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Abstract

The kinetics and the electrochemical promotion of the hydrogenation of CO; to
CH, and CO is compared for Ru porous catalyst films deposited on Na*, K*, H" and
0% conducting solid electrolyte supports. It is found that in all four cases increasing
catalyst potential and work function enhances the methanation rate and selectivity.
Also in all four cases the rate is positive order in H, and exhibits a maximum with

respect to CO,. At the same time the reverse water gas shift reaction (RWGS) which

occurs in parallel exhibits a maximum with increasing PH, and is positive order in
CO,. Also in all cases the selectivity to CHy increases with increasing py, and

decreases with increasing Pco, . These results provide a lucid demonstration of the

rules of chemical and electrochemical promotion which imply that

(0rlod)(or!opp) >0 and (or/od)(or/opa) <0, where r denotes a catalytic rate,
® is the catalyst work function and pp,pa denote the electron donor and electron

acceptor reactant partial pressures respectively.

1. Introduction

The hydrogenation of CO, to hydrocarbons is a reaction of great potential
technological and environmental importance since it can lead to the production of
renewable fuels but could also serve as a means for decreasing the overall CO,
emissions. Several metals have been investigated as catalysts, including Pt, Rh, Pd,
Ru, Fe, Co and Ni on a variety of supports including SiO,, Al,O3, ZrO, and Nb,Os.
Work in this area has been reviewed recently [1-4]. The hydrogenation of CO, on Ru,
which is known to give only CH4 and CO as products, has received considerable
attention in recent years [5-8].



At temperatures up to 450 °C the CHy, selectivity reaches 100% while the main
byproducts are CO and traces of C2 hydrocarbons [6, 7]. Miiller et al. studied the CO,
methanation on a commercial Ru-based catalyst (RuO, dispersed on sintered Al,Os
pellets) and found an activation energy of 79 kJ/mol while Weatherbee and
Bartholomew studied the hydrogenation of CO, on Ru/SiO; (0.5% Ru) and found an
activation energy of 72 kJ/mol at ambient pressure and 103 kJ/mol at 11 atm [9, 10].
Ru based catalysts with high metal dispersion were studied by Kowalczyk et al.
giving the following sequence of TOFs concerning the methanation reaction:
Ru/Al,03>Ru/MgAl,0,>Ru/MgO>Ru/C [11].

Although the dissociative adsorption of CO,to CO and O has been suggested
in the past to be the initial step for the CO, hydrogenation on Ru, it is now believed
that both CH, and CO formation proceed via intermediate formation of a formate
species at the metal-support interface. The formation and accumulation of this species
has been demonstrated via IR spectroscopy [5, 7, 12-14].

A parallel approach to classical chemical promotion is the electrochemical
promotion of catalysis (EPOC) or non-Faradaic electrochemical modification of
catalytic activity (NEMCA effect) that can be used to promote the catalytic properties
of metal catalyst films simultaneously acting as electrodes, which are deposited on
solid electrolyte supports, either pure ionic conductors, such as yttria-stabilized-
zirconia (YSZ, an O% conductor) Na-B”-Al,Os, (a Na* conductor), or K-B"-Al,0s, (a
K" conductor) or mixed ionic-electronic conductors, such as TiO, or CeO, [15-21].
Electrochemical promotion allows for continuous in situ control of the coverage of
promoting species (Na®", K**, 0%) on the catalyst surface.

EPOC has been investigated extensively during the last 30 years for more than
100 catalytic reaction systems using a variety of metal catalysts (or conductive metal
oxides), solid electrolytes and catalytic reactions. Work in this area has been reviewed
several times in recent years [18, 19, 22-27].

Numerous surface science and electrochemical techniques have shown that
EPOC is due to an electrochemically controlled migration (spillover or more
commonly reverse-spillover or backspillover) of promoting ionic species (e.g. O% in
the case of YSZ, Na® or K* in the case of B"-Al,03), from the ionic or mixed ionic-
electronic conductor-support to the gas exposed catalyst surface, through the catalyst-
gas-electrolyte three phase boundaries (tpb) [18, 22-31]. Thus, both catalytic activity



and selectivity are affected in a pronounced, reversible, and, to some extent,
predictable manner [18, 24]. The close connection between EPOC, classical chemical
promotion and metal-support interaction (MSI) with ionically conducting supports has
been established by a variety of techniques [18, 22, 26, 32-35].
Two parameters are commonly used to quantify the magnitude of EPOC [18]:
1. the rate enhancement ratio, p, defined by Equation (1):

p=rlr, 1)
in which r is the electropromoted catalytic rate and r, is the unpromoted rate (i.e. the
open-circuit catalytic rate), and
2. the apparent Faradaic efficiency, A, defined by Equation (2):

