample shows much
higher weight loss (~80 wt.%) indicating a much larger amount of coke formation
compared to that of Ni-Mo/YSZ sample (~17 wt.%).
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Figure 8. UV-Raman spectra of (A) the YSZ and fresh YSZ supported Ni, Mo, and Ni-
Mo catalysts, Visible-Raman spectra of (B) iso-octane reacted Ni/YSZ and Ni-Mo/YSZ
catalysts, Visible-Raman spectra of (C) gasoline reacted Ni/YSZ and Ni-Mo/YSZ
catalysts, UV-Raman spectra of (D) fresh, gasoline reacted, and regenerated Ni-
Mo/YSZ catalyst.
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Figure 9. Schematic of button-typed SOFC with a micro-internal reforming layer
under the direct isooctane/air feed condition at 750 °C.
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Figure 10. Performance stability of the Ni-YSZ anode-based SOFC with the Ni-
Mo/YSZ catalyst layer at the constant current density of 500 mA cm™2. During the 15 h
performance stability test, the cell displays a low degradation rate of 0.003 V h-* while

the cell with no reforming layer died in 12 h.
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Figure 11. First principles-based phase diagram representing the relative equilibrium
stabilities of the Ni/YSZ (A) and the Ni-Mo/YSZ (B) systems with various numbers of
oxygen vacancies (the black dotted circles) as a function of the hydrogen chemical
potential. Based on the phase diagram, the configurations shown in (C) and (D) are
the most stable structure for the Ni/YSZ and the Ni-Mo/YSZ systems, respectively.
The purple, silver, red, light green and dark green spheres represent Mo, Ni, O, Zr,
and Y atoms, respectively. The nomenclature and the corresponding configurations
for 3Vint, 2Vbulk, 2Vint, 1Vbulk and 1Vint models are given in the Supporting
Information.



Figure 12. Differential charge densities showing that the electronic interaction
between Ni-Mo clusters with the YSZ slab in the Ni-Mo/YSZ system (as shown in
panel (B)) is stronger than that of Ni cluster in the Ni/YSZ system (as shown in panel
(A)). The isosurface level of the differential charge densities are 0.01 e/Bohr3. The
yellow or blue areas represent a gain or loss of electrons.
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1. Experimental Results
1.1 Effect of Mo on the Catalytic Performance

Table Sl 1. Average crystallite sizes of Ni particles for fresh and isooctane POX
spent catalyst samples. The addition of Mo to Ni/YSZ helps to maintain the small
crystalline size of the Ni particles, maintaining Ni ensemble size below the point
where coke formation becomes favorable.

Catalysts Fresh [nm] Spent [nm]
Ni/YSZ 16.1 26.1
NiMo/YSZ 8.2 10.3

Table SI 2. Summary of catalytic activity of different catalysts for POX of
isooctane/gasoline.

Catalyst Fuel content Feed T | TOS| Hz | Conversion | Ref
(mol%) ratio (°C) | (h) | Yield
Ni(5wt%)- 1 mol% 0,/C=0.5 | 700 | 12 NA 73 1
Sn(0.5)/Cz
MoO- 1.6 mol% 0,/C=0.7 | 700 | 7 94 100 2
Ni/Al203 2 mol% 0,/C=0.5 | 600 | 30 30 48 3
Rh/Al,O3 2 mol% 0,/C=0.5 | 600 | 30 44 57 3
Ni(11wt%)- 5 mol% 0./C=0.5| 750 | 24 73 97 This
Mo(3wt%)/YSZ work
Ni(11wt%)/YSZ | 5 mol% 0,/C=0.5| 750 | 24 21 45 This
work
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Figure Sl 1. XRD patterns of (A) Ni/YSZ and (B) Ni-Mo/YSZ after 12 h of time-on-stream
test for POX of gasoline. Spent samples show a much more intense peak of the carbon
deposition for the Ni/YSZ sample compared to that of the Ni-Mo/YSZ sample.
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Figure Sl 2. X-Ray photo-electron spectroscopy (XPS) spectra of (A) Ni 2p3/2 core level
BE of fresh Ni/YSZ and Ni-Mo/YSZ, (B) Ni 2p3/2 core level BE of fresh and spent (iso-

octane and gasoline) Ni-Mo/YSZ and (C) Ni 2p3/2 core level BE of fresh and spent (iso-
octane and gasoline) Ni/YSZ.

