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Abstract

ZrO, supported Ni with an average particle diameter of 1-2 nm were synthesized by binding Ni*" in
rcce-5,11,17,23-tetrahydroxy-2,8,14,20-tetra(n-ndecyl)resorc[4]arene  (pyrogallol[4]arene)  nano-
capsules as Ni precursor. The Ni/ZrO, catalyst with a 1.1 nm particle diameter showed outstanding
stability in dry reforming of methane (DRM), which maintained nearly 90% of the initial activity after
60 h time on stream. The high stability is attributed to nearly all Ni atoms being located at the interface
and perimeter to ZrO,. This led to a higher accessibility to the oxygen from activated CO; at the Ni-
ZrO; interface, facilitating conversion of surface carbon to CO. Ni/ZrO; catalysts with larger Ni particle
diameter have a fraction of non-perimeter Ni that deactivates rapidly. The decrease of the H, formation
rate was faster with time on stream than the decrease of the H»O formation rate. At longer time on
stream the ratio of H>O to H; yield reached 0.40 + 0.08 for all Ni/ZrO, catalysts, independently if a
catalyst was stable from the reaction start or deactivated to a stable level. The ratio between H,O and
H; yield reflects the abundance of oxygen availability on the Ni surface, the oxygen availability index
(OAI). For an OAI value of 0.40, the deactivation of Ni catalyst was negligible, while below that
deactivation was pronounced. The reorganization of surface carbon to graphitic overlayers and carbon

fibers is hypothesized to start from surface domains that are not adjacent to the metal-support perimeter.
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Introduction

The ability to utilize small-scale gas fields (shale gas) and the coexisting impurities of
COz has renewed the interest in dry reforming (Eq. 1). The high C/O ratio of dry reforming
makes carbon formation, not only thermodynamically very favorable, but frequently leads to

excessive carbon deposition, and reactor blocking [1].

CO2(g) + CHag) = 2 CO(g) + 2 Hay) (1)

Typical catalysts, kinetically limiting carbon formation, include VIIIA metals as well as
noble metals on refractory oxide supports. On these catalysts, side reactions occur including
reverse water gas shift (Eq. 2), methane cracking (Eq. 3) and the Boudouard reaction (Eq. 4)
depositing carbon on the catalyst. Especially on supported VIIIA metals catalysts such as Ni,

severe coke formation leads to a strong deactivation [1, 2].

CO2(g) + Hag) = CO(g) + H20(g) (2)
CHag) = Cs) + 2 Hag 3)
2 CO(g) = Cs) + CO2g) 4)

Reducing coke formation requires lower rates of methane cracking and of the Boudouard
reaction during dry reforming. Empirically, this has been achieved by reducing the metal
particle size below a critical Ni particle size (d <2 nm) [3] or via a support with a higher carbon
removal ability [4-11]. However, both methane cracking and Boudouard reactions cannot be
completely avoided, because they are kinetically coupled with dry reforming through sharing

the same species in the elementary step on the metal surface (Table 1).

An alternative strategy is to reduce carbon buildup on the metal by providing kinetically
higher concentration of labile oxygen that helps to remove carbon species by oxidation.
Recently, the use of oxophilic metals has been proposed for this purpose. With this strategy,
the metal component such as Co [12] or Fe [13] is added to the metal primarily active in
methane dissociation, e.g., Ni, in order to provide an oxygen reservoir that can be used to
oxidize surface carbon. While this is an approach based on thermodynamics, it is conceptually
also possible to provide labile oxygen in the reducing atmosphere of the reforming reactor by
activating and dissociating CO:z at the boundary between the perimeter of the metal particles

and the support [14].



Table 1 summarizes the main surface elementary reactions during dry reforming. The
dissociative chemisorption of CHs on the active metal surface denotes the initial step, providing
H and C on to the surface (Eq. 5) [15]. The CO2 molecule is adsorbed and activated on the
metal and on the support (Eq. 2) [5, 6, 16, 17], releasing active surface O. Hydrogen atoms
leave the surface via two pathways, i.e., two H combining as H2 (Eq. 7) or reacting with an O
as H20 (Eq. 8). The formation of H20O decreases the H2/CO ratio in the product composition.
Carbon atoms leave the surface by reacting with O, forming CO (Eq. 9). The imbalance
between the C generation at the surface (Eq. 5) and its removal from the surface (Eq. 9) leads
to retention of a part of C, which reorganizes, forming coke and blocking active site (Eq. 10).
Thus, an efficient supply of active O atoms onto the catalyst surface will increase the rate of C
atoms forming CO and desorbing. Reducing the concentration and residence time of C on Ni

will reduce C reorganization and reduce the formation of graphite overlayers and whiskers.

Table 1. Surface elementary reactions on DRM catalyst.