A = Aeaaiytic / (11 F) 2
where Arcaanyic 1S the current- or potential-induced observed change in catalytic rate

(in g-eqg/s), and I is the applied current. In the present case, accounting for the

stoichiometry of the methanation and of the reverse water-gas shift (RWGS)

reactions, i.e.
CO, +4H, -»CH, +2H,0 (3)
CO, +H, »CO+H,0 (4)
this implies
Ach, =8Arcy, /(1/F) (5)
Aco =2A10 / (11F) (6)

where rcyy, isinmol CHu/s and feg is in mol COfs.

The catalyst potential, Uwg, is the potential of the catalyst (working electrode,
denoted W) with respect to a reference electrode, denoted R [18]. The applied current,
I, flows between the catalyst and a counter electrode.

A reaction is termed electrophobic (or nucleophilic) when the rate increases
with increasing catalyst potential (or/0Uwr>0), electrophilic when the rate decreases
with increasing catalyst potential (or/0Uwr<0), volcano-type when the reaction rate
exhibits a maximum with varying potential, and inverted volcano when the rate goes
through a minimum with varying potential [18]. The catalyst potential Uyg is an
increasing function of the work function, @, of the catalyst surface and over wide

temperature ranges the two are related via [16, 18, 26]:



AD =eAUyr @)

It has been found that simple rules exist, valid both for classical promotion and
for electrochemical promotion [36-38], which allow for the prediction of the
promotional behavior on the basis of the open-circuit reaction kinetics with respect to
the electron donor (D) and electron acceptor (A) reactant species.

The electrochemical promotion of CO, hydrogenation has been studied on Ru
catalyst films interfaced with YSZ [39, 40], Na-B"-Al,0; [40], K- B"-Al,O3 [41] and
BaZrOgg5Y0.150s., (BZY) [42], a H' conductor. The adsorption of Na [43, 44] and K
[45, 46] on Ru(001) has been investigated thoroughly in the past [43-46].

Lambert and coworkers have shown that adsorbed Na and K introduced via
electrical potential application across solid electrolyte supports is identical to that
introduced via the gas phase [19]. They have also shown that during EPOC studies in
presence of H,O and CO,, most of the alkali atoms are in the form of adsorbed
hydroxides and carbonates. Since, however, the large dipole moment of K and Na is
of the order of 10 Debye and thus is typically a factor of 5 larger than that of the
counter ions [47], the promotional activity of K and Na remains practically the same
as in the absence of their counter ions [18, 19].

In the present work we discuss the similarities of the kinetic and EPOC results
of these four studies and we compare them quantitatively with the rules of
electrochemical promotion which allow for the prediction of the sign of the rate vs
catalyst potential or work function behavior on the basis of the unpromoted kinetics
[36-38].

In addition the hydrogenation of CO, using TiO, supported Ru and Co
catalysts had been investigated. The aim of this work is the comparison of the
catalysts to each other, as well as the comparison to a bimetallic Ru/Co/TiO, catalyst.
Considering that Ru catalysts are highly selective towards methane and exhibit high
conversion and Co lead to a higher number of hydrocarbon products, but with a lower
conversion, the aim of the bimetallic catalyst is the achievement of both higher

conversion and higher number of hydrocarbon products simultaneously.



