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Titania-supported ruthenium (Ru/TiOz) is an established catalyst for the hydrogenation of carbon dioxide to
methane (Sabatier reaction). Chlorine contamination, owed to the RuCl_ precursor, is demonstrated to have a
detrimental impact on methanation activity. After calcination and reduction the catalyst contains residual chlo-
rine, shown by XPS. An aqueous ammonia wash removes Cl without leaching Ru. The washed catalysts exhibit
improvements in CH  site-time yields. Low Ru loading catalysts encounter the greatest activity enhancements af-
ter washing (~4.5-fold). DFT calculations indicate that chlorine and CO_ directly compete for adsorption on Ru

step sites, with Cl impeding the adsorption of CO_ at under-coordinated sites and at higher CI coverages. H_-
chemisorption/TPR show that Cl removal lowers the onset of low temperature H_ dissociation on Ru. DRIFTS
provide evidence that the removal of Cl facilitates low temperature dissociative binding of COz, indicated by the
formation of surface bound linear CO species.

1. Introduction

Methanation, also known as the Sabatier reaction, has been the fo-
cus of intense study for integration with renewable hydrogen and en-
ergy (wind/solar) as a product for scavenged atmospheric carbon diox-
ide [1]. Methane is a favorable equilibrium product below 300 °C when
carbon dioxide is combined with hydrogen: CO, + 4H, — CH, + 2H,0.
Finding high activity catalysts that preform methanation at low temper-
atures is important to reduce the energy consumption of the Sabatier
process [1]. Catalyst-support combinations have been recently re-
viewed in detail for the methanation reaction [2]. Ruthenium-
supported catalysts consistently show the highest activity at low tem-
perature (~200 °C). Furthermore, Ru/TiO2 catalysts exhibit lower tem-
perature light-off than Ru supported on other refractory metal oxides
(e.g., SiO » ZrO » and Al 20 ). In a seminal example, Grétzel and cowork-
ers demonstrated that Ru/T: io, catalysts were active for methanation,
even at room temperature [3]. More recently, it has been established
that the thermal history [4], crystalline phase of the support [5], metal
nanoparticle size [6], metal-support interaction [7], exposed crystal
facets [8], and the presence of support-grafted ligands [9,10] have sig-
nificant impacts on the conversion and selectivity during carbon diox-
ide reduction.

« Corresponding author.

https://doi.org/10.1016/j.apcata.2023.119292

Additionally, the choice of metal precursors can impact the activity
of the catalyst. Ruthenium based precursors used to synthesize metha-
nation catalysts often include ruthenium chloride (RuCl3), ruthenium
nitrosyl nitrate (Ru(NO)(NOs) 3), and ruthenium acetylacetonate
(Ru(acac),). RuCl, is the starting point for the majority of Ru
chemistries and represents the most industrially prepared Ru complex
[11]. Ru(NO)(NO 3)3 and Ru(acac) 5 are obtained through excess ligand
exchange of RuCl3 in a solution of acid or base [11]. Thus, additional
processing steps are required to obtain ruthenium nitrate or acetylacet-
onate salts. The added synthetic complexity is captured in the cost of
the precursors (RuCl3 ~ $60-g Ru-1, Ru(NO)(N03)3 ~ $170-g Ru-1,
Ru(acac), ~ $400-g Ru-1; Data retrieved from Sigma-Aldrich on May
8th, 2023). Therefore, if sufficient activity is attainable from RuCl3 de-
rived catalysts, significant synthetic cost advantages could be realized.
Currently, no systematic studies relating ruthenium precursors to
methanation activity are available. However, some work has been done
comparing ruthenium precursors for ammonia synthesis catalysis.
Nanba and coworkers generated Ru/CeO, catalysts using nine ruthe-
nium precursors. While no morphological impacts were observed when
changing the ruthenium precursor, the catalytic activity trended well
with reducibility (probed by temperature programmed reduction).
Their study showed that the catalyst derived from RuCl 3 had lower per-
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formance when compared to Ru(NO)(N03)3 and Ru(acac)3 [12]. Wei
and coworkers found that Ru/Al O , ammonia synthesis catalysts were
negatively impacted by the presence of residual or added chlorine. The
lower activity was attributed to site-blocking at hydrogen adsorption
sites. It was also noted that Cl did not impact the resultant metal
nanoparticle size [13]. The impact of residual chlorine has also been
studied in the context of ruthenium catalysts for the hydrogenation of
aromatics where residual chlorine had a poisoning impact on the
Ru/ALO, catalyst. The authors showed that removal of Cl through
washing recovered the desired hydrogenation activity [14].