Description Elementary reaction Rate constant  Reaction number

CH4 + 2 *— CHs* + H* ksa
. : o CH3* +* — CHy* + H* ksb

C and H input via CHy activation 5
CH,* + * — CH* + H* kse
CH* +* — C*+ H* ksa

O input via CO; activation CO, +*=CO +O* ke, ker 6

H*+H*= Hy,+2 * K7 7
H output as H, and H,O H* + O* < OH* + * Ksa

8
OH*+ H* = H,O+2 * Ksp

C output as CO C*+ 0* > CO ko 9

C retaining as coke n C* — Coke™* ko 10

Oxygen atoms to form CO on the catalyst are supplied by activating and dissociating COs.
Two reaction pathways have been identified for this step. On the metal surface, CO2 is
dissociated into adsorbed CO and O. In addition, at the boundary between the metal particle
perimeter and the support a second and more efficient pathway to activate COz in the form of
carbonate takes place, allowing to transfer an O atom to the perimeter metal atoms. The

utilization of transition metal oxides that have the ability to form carbonates as well as having
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oxygen storage capacity, i.e., ZrO2 [3-6, 16-19] and CeO2 [7-9, 20], has been extensively
investigated. The transfer of these labile oxygen atoms to increase the abundance of O atom on
the metal will occur at the metal-support interface. Maximizing the kinetic availability of labile
oxygen requires, therefore, maximizing the fraction of perimeter metal atoms. Obviously, the
synthesis of small metal particles on suitable supports is the most straightforward strategy to

achieve this.

In order to prepare small metal nanoparticles for DRM, especially for base metals such as
Ni, several efforts [ 10, 21-27] have been reported, confining the metal or its precursors in well-
defined structures, including inorganic frameworks [28-34] and organic colloids [21]. Catalysts
with Ni particle size as small as 2 nm were successfully prepared in this way [21, 35]. These
methods, however, require challenging synthesis procedures and rigorous preparation

conditions during the synthesis.

We report here a new robust approach to synthesize 1 nm Ni nanoparticles supported on
ZrO:z and SiO2 by using air-stable Ni colloids, consisting of Ni** binding in nanocapsules from
the self-assembly of rccc-5,11,17,23-tetrahydroxy-2,8,14,20-tetra(n-ndecyl)resorc[4]arene
(pyrogallol[4]arene) [36-44], to limit Ni sintering during initial formation at high temperature.
We will show that these resulting particles not only have a unique stability, but also helped to

define a final state of stable reforming catalysts.

Experimental

General. All chemicals were obtained from commercial suppliers and used as received. Ni(II)
nitrate hexahydrate (Sigma—Aldrich, >98.5%), zirconium hydroxide (Mel chemicals,
XZ01501/03), silicon dioxide (Evonik, Aerosil 200), chloroform (CHCIs) solution (Sigma, >
99.9 %)

Catalyst preparation. Zirconium hydroxide (Zr(OH)4) was calcined in air (flow rate 30 ml-min
1) at 1073 K for 15 h with a heating rate of 0.5 K-min"!. H20 saturated CHCIs solution was
prepared by dropping H20 into CHCl3 and mixed by sonication as described previously [43].
Pyrogallol[4]arene was added into the organic phase, forming a clear solution after gentle
heating. Subsequently, Ni(NO3)2:6H20 was added to the host molecule solution and the
solution was stirred overnight until all Ni(NO3)2:6H20 was dissolved. After a period of 20 h,

the oxide support was added to the nickel colloidal solution before evaporation under reduced



pressure. The as-prepared catalyst was dried at 373 K for 12 h, air-calcined at 673 K (heating
rate 0.5 K'min™') for 2 h (flow rate 100 mL-min™") and reduced in pure H> at 873 K (heating
rate 0.5 K-min™') for 2 h (flow rate 100 mL-min™).

Catalyst testing. DRM reactions were carried out in a fixed bed reactor. Typically, 50 mg of
catalysts (500-710 um) were diluted with 450 mg SiC (500-710 um). The catalyst sample was
loaded in a quartz reactor (7 mm inner diameter) and reduced with 20 vol% Hz in N2 (total flow
rate 100 mL-min!) at 873 K for 2 h before DRM. Afterwards, 25 vol% CHa (99.995 vol%), 25
vol% COz2 (99.995 vol%) and 50 vol% N2 (99.999 vol%) with a total flow of 100 mL-min’!
were introduced into the reactor and the DRM reaction was carried out at the same temperature
and atmospheric pressure. N2 was used as calibration standards. The amount of reaction

products were determined online by Shimadzu GC-MS and GC, using TCD and FID as detector.

Reaction rate. The DRM reaction rate r was expressed as methane consumption rate and

calculated using the following equations:

r= XcHyX F cHy in (11)
NNi

in which F ¢y, in is the CHa flow rate in feed gas, nni is total amount of Ni on the catalysts and

Xcn, 1s the conversion of CH4 during DRM reaction using following equation:

=1 Zomout o Prain o q0005  (12)

PCH4 in PNZ out

XcH,

in which P ¢y, in and P ¢y, out are the CHa pressure in inlet and outlet gas. The conversion of
methane was normalized to the partial pressure of N2 in feed gas (P y, in) and outlet gas

(P N, out) in order to account the effect of volume expansion during the reaction.

Measured reaction rate was corrected for the approach to equilibrium (u) to forward reaction
rate (rf) based on following Equations.