2. Experimental

2.1. EPOC studies

The solid electrolytes were discs of 8 mol% Y,0s-stabilized ZrO, (YSZ) with
18 mm diameter and 2 mm thickness provided by Ceraflex, discs of B”-Al,O3; with 20
mm diameter and 3 mm thickness provided by lonotec and discs of BZY
(BaZrpgsYo1503 + 1 w% NiO) with a diameter of 18 mm and a thickness of 2 mm
provided by NorECs AS. Gold organometallic paste (Metalor, A1118) was used for
the deposition of the Au counter and reference electrodes on one side of the discs,
followed by calcination in air at 650°C for 1 hr. Blank experiments showed that gold
was catalytically inactive both for the methanation and the RWGS reaction. The Ru
catalyst films were deposited on the other side of the discs, via impregnation of a
150mM RuCl; solution in isopropanol at 50°C, followed by calcination in air at 500°C
for 1 hr. The loading of the catalysts was ~1 mg for Ru/Na-p"-Al,0O3; and Ru/BZY, ~2
mg for Ru/K-B”-Al,0; and ~3 mg Ru/YSZ. Prior to any hydrogenation activity
measurements, a reduction pretreatment in 5% H,/He was performed at 300°C for 1
hr.

The reaction was carried out in a continuous flow single pellet reactor
analyzed in detail in previous papers [40, 41]. The catalyst pellet was placed inside a
quartz tube closed at one end of volume 70 cm®. The three electrodes (all exposed to
the reaction mixture) were connected via Au wires with a potentiostat-galvanostat.
The feed gas composition and total gas flow rate, F;, were controlled by electronic
flow meters (Brooks). Reactants were certified standards of 3% CO; in He and 30%
H, in He. Pure He (99.999%) was fed to further adjust the total flow rate and the inlet
gas composition at desired levels. All experiments were carried out at between 100
and 400 cm®/min total volumetric gas flow rate and under atmospheric pressure. The
H,/CO; ratio was varied between 1 and 15. Reactants and products were analyzed by
on-line gas chromatography (using Porapagq QS and Moleculer Sieve 5A columns) in
conjunction with an IR CO,-CO-CH, analyzer (Fuji Electric). Constant currents or
potentials were applied using an AMEL 2053 galvanostat-potentiostat.

Catalyst characterization information has been provided in previous
publications [39-41]. The catalytic surface area of the Ru/YSZ and the Ru/BZY
catalyst films were estimated using the galvanostatic transient technique, by



measuring the time constant, t, required for the rate increase, Ar, in potentiostatic
electropromotion rate transients to reach 63% of its steady-state value [18, 39, 40,
42]. In this way one can estimate the reactive oxygen or hydrogen uptake, Ng, of the
anodically polarized metal film. Assuming a 1:1 surface metal active site: O or 2H
ratio, the active catalyst surface area, Ng, expressed in mol metal, can be calculated
during current imposition via [18, 26]:

_It
7 oF

Using eq. (8) and constant current, i.e. galvanostatic, transients, Ng was
calculated to be ~5x107 mol for the Ru/YSZ catalyst and ~1.1x10" mol for the
Ru/BZY [39, 40, 42].

The surface area of the Ru/Na-p"-Al,O; and Ru/K-B"-Al,O3 catalysts was

estimated using galvanostatic transients in conjunction with the Helmholz equation

(8)

and Faraday’s law as described in previous studies [18, 48].
Substituting the slope dU,,/dt, taken from the galvanostatic transient
experiments, and using the applied current, 1, the dipole moment values of Na on

Ru(001) (P, ,, =2x10 C-m or 6 Debye [47]) or the dipole moment value of K on
Ru(001) (P,, =4.6x10 C-m or 13.8 Debye [47]) one can compute the N¢ values

for the Ru/Na-p"-Al,0; and Ru/K-B"-Al,O3; catalysts which, assuming an 1:1
adsorption stoichiometry, equal 4x107 mol and 1.4x10°° mol respectively. The

above Ng values have been used to compute turnover frequencies, (TOFs).

2.2. Catalytic studies of supported catalysts (powders)

The experiments took place in a fixed-bed reactor over the temperature range
of 140 - 460 °C and under total pressure up to 7 bar. Before every experiment, each
sample had been reduced under H, 10% mixture (rest: He) flow at a temperature of
400 °C. For every experiment the feed flow was fixed at 100 ml/min and included the
reactants in concentrations of 7% for H, and 1% for CO, (rest: He). The main
products of the Ru catalyst were CH, and CO, while higher alcanes appeared with the
use of Co catalysts. The bimetallic catalyst led to an even higher number of
hydrocarbons than Co (up to hexane), preserving the high conversion of the Ru

catalyst at the same time.