Table SI 3. Average crystallite sizes for fresh and gasoline POX spent catalyst

Catalyst Fresh [nm] Spent [nm]
Ni/YSZ 16.1 26.8
Ni-Mo/YSZ 8.2 10.8
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Figure Sl 3. TGA derivatives curves of the weight loss as a function of temperature for
Ni-Mo/YSZ and Ni/YSZ after 12 h of gasoline POX test (750 °C, WHSV of 13.8 h', and
O2/C of 0.5). The derivative peak for the spent Ni/YSZ catalyst is shifted to higher
temperature (660 °C) as compared to that of Ni-Mo/YSZ catalyst due to the higher
degree of graphitization of the coke deposit.
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Figure Sl 4. Catalytic activity of Ni-Sn/YSZ for the POX of isooctane at 750 °C, a O,/C
of 0.5 and a WHSV of 13.8 h1.
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Figure SI 5. XRD patterns of fresh (A) and spent (B) Ni-Sn/YSZ samples. XRD analysis
of the spent Ni-Sn catalyst indicates the formation of carbon deposits after 24 h
operation.



NiMo/YSZ
iso-octane reacted

------------------------------

Intensity (a.u)

NiMo/YSZ : :
gasoﬁne I'eacted e mneressssEsmsEsEsmrEnEnat

l T L T T
0 200

| | | |
400 600 800 1000 1200

Raman shift (cm-1)

Figure SI 6. UV-Raman spectra of isooctane and gasoline reacted Ni/YSZ and Ni-
Mo/YSZ catalysts.



1.2 Electrochemical Performance of Ni-Mo/YSZ as Internal Reforming Anode SOFC
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Figure SI 7. Electrochemical performance of the Ni-YSZ anode-based SOFC with the
Ni-Mo/YSZ catalyst layer under hydrogen and isooctane/air operation modes at 750 °C:
(A) Cell voltage and power density curves and (B) the Nyquist plots under the OCV
condition.

Table Sl 4. Electrochemical parameters of the button cell with the micro-reforming
layer at 750 °C

Fuel Rohm Ry RL Rp MPD

(Q cm?) (Q cm?) (Q cm?) (Qem?) | (mWcm?)
Hydrogen 0.23 0.24 0.13 0.37 613
Isooctane/air 0.25 0.21 0.29 0.50 452

2. Computational Details

2.1 Nomenclature

To obtain the first principles-based phase diagram in the main manuscript, we examines
the relative equilibrium stability of the Ni/YSZ cermet (or Ni-Mo/YSZ cermet) with various
oxygen vacancy concentrations under relevant experimental conditions. In this section,

we clarify our nomenclature.
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Figure SI. 8. The optimized configurations for the Ni/'YSZ+0O and the Ni-Mo/YSZ+O
systems. The purple, silver, red, light green and dark green spheres represent Mo, Ni,
O, Zr, and Y atoms, respectively.

'‘Ni/YSZ+QO' (or Ni-Mo/YSZ+O cermet), as shown in Figure Sl 8, represents the oxygen-
enriched Ni/YSZ cermet (or Ni-Mo/YSZ cermet) with a 18-atom Ni cluster supported by 2
Y204 and 20 ZrO> formula units. After taking the most favorable interface oxygen atom, it
forms the Ni/YSZ+¥20 model or Ni-Mo/YSZ+720 model (here ‘1/2’ stands for /2 extra O
atom per stoichiometric YSZ unit), which has only one interface oxygen vacancy (1Vint.).
When we remove a subsurface oxygen anion with the lowest oxygen vacancy formation
energy from the 'Ni/'YSZ+O' cermet (or Ni-Mo/YSZ+0O cermet), it forms the Ni/YSZ+%20
(or Ni-Mo/YSZ+%20) model with only one subsurface vacancy (1Vbulk.). In addition, after
removing two subsurface oxygen atoms with the lowest oxygen vacancy formation
energies from the Ni/YSZ+O (or Ni-Mo/YSZ+0O) cermet one forms the Ni/YSZ (or Ni-
Mo/YSZ) model with two subsurface oxygen vacancies (2Vbulk.). The '2Vint." model
represents the Ni/YSZ+O (or Ni-Mo/YSZ+0) model and includes one interface oxygen
vacancy (1Vint.) and one subsurface oxygen vacancy (1Vbulk.). The '3Vint." model

includes two subsurface oxygen vacancies (2Vbulk) and one interface oxygen vacancy