T

1-u

= (13a)

_ Peo®Puy* 1 (13b)

PcHyPco, K

in which Pi is the pressure of i species in the gas phase and K is equilibrium constants for DRM

reaction.
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AAS. The elemental composition of Ni was measured by atomic absorption spectroscopy (AAS)
on a UNICAM 939 AA-Spectrometer. Ethanol was added to the capsule solutions to destruct

the host molecules and Ni species was extracted with water before AAS measurement.

XAS. The particle size and oxidation state of Ni species were determined by X-ray absorption
measurements at the Super XAS beamline at the SLS in Villigen, Switzerland recorded with a
channel-cut Si(111) monochromator [45] with an oscillation frequency of 2 Hz. To get a
sufficient signal to noise ratio, spectra were recorded for 5 minutes and merged afterwards. The
experiments were carried out in situ in a quartz glass capillary (Hilgenberg, 1 mm diameter,
10 um wall thickness). The flow of the gasses during the experiment was kept constant at
20 mL-min’'. After installing a sample, the capillary was flushed for 15 minutes to ensure inert
conditions. For in situ reduction of the calcined sample, a hot air blower (FMB Oxford) was
used to heat the sample in the capillary with a heating rate of 10 K-min™! to 873 K. After
reaching 873 K, the temperature was kept constant for 90 minutes followed by cooling to room
temperature. Data analysis was carried out with Athena and Artemis software from the

IFEFFIT [46] package and with FEFF6 [47].

TGA. The amount of coke deposits on spent catalysts were quantified by thermogravimetric
analysis (TGA) on a SETARAM Sensys Evo system. For these experiments, the reaction was
stopped after each step and the catalysts were cooled down in Na. Typically 10 mg of spent
catalysts (SiC free) were loaded in the sample holder. The samples were pretreated in He (flow
rate 16 mL-min!) at 473 K (heating rate 10 K-min™") to remove adsorbed H20 and CO2 before
cooling to 303 K. Subsequently, the temperature was increased to 1073 K (heating rate 5
K-min) in air (flow rate 16 mL-min™') and kept for 0.5 h. The amount of coke was obtained
from the weight loss of the spent catalysts and subtracting the weight increase induced by
oxidation of Ni during TGA process.

'H-NMR. The "H-NMR spectra were recorded at 298 K with a Bruker AV 500 spectrometer
using the Bruker standard routine program. The nickel colloidal solution was dissolved in non-
deuterated chloroform (0.50 mL). Deuterated dimethyl sulfoxide (DMSO-ds, 0.15 mL) was
added in a coaxial insert tube (Sigma Aldrich) for the field/frequency lock.



Results and discussion
Estimation of particle size threshold for stable Ni/ZrO: reforming catalysts.

The fraction of perimeter Ni surface atoms as a function of Ni nanoparticle size was
estimated using both half-cuboctahedral and full-cuboctahedral models for Ni nanoparticles on
ZrO2. We have shown previously that CO2 activated at the oxygen vacancies at the interface
between Ni and ZrO2 forms labile oxygen species in the form of transient carbonates (Fig. 1a)
[5, 6, 16-18]. These oxygen atoms are bound to one Ni atom at the interface and can react with
either H or C bound to adjacent Ni atoms. Therefore, the Ni atoms at the interface and directly
neighboring it are easily accessible to oxygen generated from COz. Both are considered,
therefore, as perimeter Ni. Consequently, for a Ni half-cuboctahedral nanoparticle with size
below 1 nm, only two layers of Ni are present that have all the Ni atoms at this perimeter (Fig.
la). A third and more layers exist on larger Ni half-cuboctahedral particles, making these Ni
atoms less accessible to oxygen (Fig. 1b). Therefore, we hypothesize that the fraction of Ni at
the perimeter remains one for the Ni hemi-cuboctahedral particles with a diameter below 1 nm.
Above this size threshold this fraction decreases sharply with growing particle size (Fig. lc,
green line). The same trend is seen when cuboctahedral particles are used (Fig. 1c, orange line),
but the fraction of perimeter Ni is lower than using half-cuboctahedral model. The above
calculations show that an ideal Ni/ZrO2 catalyst for DRM must have Ni particles below 1 nm
on which every Ni is at the perimeter interface on a half-cuboctahedral particle and more than
75% at the perimeter interface on a cuboctahedral particle. CO2 activation and active O atom
supply are fast in that situation to react surface C into CO, leading to a low C concentration

and residence time on Ni during DRM.
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Figure 1. Schematic representation of the carbonate formation in the vicinity of Ni and ZrO»
over DRM catalysts with metal particle size of 0.75 nm (a) and 1.25 nm (b). (c) Influence of
particle size on the fractions of perimeter nickel in total number of surface nickel. The blue
balls represent the perimeter Ni atoms and the light blue balls represent the non-perimeter Ni
atoms.

Catalyst synthesis and characterization.