All catalysts were prepared via wet impregnation. Initially, a precursor
aqueous solution was prepared (~70 ml) (Ruthenium (I11) nitrosylnitrate, Ru 31.1%
min, Alfa Aesar and Cobalt (II) nitrate, Alfa) in an appropriate concertation that
would lead to the final desirable w/w loading of the catalyst, and after that the support
powder was added (5g TiO, P25, Degussa). Then, the mixture was transferred to the
spherical bottle of a rotary evaporator, where it remained at an average temperature of
~60-70 °C and total pressure of 50 mbar and under continuous rotation, until total
removal of the water. After the collection of the residual powder from the walls of the
bottle, it remained for a short period of time (10 - 15 min approx.) in a dryer with
dehydrating means at a temperature of 100 °C. Finally, the catalyst was calcinated at

500 oC for 1 h in atmospheric air.

The reactor was a piece of gas carrying %4 stainless steel tube. Inside the
reactor, at about the half of its total length, a glass cotton piece was fixed to support
the catalyst bed. Also, for the control of the temperature of reactor, a thermoelement
was placed in the reactor, with its ending right above the bed. This was connected to a
thermocontroller, which controlled the operation of the furnace. The reactants feed
system consisted of high pressure gas cylinders and mass flow meters for the control

of the reactants flow.

The products analysis system consisted of a Shimatzu GC-2010 Plus gas
chromatograph equipped with a ValcoPlot Alumina capillary column and an FID
detector for the measurement of the hydrocarbon products and a Fuji Electric Gas

Analyzer (IR) for the measurement of CO, and CO.

All experiments conducted at steady state and at a temperature range of 140 —
460 °C (at 40 °C intervals) and pressure up to 7 bar (achieved with the use of a leak
valve at the reactor outlet). Every sample consisted of 200 mg of catalyst and it was
reduced under H, 10% mixture (rest: He) flow at a temperature of 400 °C prior to
experiment. The feed flow was fixed at 100 ml/min and included the reactants in
concentrations of 7% for H, and 1% for CO,, (rest: He).



3. RESULTS AND DISCUSSION

3.1. EPOC studies
3.1.1 Overview of kinetic and promotional behavior on Ru/YSZ
Figures 1a and 1b refer to the Ru/YSZ catalyst and depict the dependence of

the rate of methanation, rcy, , and of CO formation, rcq, on the partial pressures of
Hz, py,, (Fig. 1a) and CO2, Ppco,, (Fig. 1b). One observes that the rate of

methanation is positive order in Hy, i.e. (8rCH4 /6pH2) >0 and negative order in COy,

i.e. (Orcy, / OPpco,) <0 .
According to the promotional rules [36-38], this implies that the methanation

reaction is electrophobic (nucleophilic), i.e. one expects (drgy, / 0Uwgr) >0, as is

indeed experimentally observed (Fig. 1c).

Similarly one observes in Figures 1a and 1b that the rate of CO formation via

the RWGS reaction is negative order in Hy, i.e. drco /dpy, <O and positive order in
CO;, i.e. drco/0pco, >0 . According to the promotional rules, this implies that the

RWGS reaction is electrophilic, i.e. (Orcg/0Uyr) <0, as is indeed experimentally

observed (Figure 1c).

3.1.2 Methanation kinetics
Figure 2 shows the dependence of the rate of methanation on the hydrogen
partial pressure, PH, - for all four catalysts, i.e. Ru/YSZ, Ru/BZY (H"), Na-B"-Al,03

and K -B"-Al;Os. One observes that in all four cases and for low p, values the

kinetics are positive order in Hy, i.e. Olcy, /8pH2 >0, both for the unpromoted state

and under polarization. For the case of YSZ and BZY supports the unpromoted state
corresponds to zero applied current or potential, denoted in Figure 2 as o.c. (open
circuit). In the case of the Na-p”-Al,O3 and K-B"-Al,O3; solid electrolyte supports,
the unpromoted state corresponds to a cleaned surface, which is obtained after
positive potential application (Uywg=0.8 V) for 30 min.

One may also observe in Figure 2 that in the case of the 0% and H* conducting

supports, where the rate remains positive order in H; for high PH, values as well, the



rate of methanation is an increasing function of catalyst potential (or/oU) >0, i.e. the

reaction is electrophobic, whereas in the case of the Na* and K*-conducting supports

where the rate levels off with increasing p,,,, the rate passes through a maximum

with potential, i.e. the rate exhibits volcano type behavior.