(1Vint.) inside the Ni/YSZ+O model. The configurations for the Ni-Mo/YSZ model with
various oxygen vacancy concentrations are presented in Figure SI1 9. We also examined
different adsorption sites for Mo atoms for the Ni-Mo/YSZ model, as shown in Figure SI10.
Among all the Ni-Mo/YSZ configurations, the Ni-Mo/YSZ_2 and Ni-Mo/YSZ_4 are the
most favorable structures. Based on the previous publication (4), the interface oxygen
vacancy is easier to form on the right side of the Ni cluster in the Ni/YSZ system, which
will lead to the formation of coke. The presence of Mo on the left side of the Ni cluster will
not affect the catalytic reactivity of the interfacial sites on the right side of the Ni cluster.
Thus, we considered the Ni-Mo/YSZ_2 configuration as our structure to study the effects
of Mo dopants on the formation of coke. In addition, when Mo sits over the right side of
the Ni cluster in Ni-Mo/YSZ, the smallest binding energy difference for Mo between the
most favorable interfacial site (between the Ni cluster and YSZ support) and when it only
binds to the Ni cluster is 0.72 eV. This makes sense because the Mo adspecies form a
covalent bond with the O species at interface site between Ni cluster and YSZ support,
which is much stronger than the metallic bond between the Ni cluster and the Mo
adspecies. Further, we note that it is not energetically favorable to incorporate Mo inside
the Ni cluster because of its large size. The oxygen vacancy formation energies in
Ni/YSZ+O and Ni-Mo/YSZ+O are given in Table SI 5. More details regarding the

computational setup for the Ni/YSZ system can be found in our previous works (5-7).
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Figure Sl 9. The configurations for the Ni-Mo/YSZ model with various oxygen vacancy
concentrations, as presented in the phase diagram in the main manuscript. The sphere

legend is as in Figure SI 8.
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Figure Sl 10. The optimized configurations for the Ni-Mo/YSZ system with different Mo
adsorption sites. Mo binds more favorably at the interface between the Ni cluster and
the YSZ support (conformation Ni-Mo/YSZ_2) or on the left-hand side of the Ni cluster
(conformation Ni-Mo/YSZ_4). The energy (E) of the Ni-Mo/YSZ conformations are
referenced with respect to Ni-Mo/YSZ_2 conformation. We note that the Ni-Mo/YSZ_5
conformation was rotated by 180° in order to be able to see where the Mo site is
incorporated in the Ni cluster. The conformation with a positive energy value denotes
the unstable structures. The sphere legend is as in Figure Sl 8.

Table SI 5. The oxygen vacancy formation energies in the Ni/YSZ+O and Ni-
Mo/YSZ+0 models.

Vacancy type Es (eV)
3Vint 1.85
2Vint 0.44
Ni/YSZ
2Vbulk -0.13
1Vint 0.62
1Vbulk -0.52
3Vint 2.28
2Vint 1.21
Ni-Mo/YSZ 2Vbulk 0.01
1Vint 0.65
1Vbulk -0.49

2.2 First Principles-based Phase Diagram

The Gibbs free energy change of adsorption (AG) as a function of the hydrogen chemical
potential (Apn) can provide us with a connection between our DFT calculations and the
relative equilibrium stabilities of the Ni/YSZ+O (Ni;gY,Zr,,0,5) or the Ni-Mo/YSZ+O
(Ni;gMo,Y,Zr,,0,5) system with various oxygen vacancy concentrations under various
experimental conditions (8-11). The following paragraph explains how we define AG

based on our calculations.
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The oxygen vacancy formation in Ni/YSZ+O (or Ni-Mo/YSZ+O) via the hydrogen
reduction reaction is shown in Eqg. (1) and the oxygen vacancy formation energy Es (1Vint.,