To synthesize nano-sized nickel particles on oxide supports, a synthesis method using
Ni?* constrained in an organic nanocapsules, pyrogallol[4]arene, was applied. The synthesis
strategy is shown in Figure 2. The pyrogallol[4]arene was synthesized according to a literature
procedure [48, 49], its structure was confirmed by NMR spectroscopy (see SI). The Ni colloid
was prepared by adding Ni(NO3)26H20 into a water saturated chloroform (CHCl3) solution
(Sigma, > 99.9 %) and mixing by sonication as described in detail previously [43]. After 1 h
the solution was added to pyrogallol[4]arene yielding a clear solution after gentle heating. The
formation of homogeneous nickel supramolecular assemblies prevents aggregation and assures
a good dispersion of Ni?* in the precursor solution. The binding of the Ni?* ions by the capsules
was confirmed by the dissolution of Ni(NO3)2'6H20, which was only slightly soluble without
capsule molecules (Fig. 2 and Table 2). By increasing the loading of Ni(NO3)26H20, the
concentration of Ni species in the hexameric pyrogallol[4]arene solution increased from 71

mg/L to 365 mg/L (Table 2), while the nickel concentration did not change in the absence of



pyrogallol[4]arene. This result indicated the transfer of Ni species from solid state to organic
solution. The bound Ni species were concluded to be located on the surface of the capsule
molecules evidenced by further 'H NMR analysis (Fig. S1 and Table S1), which inserted into
the hydrogen-bonding networks by the formation of Ni-O bonds [38, 40].

Ni(NO,), 6H,0 — .
i(NO3),6H; Coann in the Support
[ ; - > solution: 71 mg/L |:>
overnight stirred — Impregnation

— . —

H,O/CHCI; Host solution
solution

overnight .
stired ﬁNI(NOS)Z 6H,0

M B Cnicke in the
== solution : 3 mg/L

Metal salts at the
bottom of the glass

Figure 2. Binding of Ni*" during synthesis procedure with hexameric pyrogallol[4]arene
capsule.

Determination of Ni particle size on ZrO2 was difficult by the conventional methods, i.e.,
XRD, TEM and XAFS, due to the impact of the ZrO2 support [11, 50, 51]. Therefore, SiO2
supported Ni catalysts were used as models for estimating the Ni particle size using XAS.
Figure 3 shows the XANES spectra of dried, calcined and reduced 1 wt% Ni/SiOz at the Ni K-
edge (Fig. 3). The shape of the white line at ca. 8350 eV confirmed the presence of oxidized
Ni on the dried and in situ calcined samples. After reduction with Hz at 873 K for 90 minutes,
Ni was fully reduced, confirmed by the shift of the absorption edge to 8333 eV in the XANES
of Ni (Fig. 3).
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Figure 3. XANES at the Ni K-edge of uncalcined (green), in situ calcined (blue) and in situ
reduced (orange) 1 wt.% Ni/SiOx.

Table 2. Properties of Ni*" precursor solution and the resulting prepared Ni/ZrO, catalysts.

Ni*" loading into solvent (mg/L) 90 180 450
Ni2* precursor | Dissolved Ni*" in absence of capsule (mg/L) 33 3.3 34
solution
Dissolved Ni** in presence of capsule (mg/L) 71 150 365
(nNi*" : ncapsule cage) (1:1) (2:1) (5:1)
Ni loading lwt% 2wt% 5Swt%
Prepared Ni particle size (nm)* 1.1 1.5 1.9
Ni/ZrO,
samples Ni dispersion” 68% 50% 39%
Surface Ni concentration (umol/g) 117 172 336

a Estimated by EXAFS of corresponding Ni/SiO, with same Ni loading amount;
b Calculated from Ni particle size.

The analysis of the EXAFS (Fig. 4 and Table S2) showed the presence of Ni-O
contributions and the absence of a metallic Ni environment in the dried uncalcined sample,
which is in agreement with the formation of a Ni - organic nanocapsule via Ni-O coordinative
bonds. After reduction an average coordination numbers for Ni-Ni of 5.5 was observed for
Ni/S102, which indicates the presence of Ni particles with an average particle size of 1.1 nm
(Table 2) [52]. Long alkyl chains on the outer surface of these capsules provide the spacer
distances between each capsule and metal species and, thus, prevent facile metal-to-metal
contact. This reduces the tendency for sintering during calcination [21, 53] and led to small

metal particles after high temperature treatment.
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Figure 4. Fourier transformed EXAFS at the Ni K-edge recorded for 1 wt.% Ni/SiO2
uncalcined (blue line), in situ calcined (orange line) and in situ reduction (green line). The
dotted lines are the results of the EXAFS fits.