Figure 3 shows the dependence of the rate of methanation, rcy, , on the CO;
partial pressure pco, . One observes that the rate exhibits a maximum, which implies
strong adsorption of CO,, and is zero to negative order in CO; for Pco, >1kPa, i.e.

(Oreh, 1 9Pco, <0). The rate maximum is well known to correspond to roughly

equal coverages of the adsorbed reactants [18]. One can also observe in Fig. 3 that for
the case of the O* and H* conducting supports the rate increases monotonously with

potential (drcy, /0Uwg) >0, i.e. electrophobic behavior is observed, whereas in the

case of the Na* and K" supports the rate goes through a maximum i.e. it exhibits

volcano-type behavior.

3.1.3 Kinetics of RWGS reaction
The Kkinetics of the reverse water-gas shift (RWGS) reaction, (equation (4))

are depicted in figures 4 and 5. The rate vs PH, dependence is shown in Figure 4. One
observes that the rate is zero or negative order in H; for py ) values above 2 kPa.

On the other hand, the rate of the RWGS reaction is always positive order in
CO;, for all four supports as shown in Figure 5.

One may also observe in Figures 4 and 5 that the rate of CO formation
decreases monotonously with increasing potential (electrophilic behaviour, i.e.

(Orco 1 0Uyr) <0) for all four supports.

3.1.4 Selectivity dependence on gas composition

As a consequence of the results of sections 3.1.2 and 3.2,3, the selectivity to

CH,, denoted SCHA, increases significantly with increasing PH, (Fig. 6) while the

selectivity to CO, S¢q, exhibits exactly the opposite behaviour.



For the cases of YSZ and BZY supports this increase in selectivity is dramatic,
i.e. from 10% to 90% in the case of YSZ and from ~0% to 88% for the case BZY at
Uwr=0.5V, (Fig. 6).

It is also evident from Figure 6 that increasing potential causes in general an

increase in Scyy, and a decrease in Sco, a point which is further elaborated below.

3.1.5 Rate dependence on temperature, catalyst potential and work function

The activation energy for CO formation, E.q, was found to be 71 kJ/mol for
Ru/YSZ (in the temperature range 260-320°C), while both Egand the corresponding

value for CH, formation, Ecyy, , was found to be 92 kJ/mol for Ru/BZY in the range

330 to 450°C and 75 to 79 kJ/mol for Ru/K-B"-Al,0Os in the range 300 to 380°C.
These values are in reasonable agreement with the literature values of 72 kJ/mol for
Ru/SiO, [10] and 79 kJ/mol for Ru/Al,O3 [9] for finely dispersed supported Ru
catalysts.

The key characteristics of the rate dependence on catalyst potential are already
evident from Figures 1 to 5 and are shown in more detail in Figure 7. The rate of CO

formation decreases monotonically with increasing potential for all four catalyst
supports, i.e. electrophilic behavior is obtained (or/oUyg) <0.

On the other hand, the rate of methanation increases monotonically with
potential (nucleophilic behavior, or/oUy,g >0) only for the YSZ and BZY supports
(Fig. 7). In the case of the Na-B"-Al,0; and K-B"-Al,0; supports, the rate of
methanation, rcy, , exhibits a maximum with increasing potential, i.e. it exhibits

volcano-type behaviour as shown in Figure 7. This is also evident from Figure 8

which depicts the potential dependence of the turnover frequencies, TOFcps and

TOFco on catalyst potential Uwg. The second potential axis, Uyg(na) in these

Figures refers to the results obtained with the Na-B"-Al,O3 supported catalyst only

and has been defined via Uygna) =Uwr +0.65V, in order for the location of the
two reyy, maxima, and thus also for the two TOF ¢, maxima, obtained with the

Na-B"-Al,03 and K-B"-Al,03 supports to coincide. This correction is reasonable

since the value of Uwg for the Na" and K" ion conducting supports depends on the
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coverage of these cations on the reference electrode which cannot be controlled a
priori, i.e. during catalyst preparation.

The appearance of this volcano type behavior in the case of the Na-B"-Al,O3
and K-B"-Al,O3 supports is related to the fact that, as shown already in Figures 2 and

3, the rate vs py, and pco, curves exhibit local maxima, as analyzed in section

3.1.6.