1Vbulk., 2Vbulk., 3Vint.) is defined in Eqg. (2).
Ef(Ni;gY2Zrp;048_x) = E(NiygY,Zrp,045 ) + XEy,0 — E(NiggY,Zrp,045) — XEy, (2)

Where E(Ni;gY,Zr,,0,45_4) is the total energy of the Ni/YSZ+O (Ni-Mo/YSZ+Q) systems
with various oxygen vacancies. E(Ni;gY,Zr,,0,g) is the total energy of the Ni/YSZ+O (Ni-
Mo/YSZ+0) with no oxygen vacancies. Ey,o and Ey, represent the gas phase energies

of H>O and H>, respectively. AG is then obtained by Eq. (3).
AG = Ef(NijgYsZry;045_4) + XAy, o — 2xApy (3)
Where Apw is defined as Auy = py — %EHZ, since we take H: as the hydrogen reference.

Similarly, we can also get Auy,o defined as Auy,o = tn,0 — En,o - At 0 K and standard

pressure conditions, we define (0 K, py?) = %EHZ = 0 and py,0(0 K, pg2°) = Ey,0 = 0.

From above paragraphs, we have completely described how we obtain AG from our DFT
calculations as a function of hydrogen chemical potential. We can also relate the Apn to
a realistic temperature and hydrogen partial pressure, as shown in Eq. (4) and (5). Here

we assume that the 2H — H, reaction is in quasi-equilibrium.

Auw(T, p*2) = A (T, ") + 5 ks Tin > ©)

Aun(T,po?) = 5 [H(T,py?) — H(O K, py?)] =S T[S(T,py ) — S(0K,py )] (5)

13



Where pf2 and pf,’z represent the practical partial pressure and standard partial pressure
(1 atm) of Hz, and kg is Boltzmann’s constant. Eq. (4) provides us with a description of

how the hydrogen chemical potential is altered by the pressure at a given temperature.
Additionally, with respect to Auy (0 K, pH2), Auy (T, pg?) is given in Eq. (5). The values of
the enthalpy H and the entropy S at a given temperature and standard pressure can be
found in Thermodynamic Tables!®. Similar to Auy(T, pH2), we can calculate

Aup,o (T, pH2°9) as well.

3. Theoretical Results
3.1 C-H adsorption

Since C in CH has three unpaired electrons, it is more stable to adsorb at the
hollow sites (fcc and hcp) of Ni cluster as compared to the top and bridge sites. This has
been confirmed by our previous publication (12) Thus, in this work, only hollow sites of
the Ni cluster in the Ni/YSZ or Ni-Mo/YSZ model for CH species were examined.

Zhang et al. (13) has shown that when CH adsorbs between the 15t and 2" top
layer of Ni cluster in Ni/YSZ, the adsorption energies of CH at the hollow sites (fcc and
hcp) are nearly the same, ~ -6.30 eV. Our results further confirm this, as shown in the top
picture of Figure S11(A). Zhang et al. (13) also showed that when CH adsorbs at the
hollow sites between the 2" and 3" layer of Ni cluster in Ni/YSZ and the adsorption site
is far from the oxygen vacancy at the interface, the adsorption energies of CH at fcc and
hcp sites are nearly the same. Since we don’t have an oxygen vacancy at the interface,

we only examined one CH configuration at the hollow site between the 2" and the 3
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layer of the Ni cluster in our Ni/YSZ model. The adsorption energy of CH is -5.84 eV, as
shown in the bottom picture of Figure S11(A). Similarly, we also examined these sites of

CH over Ni-Mo/YSZ, as presented in Figure S11(B).

(A) NilYSZ (B) Ni-Mo/YSZ

2Vbulk_CH,,1
E,,=-6.34 eV E, = -6.33 eV

2Vbulk_CHy,, 2Vbulk_CH,,,
E,, = -5.86 eV E,,=-6.23 eV

Figure Sl. 11. The optimized configurations for the adsorption of CH adspecies over
Ni/YSZ and Ni-Mo/YSZ (2Vbulk). The sphere legend is same as in Figure SI 8.