To explore the influence of Ni loading on the final particle size, EXAFS of 1 wt.%, 2 wt.%
and 5 wt.% Ni/S102 after drying and in situ reduction were analyzed (Figure 5 and Table S3).
For the dried uncalcined samples, Ni was present in oxidized form (as discussed from the
XANES) with the same coordination number (~4.7) for the three samples. After in situ
reduction, the disappearance of the Ni-O contributions and a contraction of the Ni-Ni distances
were observed. The 1 wt.% Ni/Si02 showed the lowest Ni-Ni coordination number of 5.5
within these three catalysts; coordination numbers of 2 wt.% Ni/SiO2 and 5 wt.% Ni/SiO2 were
8.6 and 9.7, respectively. Based on these coordination numbers, Ni particle diameters of the
2 wt.% and 5 wt.% Ni/SiO2 were 1.5 and 1.9 nm, respectively (Table 2). The increasing particle
size with the increasing number of Ni*" per nanocapsule demonstrates that the concentration
of Ni in the nanocapsule and the proximity of Ni during reduction determines the size of the

final supported Ni particle.
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Figure 5. Fourier transformed EXAFS at the Ni K-edge recorded at room temperature of (a)
uncalcined and (b) reduced 1 wt.% Ni/ Ni/SiOz (blue line), 2 wt.% Ni/SiO2 (orange line) and
5 wt.% Ni/ Ni/SiO2 (green line). The dotted lines are the results of the EXAFS fits.

Catalytic performance in DRM.

The catalytic activities of the ZrO2 and SiO2 supported Ni catalysts for methane dry
reforming are shown as the conversion rate of CHa in Figure 6. All the three Ni/ZrO: catalysts
showed comparable initial methane conversion rate per surface Ni, (1.19 + 0.04) molcus s™!
molsurfNi™!, regardless of the Ni dispersion and the percentage of perimeter and non-perimeter
Ni. This indicates that the perimeter Ni and non-perimeter Ni has the same activity in CHs
conversion. The Ni/SiOz catalyst was the least active, with an initial rate of 0.26 molcu4 s™!
molsureni'. However, 1 wt.% Ni/ZrO2 was much more stable against deactivation compared to
other catalysts. During the first 500 minutes of reaction the 1 wt.% Ni/ZrO: catalyst showed
only a slight deactivation, followed by a period of 2500 mins with constant activity. In contrast,
the 2 wt.% and 5 wt.% Ni/ZrO2 experienced fast and continuous deactivation during DRM,

which led to a loss of activity of 72 % and 75 % after 900 minutes, respectively. The 1 wt.%
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Ni/Si02 showed the strongest deactivation, which led to an almost complete loss of activity
after 50 min TOS.
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Figure 6. Reaction rate of CH4 over (a) 1 wt.% Ni/ZrOz, (b) 2 wt.% Ni/ZrO2 (c) 5 wt.%
N1/ZrO2 and (d) 1 wt.% Ni1/SiOz2 at 873 K during DRM reaction.

The concentrations of coke on the spent Ni/ZrO: catalysts were compared after 900 min
reaction. As shown in Table 3, the 1 wt.% Ni/ZrO2 showed only a small amount of coke
deposited (1.2 molc molsut i), while the catalysts with 2 and 5 wt.% Ni on ZrO: suffered
from a fast coke accumulation during DRM, generating 60 and 48 molc molsuf ni',
respectively. These results were consistent with our aforementioned hypothesis that Ni/ZrO:
with a metal particle size of around 1 nm could kinetically inhibit the formation of coke and
that the rate of coke deposition would increase with larger Ni particle size. The stable activity
of 1 wt.% Ni/ZrO2 during DRM is also reflected in the constant concentration of coke deposited
on the catalysts shown in Figure 7. The concentration of carbon on the spent catalysts remained
constant after 20 mins over 1 wt% Ni/ZrOz, confirming efficient coke removal via reaction

with surface oxygen species.
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Table 3. Concentration of coke deposited over 1 wt.% Ni/ZrOz, 2 wt.% Ni/ZrO2 and 5 wt.%
Ni/ZrOz at 873 K after 900 mins of DRM reaction.

Catalyst 1 wt.% Ni/ZrO, 2 wt.% Ni/ZrO, 5 wt.% Ni/ZrO;
Amount of coke
R 1.2 60 48
(molc molsursni™)
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Figure 7. Concentration of coke accumulated on 1 wt.% Ni/ZrO2 during DRM reaction at
873 K.

It is interesting to note that H2O formation deactivated slower than H2 formation during
DRM; Hz and H20 yields with TOS during DRM are shown in Figure 8a-c. All the three
Ni/ZrOz catalysts showed a stable H20 yield within the reaction time, but a clear decrease of
H> yield, especially on 2 wt.% and 5 wt.% catalysts were observed. For example, the Hz yield
underwent a 56% decrease after 900 min TOS on the 5 wt.% Ni/ZrOz catalyst, while H20 yield
decreased only 18%. In particular, when removing the surface coke via reverse Boudouard
reaction under COz, the H2 formation activity was largely recovered, while the H2O formation
was unaffected (Fig. S2). These results indicate two different pathways and active sites for H2O
and H2 formation. The Ni sites catalyzing H2 formation on Ni/ZrO: are easier blocked by
carbon. We hypothesize that on larger particles these sites are not located at the perimeter.
Water formation, on the other hand, was concluded to occur mostly on sites that are hardly
affected by coke, i.e., at Ni at the perimeter. Thus, the evolution pattern of H20 yield with TOS

can be explained by the decrease of the concentration of sites for CO2 activation on the non-
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perimeter Ni (Eq. 14a) in the initial stage and a stable formation of H2O (supply of O via CO2
activation) on the Ni-ZrO2 perimeter during the entire DRM reaction process (Eq. 14b).