It is interesting to note in Figure 8 that while TOFy, near Uwr=0 varies

relatively little, less than a factor of five, from one support to another, at the same
time TOFco decreases by almost two orders of magnitude upon comparing the BZY
and the alkali conductor supports. This may be attributed to the higher mobility of
protons vs alkali ions. Protons can thus migrate easily from the BZY support to the
catalyst surface even at Uwr=0 and thus can promote CO formation, as
experimentally observed. One may thus say that the high mobility of protons leads to
a more pronounced metal-support interaction (MSI) for CO formation in this system.

This is consistent with the potential dependence of the selectivities, Scy, and
Sco, depicted in Figure 9. As shown in this figure the selectivity to CH,, SCH4, is in

general significantly higher for the Na* and K* conducting supports than for the O*
and H* conducting supports and this, in view of Figure 8, is primarily due to the much

lower TOF of the CO producing RWGS reaction on Ru supported on the Na* and K

conducting supports.

3.1.6 Quantitative comparison of the data with the promotional rules
The promotional rules already derived in earlier works [36-38] can be

summarized by the inequalities

i) - S vl g A ®
oUwr J\ 9Pp dUwr )\ OPa

where pp and pa stand for the electron donor and electron acceptor reactant. The

adsorption of an electron donor/acceptor causes a decrease/increase in work function,

®, and thus, via eq. (7), to the potential Uwr. Consequently the electron donor or
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electron acceptor nature of a reactant can be easily determined experimentally by

noting the sign of AU,z upon adsorption of the reactant.

In the present case the inequalities (9) imply

(arJar>0;(arJar<o (10)
AUwr )\ 9Py, dUwr )| 9Pco,

These imply that catalytic rate increases with potential, (or/oUyg) >0, when it is

positive order in the electron donor reactant i.e. H,, and negative order in the electron

acceptor reactant, i.e. Pco, - This is the case for the methanation reaction (Figures 2
and 3) and indeed the methanation reaction exhibits (drcy, /0Uygr) >0, ie.
electrophobic (or equivalently nucleophilic) behaviour.

On the other hand, according to the same rules (egs. 9 and 10), a catalytic rate
decreases with potential (or/oUyyg) <0 when it is negative order in the electron
donor reactant (i.e. Hy) and positive order in the electron acceptor reactant, i.e. CO,.
As already shown in Figure 4 and 5 this is the case for the reverse water-gas shift
reaction (RWGS) which indeed exhibits (orcg/0U\g)<0 , i.e. electrophilic
behaviour (Figure 4, 5 and 7).

Consequently all the rate vs PH, . rate Vs pco, and rate vs Uyr data are

consistent with the promotional rules (egs. 9 and 10), as shown in Figure 10.

In this figure we have used the data of figures 1 to 5 to compute the

parameters
or, o,
QchyHy :[GUCH4] _[;W} (11)
WR /b, peo, PHe Uwr.Pco,
OlcH OlcH
o _[ Yeny | e 12
CH4,CO, (au J o (12)
WR Jp i, peo, 02 UWR :PH,
or, or,
Qcon, = aUCO ] {6&} (13)
WR bh,.peo, PHz UwR :Pco,
o, or,
Qco,co :( <0 ] | = (14)
© \Uur PHz,Pco, OPco, UwR :PH
! HH2
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and to examine if their sign conforms to the predictions of the rules. In fact one

observes that for practically all the data it is

Qchyh, >0 Qcon, >0 (15)

Qch,,c0, <0 Qco,co, <0 (16)

in very good agreement with equations (9) and (10). Some small deviations occur at
small py2 and pcoz values where the rate inevitably becomes first order in H, and CO,
even when negative order dependence is predicted and in fact obtained for higher py
and pcoz values.

These rules of equations (9) and (10) [36] also predict the observed selectivity

dependence on catalyst potential (Fig. 6). Since

Scr, =TeH, ! (feny, +1eo) 17

Sco =tco ! (TeH, +1co) (18)
and also

(@ch, /UwR) >0 (oo /Uyg) <O (19)
it follows

0Sch, | 0Uyg >0 (20)

0Sco | Uyyg <0 (21)

as experimentally observed (Figure 9).

3.2. Catalytic studies of supported catalysts (powders)
Firstly, the monometallic catalysts were tested separately (at atmospheric
pressure) (Fig. 11, Fig. 12).