While early descriptions of Ru/TiO, methanation catalysts alluded
to the importance of Cl removal [3,15], no systematic evaluation of
residual chlorine has been undertaken in the context of continuous
methanation. Among Ru/TiO, methanation studies, catalyst prepara-
tions can be divided into three main groups: (i) chlorine-containing pre-
cursors are used without washing [16-20], (ii) chlorine-containing pre-
cursors are used with a subsequent washing step [3,7,15,21,22], or (iii)
chlorine-free precursors are used [23,24]. Thus, a systematic evaluation
of chlorine contamination on Ru/TiO_ is needed to clarify activity
trends in the existing literature, to confirm the necessity of Cl removal
when generating catalyst from metal chlorides, and to reduce the cost
of future methanation catalysts.

In this report, Cl removal (via washing) is demonstrated to have a
positive impact on low temperature methanation over Ru/TiO_ cata-
lysts. The morphology of the catalyst was unaffected by Cl removal. The
methane formation rates increased dramatically for all washed catalysts
as compared to unwashed catalysts. In situ diffuse reflectance infrared
spectroscopy demonstrated that Cl blocks the adsorption and dissocia-
tion of CO, to CO in H_ at Ru active sites, which was corroborated by
density functional theory calculations and described in this contribu-
tion. Additionally, Cl inhibited hydrogen chemisorption and low tem-
perature reduction of the metal sites.

2. Materials and methods
2.1. Chemicals and supplies

Ruthenium chloride (RuCl 3-2.78 H 2O, Alfa-Aesar, 99.9 % trace
metal basis), hydration determined by thermogravimetric analysis
(TGA, Fig. S1) [25], titania (TiOz, Johnson Matthey, 500 um spheres)
and ultrapure water were used for incipient wetness impregnation
(18 MQ-cm). An aqueous ammonia solution (NH 4OH, Sigma-Aldrich,
28-30 %) was used to wash the catalyst. Silver nitrate (AgNO » Sigma-
Aldrich, >99.0 %, ACS reagent) was used to evaluate the presence of Cl
in the effluent ultrapure water after the wash. Quartz chips (Si02, Saint-
Gobain, 800-1000 um) were used to dilute the catalyst in activity tests.
Quartz wool (Technical Glass Products, 5-15 um fibers) was used to
support the catalyst during chemisorption studies. All gases were sup-
plied by Matheson as ultra-high purity or certified gas mixtures.

2.2. Catalyst synthesis

Ru/TiO, catalysts were formed using incipient wetness impregna-
tion (IWI). The appropriate solution volume (Vj;) was calculated by
Eq. 1,

Vigr = Vp*m*l (€))]

where the total pore volume, V), was measured by cryogenic nitro-
gen physisorption (Nz-physisorption), m was the mass of the support,
and / was the number of impregnation treatments (/ = 2 for the dou-
ble impregnation, employed here). RuCl, was added to the solution vol-
ume of water and stirred until dissolved. Half of the solution was then
slowly added onto the dry TiO,, support under vigorous stirring. The
mixture was then dried at 110 °C. Once dry, the same procedure was re-
peated. After drying, catalysts were calcined at 300 °C (ramp =
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10 °Cmin-1, hold = 3 h) in flowing air in a muffle furnace to drive the
oxidation of RuCl3 to RuO2 [26]. After calcination, the catalyst was
marked unwashed. Thus, the catalysts were referred to as Ru/TiO,_-M-
uw where ‘M’ represents the nominal metal loading (wt%) of Ru and
‘uw’ identifies the sample as unwashed. For comparison, half of the ob-
tained unwashed catalyst was exposed to an aqueous ammonia wash.
During the washing step each sample was washed with 500 ml‘gcmf1 of
0.1 M NH,OH over 5 min. Afterwards, the catalyst was rinsed with
500 ml of water and 0.200 g of AgNO, was added to the effluent to visu-
ally assess the presence of chlorine compounds. No cloudiness was ob-
served after the washing treatment, indicating no additional chlorine
removal occurred during the rinse. Catalysts were then dried at 110 °C
and marked Ru/TiOz—M—w (‘w’ indicates the washed catalyst). Com-
plete experimental details are provided in Table S1.