H*+0*=OH*+* ; OH*+H*=HO0+2*

(on non-perimeter Ni (minority))..(14a)

(on perimeter Ni (majority))........(14b)

The evolution of the yields of H20 and H2 formation with time on stream allows to monitor

catalyst deactivation for different active sites and reaction pathways.
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Figure 8. Yields of H2 (=) and H20 (m) formation over (a) 1 wt.% Ni/ZrOz, (b) 2 wt.% Ni/ZrOz,
(¢) 5 wt.% Ni/ZrO: at 873 K during DRM reaction and (d) Ratios of H2 to H20 yield over (=)
1 wt.% Ni/ZrO2, (o) 2 wt.% Ni/ZrO2, (A) 5wt.% Ni/ZrO2, (V) Zr6Ni3imp and (@)

Zr82Ni3imp at 873 K during DRM reaction. The green horizontal bar in (d) represents the
interval of Yy, /Yy, o values under steady state.
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The ratio between Hz and H20 yields over Ni/ZrO2 at 873 K are shown as function of time
on stream in Figure 98d. The Ni/ZrO: catalysts had different initial Yy, /Yy, o values, e.g., 2.6
for 1 wt.% Ni/ZrO2, 5.3 for 2 wt.% Ni/ZrO2 and 6.3 for 5 wt.% Ni/ZrO2, which, however,
approached and stabilized at the same level (2.5 = 0.5) after some time on stream (Fig. 8d).
This is further shown on two stable Ni/ZrO: catalysts (Zr6Ni3imp (2.7 wt.% Ni/ZrOz) and
Zr82Ni3imp (3 wt.% Ni/ZrOz), Fig. S3-4) synthesized by impregnation with the concomitant
addition of NaHCO3 published previously [50, 51]. Although the Ni particle size of these two
catalysts were relatively large (20 nm) as estimated by XRD and CO chemisorption, XPS
suggested higher surface Ni fraction. The localized NaxO on and around Ni provided an
extended ZrO2-Na2O-Ni interface which increased the ability of CO2 adsorption and activation,
facilitating coke removal. [50, 51]. It is noteworthy that all stable catalysts (1 wt.% Ni/ZrOx,
Zr6Ni3imp and Zr82Ni3imp) showed an initial Yy, o/Yy, value close to 0.4 (Fig. 9a). This is
not driven by equilibrium of reverse water gas shift (RWGS), because none of the catalysts
reached equilibrium of RWGS (Fig. S5). Although most results published on dry reforming
were under the equilibrium of water gas shift, some works were carried out far from this
equilibrium [35, 54-57]. The low catalyst loading and consequently the low conversion level
of methane made our reaction away from RWGS equilibrium. Theses catalysts reached

Yu,0/Yu, ratio of 0.4 at different approach to RWGS equilibrium (Fig. 9b), showing the

independence of the Yy, o/Yy, ratio on RWGS under the DRM reaction conditions used.

Here, we assign this number (Yy,o/Yy, = 0.4), based on the results from our previous
work, to the quantitative selectivity ratio between H2O and Hz formed on the perimeter Ni,
because the non-perimeter Ni (n-per Ni) was completely covered by coke after deactivating to
a stable level [17]. Ni/ZrOz catalysts with an initial Yy, /Yy, value close to 0.4 showed much
more stable DRM activity compared to DRM on Ni/ZrOz catalysts with lower initial Yy, /Yy, -
The 1 wt.% Ni/SiO2 showed the lowest initial Yy, o/Yy,ratio and the strongest deactivation.
Especially, unlike Ni/ZrOz, the Yy, o/Yy, value of 1 wt.% Ni/SiO2 was almost unchanged, even
after it lost 85% activity after 50 min TOS. Since SiOz2 is not capable to activate CO2, all CO2
was activated on the Ni surface, identical in properties to non-perimeter Ni in Ni/ZrOx.
Therefore, the constant Yy, o/Yy, ratio of ~0.13 on 1 wt% Ni/SiO2 represents the Yy, /Yy,

ratio of non-perimeter Ni in the Ni/ZrOz catalysts (neglecting subtle modifications in properties

by variations of electronic properties of Ni induced by different supports).
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Figure 9. (a) Initial (red) and stable (green) ratios of Yy,o/Yy, over Ni/ZrO: catalysts and

1 wt.% Ni/S102 at 873 K during DRM reaction. Since 1 wt% Ni/SiO2 never came to a stable
reaction, values were used at 50 min TOS when it had lost 83 % activity. (b) The yield ratio
between H20 and H:2 on stable catalyst or on catalyst deactivated to a stable level as a function
of the approach to RWGS equilibrium. The green horizontal bar in (a) represents the interval
of Yy,0/Yu, values under steady state.

Catalyst deactivation and oxygen availability index (OAI).