As it is shown in Figures 11 and 12, Co leads to a greater number of
hydrocarbon products than Ru, but without achieving the higher methane production
rates of the latter. In the following figure (Fig. 13) the results of the bimetallic Ru 5%
/ Co 15 % w/w / TiO, are presented. In Fig. 13 it is demonstrated that the bimetallic
catalyst leads to a higher number of hydrocarbons than Co catalyst, preserving the
high methane production rates of the Ru catalyst. The effect of this synergy could be
clearly observed for every product in Figure 14.
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As it is observed in Fig. 15, a pressure raise enhances the production of
hydrocarbons, while it undermines the production of CO. Subsequently, the results of
the bimetallic catalyst were analysed according to the Schulds - Flory (S-F) polymer
chain distribution model. The S-F polymerisation describes a non-selective
polymerisation of surface species, through the addition of carbon units, one at a time,
at the end of a growing chain. One polymer molecule is produced from each chain,
via the addition of a terminating carbon unit. According to this model, every surface
species had the same probability of reacting at every stage of the polymerisation,

regardless the chain length. The distribution is described by the equation:

2
IogM =nlogP + Iog&
n P (22)
»_DP-1
Where: DP (23)

Where Whn is the ratio of the mass of the n-carbon chains to the total mass of
the produced hydrocarbons, P chain growth probability and DP the degree of

polymerisation.

From the equations it is obtained that log(Wn/n) is a linear function of n and
has only one parameter (P, expressed through DP). By plotting our data on a
log(Wn/n) VS n chart and by trying several values of DP, the S-F line that describes
better the experimental data could be obtained. This analysis is presented in Figure
16.

From Fig. 16, it is observed that the S-F model could not describe well the
experimental data. By observing that this anomaly is caused by the deviation of
methane, it was assumed that the first step of the polymerisation (C1 — C2) is more
difficult than the following ones, so the S-F assumption does not apply for this step.
In order to confirm this assumption, the S-F- analysis was repeated, but ignoring the
methane this time (assuming ethane as the polymerisation starting point). This

analysis is presented in Figure 17.

Where Wn’ is the ratio of the mass of the n-carbon chains to the total mass of
the produced hydrocarbons excluding methane. From the good agreement of S-F for

DP = 1.3 according to the analysis above, we could conclude that the production of n
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> 2 hydrocarbons could be modeled as a non-selective polymerisation of surface

species with the addition of one carbon unit at a time.

4. CONCLUSIONS

The comparative study of the electrochemical promotion of the hydrogenation
of CO, to CH4 and CO on Ru catalyst-electrodes deposited or 0%, H*, Na* and K*
conducting ceramic supports, shows strong similarities and smaller differences
between these four catalyst systems. In the case of YSZ and BZY, positive potential
application, which corresponds to O% supply to, or H* removal from the catalyst,
leads to enhanced rate of methanation and suppressed rate of CO production.

The same suppression of CO production with increasing potential is observed
with the Na® and K® conducting supports. In this case, however, the rate of
methanation passes through a maximum with increasing potential, i.e. volcano-type
behavior is observed. In all cases the observed promotion behavior is in excellent
agreement with the promotional rules of equations (10) and, more generally,
equations (9), which can be rationalized both via “through the vacuum” interactions
by considering the attractive or repulsive dipole-dipole interactions in the effective
double layer present at the metal-gas interface [18, 26, 30, 38], or also via “through
the metal” interactions by considering the electron donation and backdonation [30,
38] between the metal and the adsorbed species.

As far as the supported catalysts go, it has been observed that the bimetallic
catalyst leads to a large number of hydrocarbon products, preserving the a methane
production at the same time. Increasing total pressure enhances the production of
hydrocarbons, while it diminishes the production of CO. And finally, the production
of n > 2 hydrocarbons could be modeled as a non-selective polymerisation of surface

species according to the Schultz - Flory distribution model.
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FIGURE CAPTIONS

Figure 1: Effect of PH, (@), Pco, (b) and catalyst potential (c) on the rates of

methanation and reverse-water-gas-shift reaction on a Ru/YSZ catalyst. Note the
conformity with the promotional rules, ie. (or/oUyg)(er/opy,)>0 and

(or 1 oUwg)(0r / pco,) <0, where A®=eAUyr (eq. (7)) [35]. Reprinted with
permission from Springer.