2.3. Catalyst testing

A plug flow microreactor (Micromeritics, Effi) was used to evaluate
catalyst activity. In a typical experiment, 0.100 g of catalyst and
0.500 g of Si0, were mixed and supported on an internal stainless-steel
frit within a stainless-steel reactor tube (9 mm inner diameter). A K-
type thermocouple, resting in the bed of catalyst, controlled the
clamshell furnace temperature. Mass flow controllers delivered the re-
action gases. An online Fourier transform infrared (FTIR) detector (Cal-
ifornia Analytical Instruments, 600 FTIR) continuously monitored efflu-
ent gas concentrations. Catalysts were reduced in situ by heating from
25 °Cto 300 °C (ramp = 10 °Cmin-1, hold = 60 min) under 20 sccm H2
and 180 sccm Ar. After cooling to 100 °C, the catalyst was bypassed and
reactive gases began to flow to the online FTIR detector at 10 sccm CO_,
50 sccm H i and 140 sccm Ar for 30 min to establish a stable feed com-
position. Once a stable signal was obtained (30 min), reactive gas was
sent to the catalyst. The reactor was then heated in increments of 25 °C
and held for 30 min at each temperature until 300 °C (ramp =
10 °Cmin-1) to obtain steady state CO, conversion. In all experiments,
CH, was the only product observed with no CO detected, thus the selec-
tivity for CH , was 100%. Carbon balances were between 99 % and 101
%. Fractional conversion of CO, was calculated from Eq. 2,

Y= FCOZ,in - FCOz,aut (2)

FCOZ,in

where £ co, was the molar flowrate of CO2 (mol CO2-s—1) obtained
from the IR detector. Site-time yield (STY) to CH . (mol CH 4~(mol
Rus)-1) was calculated by Eq. 3,

Feo,in*X

STY ey, = : 3

Ru gy

M
8ecat * 100 *

where 8car was the mass of catalyst (g), M was the nominal metal
loading of Ru (wt%) and Ru,,, was the atomic mass of ruthenium
(101.07 g'mol-1).

2.4. Characterization methods and details

All characterization experiments were conducted on calcined mate-
rials, unless otherwise stated. Powder X-ray diffraction (PXRD) data
were collected (Rigaku Corporation, Ultima IV) with Cu Ko source
(40 kV, 44 mA). Diffraction patterns were collected in the 26 range of
20-80° at a scan rate of 4*min-1.

X-ray photoelectron spectroscopy (XPS) data provided elemental ra-
tios of Ti, Cl, and Ru (PHI, VersaProbe III model 5000). Samples were
crushed into a fine powder and pressed onto conductive carbon tape.
The tape was placed on a gold coated quartz slide for analysis. XPS data
were obtained using Al Ka radiation. XPS spectra were calibrated with a
Au standard material, which was cleaned via Ar-ion sputtering in situ.
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The raw atomic ratios had an estimated + 5% error due to surface in-
homogeneities, surface roughness, and literature sensitivity values for
peak integration.

Nitrogen physisorption (N2-physisorption) isotherms were collected
at — 196 °C (Quantachrome Instruments, Quadrasorb). Approximately
0.25 g of sample was weighed into clean/dry sample tubes. A filler rod
was added to displace dead volume. Prior to analysis, samples were de-
gassed under vacuum for 6 h at 200 °C. After degassing, samples were
re-weighed to evaluate the removal of water and physisorbed species.
The final dry mass was recorded and used to normalize the nitrogen ph-
ysisorption quantities. Specific surface area (SSA) was determined us-
ing the Brunauer—Emmett—Teller (BET) method and was evaluated for
consistency with the Rouquerol criteria (Table S2) [27]. Total pore vol-
ume was evaluated at a relative pressure of P/P 0 = 0.98 [28]. The sur-
face area and pore volume measurements had an estimated error of + 5
% due to small variations in sample mass.