Having shown the strong correlation between the stability of Ni and the formation ratio
between H20 and Hz, we analyze, how this ratio affects the Ni catalyst deactivation. As
discussed, dry reforming is initiated on Ni via dissociative adsorption of CH4, forming surface
C and H (Eq. 5) (We have not considered the —C-Hx species for simplicity, as they were
considered to be reversibly formed intermediates.). In the absence of O, H leaves the surface

via formation of Hz (Eq. 7), while C accumulates and restructures to coke (Eq. 10). With the

18



accessibility to O, H and C could leave the surface as H>O (Eq. 8) and CO (Eq. 9), thus, coke

formation and deactivation is kinetically reduced.

The quantitative analysis of these elementary reaction steps is shown below. The coke

formation rate is given as Equation 15 based on Equation 10.
rc = kyo " 6 (15)

in which rc is the rate of coke formation, 8, is proportional to the coverage of surface carbon
species on Ni. Coke cannot be formed on single isolated surface carbon as it requires coupling
between surface carbons. Therefore, a reaction order, a, was introduced in Equation 15 to
represent the interaction between carbon atoms. Under steady state reaction, C removal
together with coke deposition should balance the C input from methane. Considering that the
coke amount formed is only a very small fraction of total converted methane, the C removal as

CO approximates the C input from methane (Eq. 16).
TcH, =T = kg 6¢- 69 (16)

0o is the coverage of surface oxygen species supplied by the activation of CO2 molecule.

Rearrangement of Equations 15 and 16 leads to the following expression
e = kyo ko - TgH4' 0" (17)

It is seen from Equation 17 that the coke formation rate is strongly negatively correlated
with the O coverage on Ni. The coverage of O is hardly measurable in the reaction, however,
it can be represented by the ratio between H20 and Ho.

To express the coverage of O, the equilibrium of H2 and H20 with surface H, OH and O

are expressed as Equation 18 and 19.

Py, = K7 0f+ 6,7 (18)
Oon 0. = Kga* Oy " 0o (19a)
Py,0 = Kgp* Oy *Oon - 672 (19b)

The 6, is the fraction of empty sites on Ni surface. Then, 8 can be obtained from equations

18-19:

g = —2.FH0 g (202)

KgaKgb PH,
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-1 _ KsaKgb . PH; | -1
05" = & g 0, (20b)

Noticeable from Equation 20b, the ratio between H20 and Hz (Py,o/Py,) is proportional
to the O coverage (6o). Actually, the ratio of H20 to Hz in pressure equals to their ratio in yield
(Pu,0/Pu, = Yu,o0/Yu,)- Here we define these two ratios as the surface oxygen availability
index (OAI, Eq. 21), representing the abundance of O on the Ni surface. With this OAI, coke

formation rate (Eq. 17) is expressed as:

OAI = ZHz0 _ YHp0 1)

Ph, YH,

KgaKgp\% _ _
re = kio (S22) - iy, 67 (OAD™ (22)

It is seen from Equation 22 that coke formation rate is inversely correlated with the OALI
Thus, we can use this value to evaluate the deactivation of ZrO2 supported nickel catalysts in
DRM. The relation between initial deactivation rate and initial OAI on Ni/ZrOz and Ni/Si02
catalysts are plotted in Figure 10, in which the deactivation rate of DRM catalysts is defined
as the loss of active surface Ni per unit time:

d(CsurfNi) (23)

Deactivation rate =
d(TOS)
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Figure 10. Initial deactivation rate as a function of initial OAI (surface oxygen availability
index) over 1 wt.% Ni/ZrO2 (@), 2 wt.% Ni/ZrO2 (&), 5 wt.% Ni/ZrO2 (m), and 1 wt.% Ni/SiO2
(®) at 873 K during DRM reaction. Deactivation rate is shown as the rate of the loss of active
surface Ni.
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It is remarkable that the deactivation rate decreased with the OAI value (Fig. 10). When
OAl reaches 0.4 or above, the high O abundance on Ni provides efficient removal of C via CO,
reducing coke formation and making catalyst stable. This is also supported by the result in a
recent report of Weifeng et al., in which Ni/MgO-ZrO2 having OAI above 0.4 showed stable
activity in DRM under the same temperature to ours [12]. For OAI below 0.4, insufficient C
removal strongly deactivates the catalyst. This correlation indicates the importance of
perimeter Ni for the catalyst stability in the DRM reactions, which increases the O abundance
on Ni surface by delivering surface oxygen to surface carbons, preventing coke formation.