The adsorption energies (E,q) in Figure Sl 11 for the CH group over the Ni/YSZ

and the Ni-Mo/YSZ models were calculated using Eq.(S1)
Eaqa = Ecnysiab — Estab — Ecu (S1)

Where Ecy/siab, Esiab, @and Ecy denote for the calculated energies of CH species over

Ni/YSZ (or Ni-Mo/YSZ), the Ni/YSZ (or Ni-Mo/YSZ) slab, and the CH radical in a box,
respectively. Our calculated CH adsorption energy of ~-6.34 eV is similar to the CH

adsorption energy of ~-6.30 eV in other benchmarking literature (13).
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Figure SI. 12. The adsorption configuratio
carbon atoms over a Ni/YSZ catalyst. Only configuration (c) is stable and didn’t alter the
Ni/YSZ structure. The sphere legend is as in Figure Sl 8.

E =0.06 eV E=0.00 eV

Figure Sl. 13. The adsorption configurations that were tested for the adsorption of a C=C
species over a Ni/YSZ catalyst. Configuration (b) is 0.06 eV more stable than
configuration (a). The sphere legend is as in Figure Sl 8.

Figure Sl. 14. The adsorption configurations that were tested for the coadsrption of two
carbon atoms over a Ni-Mo/YSZ catalyst. Only configuration (e) is stable and didn’t alter
the Ni-Mo/YSZ structure. The sphere legend is as in Figure Sl 8.

E=1.07eV E=1.05eV E=0.52 eV E=0.00 eV

Figure Sl. 15. The adsorption configurations that were tested for the adsorption of a C=C
species over a Ni-Mo/YSZ catalyst. Configuration (d) the most stable one as compared
to configurations (a)-(c). The sphere legend is as in Figure Sl 8.
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3.2 C-H bond cleavage and C-C coupling reactions over flat surfaces

We also examined the C-H bond cleavage and C-C bond coupling reactions over
Ni(111) and Ni-Mo(111) models, as shown in Figures SI 12 and SI 13. For Ni(111), a four-
layer metal slab was modeled using a p(3x3) supercell (4) with the two bottom layers
fixed at their equilibrium (i.e., bulk phase positions), while the upper layers were allowed
to relax. The Ni lattice constant was theoretically calculated and was found to be 3.521 A
and is within 0.08% of the experimental value of 3.524 A (14). The periodically repeating
unit cells were separated by 11 A of vacuum. This is comparable to the values used in
the literature, which range from 10 A to 12 A (15) to ensure that adsorbates and the
subsequent slab would have minimal interactions. A planewave basis set was expanded
to a kinetic energy maximum of 400 eV for the Kohn-Sham orbitals. A first-order
Methfessel-Paxton smearing method with width of 0.1 eV was used to account for partial
occupancies around the Fermi level and to speed up the convergence. The Brillouin zone
integration was approximated by a sum over k-points chosen using a Monkhorst—Pack
mesh with a grid of (4 x 4 x 1) k-points. Geometries were considered optimized when the
energy had converged to 10 eV and the forces were smaller than 0.03 eV AL, In addition,
all the calculations included spin-polarization. For the Ni-Mo(111) model, one of the Ni
atom on the surface layer was replaced by Mo and other computational set up keeps the

same as Ni(111). More details can be referred to our previously publication (16).
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Figure Sl. 16. Transition state calculations on C-H cleavage over Ni-Mo(111) and
Ni(111) (A) and their corresponding initial state (IS), transition state (TS), and final state
(FS) configurations are presented in part (B).
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Figure SI. 17. Transition state calculations on C-C coupling over Ni-Mo(111) and
Ni(111) (A) and their corresponding initial state (IS), transition state (TS), and final state
(FS) configurations are presented in part (B).

3.3 Electronic properties of Ni(111) and NiMo(111)
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Figure Sl. 18. The projected density of state (PDOS) of Ni3d orbital of the Ni atom in
the Ni(111) and Ni-Mo(111) systems. The sphere legend is as in Figure Sl 8.
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