Figure 2: Effect of py ) and of catalyst potential on the rate of CO, methanation on
the Ru/YSZ, Ru/BZY, Ru/Na-p"-Al,03 and Ru/K-B"-Al,O3 catalysts; Pco, =1 kPa.
Figure 3: Effect of Pco, and of catalyst potential on the rate of CO, methanation on
the Ru/YSZ, Ru/BZY, Ru/Na-B"-Al,03 and Ru/K-B"-Al,O3 catalysts; PH, =7 kPa.
Figure 4: Effect of PH, and of catalyst potential on the rate of the RWGS reaction on
the Ru/YSZ, Ru/BZY, Ru/Na-B"-Al,03 and Ru/K-B"-Al,O3 catalysts; Pco, =1 kPa.

Figure 5: Effect of Pco, and of catalyst potential the rate of the RWGS reaction on
the Ru/YSZ, Ru/BZY, Ru/Na-p"-Al,03 and Ru/K-B"-Al,O3 catalysts; py , =7 kPa.

Figure 6: Effect of py, and of catalyst potential on the selectivities to CH, and to
CO on the Ru/YSZ, Ru/BZY, Ru/Na-B"-Al,03 and Ru/K-p"-Al,O3 catalysts; Pco,
=1 kPa.

Figure 7: Effect of catalyst potential on the rates of CH, and CO formation on the
Ru/YSZ, Ru/BZY, Ru/Na-B"-Al,03 and Ru/K-B"-Al;Os catalysts; py, =7 kPa, pco,

=1 kPa.

Figure 8: Effect of catalyst potential on the turnover frequencies (TOFs) of CH,4 and
CO formation on the Ru/YSZ, Ru/BZY, Ru/Na-f"-Al,0; and Ru/K-B"-Al,03
catalysts; py, =7 kPa, pco, =1 kPa.

Figure 9: Effect of catalyst potential on the selectivities to CH4 and to CO on the
Ru/YSZ, Ru/BZY, Ru/Na-B"-Al,03 and Ru/K-B"-Al;Os catalysts; py, =7 kPa, pco,
=1 kPa

Figure 10: (a) Effect of pi2 on the sign of the parameter Qcy, 1y, defined in equation

(11) obtained from the data of Figure 2 for the four different supports. (b) Effect of
Pco, on the sign of the parameter Qcyy, co, defined in equation (12) obtained from

the data of Figure 3. (c) Effect of PH, ON the sign of the parameter QCO,HZ defined
in equation (13) obtained from the data of Figure 4. (d) Effect of Pco, ON the sign of

the parameter Qco,coz defined in equation (14) obtained from the data of Figure 5.
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Figure 11: Effect of temperature on CH4 and CO production rates, using 200 mg of

Ru 5% wi/w / TiO, catalyst under atmospheric pressure (P = 1bar).

Figure 12: Effect of temperature on hydrocarbons and CO production rates, using

200 mg of Co 15% w/w / TiO, catalyst under atmospheric pressure (P = 1bar).

Figure 13: Effect of temperature on nydrocarbons and CO production rates, using
200 mg of Ru 2% / Co 15% wi/w / TiO, catalyst under atmospheric pressure (P =
1bar).

Figure 14: Effect of the synergy of the catalysts on the hydrocarbons and CO
production rates, using 200 mg of Ru 2% / Co 15% w/w / TiO, catalyst under

atmospheric pressure (P = 1bar).

Figure 15: Effect of temperature on hydrocarbons and CO production rates, using

200 mg of Ru 2% / Co 15% w/w / TiO, catalyst for several pressure values (in bar).

Figure 16: Schultz — Flory analysis for the experimental data of the Ru 2% / Co 15%
w/w / TiO; catalyst, where DP = 1.12 is obtained.

Figure 17: Schultz — Flory analysis for the experimental data of the Ru 2% / Co 15%

w/w / TiO; catalyst (ignoring the methane), where DP = 1.3 is obtained.
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Schultz - Flory (DP=1.12) VS Experimental Data (Ru 2% / Co 15% / TiO,)
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Schultz - Flory (DP=1.3) VS Experimental Data (Ru 2% / Co 15% / TiO;)
(lgnoring methane)
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