The difference in O accessibility for perimeter Ni and non-perimeter Ni and consequently
the different OAI values on them allow in turn to determine the ratio between the concentration
of perimeter and non-perimeter Ni atoms. The OAI value on the perimeter Ni is 0.40 as we
have shown on stable Ni/ZrO: catalysts and unstable Ni/ZrO2 catalyst after deactivation to a
constant rate. The OAI value on non-perimeter Ni is 0.13, which is estimated from the value
of Ni/SiO: catalysts. The initial OAI value of 0.17 on 5 wt.% Ni/ZrO: catalyst indicates the
fraction of perimeter Ni in all surface Ni was 12%. Accounting for the surface Ni concentration
of 336 umol g! on fresh 5 wt.% Ni/ZrOz catalyst, the perimeter and non-perimeter Ni were
therefore calculated to be 41 and 295 pmol g, respectively. Following this method, the
concentrations of not deactivated perimeter Ni and non-perimeter Ni during the deactivation
of Ni/ZrO: catalysts can be estimated. For example, 5 wt.% Ni1/ZrO2, after TOS of 200 min,
deactivated and remained only 41% of its initial activity, corresponding to 137 umol g™ Ni
remained active on the surface. Its OAI value increased to 0.22, meaning a perimeter Ni
fraction of 34% in the remaining 137 umol g' Ni, which points to 46 umol g' perimeter Ni
and 90 pmol g™! non-perimeter Ni remained active. The concentrations of different Ni surface
species during Ni/ZrO:2 deactivation are shown in Figure 11, plotted as the evolution of a
particular type of Ni with the overall decrease of accessible surface Ni. It is seen that on all the
three Ni/ZrO2, the concentration of perimeter Ni was almost unchanged, regardless of the drop
of total active surface Ni. In contrast, non-perimeter Ni concentration declined continuously,
with a slope of 1.0 - 1.1 on all the three catalysts. The slope close to unity indicates that the
loss of Ni during deactivation is the loss of non-perimeter Ni. In other word, the Ni sites
blocked by coke were only non-perimeter Ni and the perimeter Ni remained free of coke
blockage. Therefore, the OAI value of a fresh N1/ZrOz catalyst allows to predict its deactivation

rate as well as its stabilized activity.

21



140

120 4

100 4

-1

/umol g,
o] o
L= o

P
(=]
L

] Slope =-1.0
_— | ™
20 A Ly |
M | |
] s AT ':Jj'ﬁlk'!-il .
oQg " T

'20 T T T T
120 115 110 105 100 95

Remained active surface Ni/ umol gcm'1

Remained active perimeter or non-perimeter Ni

140

120

100

{ umol gm'1
g B3
o
n
[ 4
/

0 : . : : —N

180 160 140 120 100 80 60
Remained active surface Ni/ umol gm"

Remained active perimeter or non-perimeter Ni

8
¥

O T T L) T T
350 300 250 200 150 100

Remained active surface Ni/ umol gm'1

< a0

1]

© ~ ()
E a0 g™

‘= | -

g SN )

§ 250 4 hSIope =-1.1

61'_-6 ‘\-‘\l

c T 200 - -

8o -

“E’ o ~ u

£ £ 1501 &

g > -
o T
Q

> 100 4 ‘lf
5]

(1]

=}

]

£

[v]

=

1]

1%

Figure 11. The concentration of perimeter Ni (m) and non-perimeter Ni (m) that remained
active during the deactivation of (a) 1 wt% Ni1/ZrO2, (b) 2 wt.% Ni1/ZrO2 and (c) 5 wt.%
Ni/ZrO2 at 873 K during DRM reactions. The deactivation of catalyst is shown as the
concentration of surface Ni remained active.
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CONCLUSION

The synthesis method reported here sterically separates Ni precursors into molecular
capsules to prepare monodispersed ZrO: supported Ni particles of approximately 1.0 nm
diameter as long as the loading does not exceed 1 wt.% Ni. For such Ni particles all accessible
Ni is located at the perimeter interface. All Ni is not only accessible from the gas phase, but
also sufficiently close to the perimeter of the support to have access to labile surface O provided
by CO:z2 activation at the interface of Ni and ZrO». This leads to a fast removal of surface C via
CO formation, to a low rate of coke formation and to an outstanding catalyst stability. Larger
Ni particles (d > 1 nm) contain a fraction of non-perimeter Ni, which have low accessibility to

oxygen and generate coke with substantial rates, leading to at least partial deactivation.

The kinetic analysis showed that this process was inversely linked to the availability of
oxygen, characterized by the ratio of the yields of H2O and H2 formation, which has been
named oxygen availability index (OAI). Using a catalyst that was only producing oxygen via
dissociation of CO2 on the metal and one catalyst with only the perimeter zone active, the
relative fractions for deactivating and non-deactivating zones were estimated. For Ni/ZrO2 the
perimeter Ni at Ni-ZrOz interface had an OAI value of 0.4 and hardly deactivates, while non-
perimeter Ni had an OAI of 0.13, deactivating fast by coke formation. All stable Ni/ZrO2
catalysts had OAI value of approximately 0.4, while unstable Ni/ZrO2 gradually increased to
that value as the catalysis stabilized. This shows that for the system Ni/ZrO2 only Ni atoms at

the perimeter were stable catalytic sites in dry methane reforming.

Concluding it should be emphasized that the OAI allows to classify stable and unstable
metal surface atoms. The individual rates and in consequence the OAI will depend on a
particular metal and rate at which the support provides labile oxygen atoms. Thus, the rate and
the stability will be higher on metals that are better in dissociating CO2 or able to retain oxygen
[12] and will be less stable for systems that dissociate CH4 with a high rate and have a low
tendency to retain oxygen. Similarly, the ability of activating CO2 and the chemical potential
of the oxygen produced with oxides other than ZrO2 may change the numeric values of OAIL

The OAI value, however, gives a clear design criterion for future stable dry reforming catalysts.
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