Temperature programmed reduction (TPR) was evaluated using a
temperature-controlled system (Altamira Instruments, Altamira-300)
equipped with an online thermal conductivity detector (TCD). Prior to
analysis, a clean/dry quartz U-tube was loaded with a plug of quartz
wool. The plug was adjusted to the same height as the thermocouple
(located on the outlet side of the tube). Samples were weighed
(0.050-0.150 g) and loaded. An adjustable clamshell furnace was se-
cured around the U-tube and the height was confirmed to be the same
for all samples. All flowrates were 50 sccm and ramp rates were
10 °C'min-1. Samples were heated to 300 °C in He (hold = 60 min) to
remove adsorbed moisture and contaminants. The sample was then
cooled to 30 °C in He. Once the temperature stabilized at 30 °C, flow of
4 % H,/Ar was started. The sample was heated to 300 °C and reduction
was measured by H, consumption on the TCD. Water, formed during
the reduction, was removed from the stream using a dry ice trap. After
reduction, the sample was held at 300 °C under Ar flow for 60 min to re-
move gas phase and surface bound hydrogen. The sample was then
cooled to 50 °C in Ar prior to pulsed chemisorption of H, (pulses of
1ml, 4 % H /A Chemisorbed quantities of hydrogen (H,-
chemisorption) were calculated as the difference between the pulse
area and breakthrough area (assigned as the point when the pulse area
increased by less than 5 %). Chemisorption measurements had an esti-
mated error of + 5 % due to small variations in sample mass.

Selected samples were evaluated by diffuse reflectance Fourier
transform infrared spectroscopy (DRIFTS). DRIFTS spectra were col-
lected using an FTIR detector (Thermo-Nicolet, iS50) equipped with a
heated sample cell (Harrick, Praying Mantis). A sample of dehydrated
KBr in flowing N, at 25 °C was used as the background and subtracted
from each spectrum. The spectra were acquired using 32 scans at a reso-
lution of 4 cm-1. During each experiment, the sample was pretreated
with 2.5 % Hz/N2 (200 sccm) while ramping at 10 °C:min-1 to 300 °C
and holding for 60 min before cooling to 25 °C. Gas flows were then
switched to 5 % H2/N2 (100 sccm) and 1 % COZ/He (100 sccm), to ob-
tain a 5:1 ratio of H_:CO,. Samples were then heated in 25 °C incre-
ments to 250 °C, ramping at 10 °C:'min-! between each setpoint and
holding at each temperature for ~7 min to obtain the spectra.

Selected samples were imaged with transmission electron mi-
croscopy (TEM) and scanning TEM with energy dispersive X-ray spec-
troscopy (STEM-EDS). For particle size analysis, samples were reduced
ex situ at 300 °Cin 4 % H, for 60 min. Samples were then drop-cast onto
carbon-coated copper grids (Ted Pella part no. 01824) or Lacey Carbon
(Ted Pella part no. 01895-F) from an aqueous suspension. Imaging was
performed (FEI Company, Tecnai G2-30) at 300 kV. Image analysis was
conducted using the ImageJ software [29]. Ru particle size distribu-
tions were manually measured on ~100 particles.

A TGA (Setaram, SETSYS Evolution) provided the composition of
the of RuCl3‘xH20 precursor used in catalyst synthesis. Specifically,
0.050 g of RuC13~xH2O was loaded and 50 sccm of N, flow was estab-
lished. The sample was then heated to 950 °C at 10 °C-min-1.
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Scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS) was performed (Evex, Mini-SEM) at an accelerating voltage
of 20 kV to obtain the composition of the washed catalysts. The Ru La
(2.60 keV) and Ti Ka (4.51 keV) emission lines were used to quantify
the molar ratios of Ru and Ti. Due to the EDS overlap between Ru La
and Cl Ka (2.62 keV), only the washed (Cl-removed) samples were ana-
lyzed to minimize the impact of convoluted Ru and Cl signals. EDS was
conducted at several spots for each sample at a 50 X magnification,
which constituted an area of ~2 mm X 2 mm (~30 catalyst particles),
giving an average molar Ru/Ti ratio.

2.5. Computational methods and details

All density functional theory (DFT) based simulations were per-
formed using the Vienna ab initio Simulation Packages (VASP) code
[30-33] and employed the RPBE functional [34]. Projector augmented
wave potentials [35,36] were used for core-valence treatment with the
plane-wave cutoff energy set to 400 eV. The Brillouin zone sampling
was performed using a 4 X 4 X 1 Monkhorst-Pack [37] k-point grid.
The Gaussian smearing scheme with a width of 0.1 eV was utilized for
surfaces. Geometry optimizations were conducted with a self-consistent
electronic convergence limit of 1 x 10-8 eV and an ionic convergence
limit of 0.05 eV-A-1 for unconstrained atoms. Periodic surface slabs of
close-packed hcp-Ru (0001) and stepped hcp-Ru (10710) facets were con-
structed with a thickness of three layers and unit cell sizes of 3 X 3 (9
surface atoms) and 2 X 2 (4 surface atoms) to compute the Cl coverage
dependence on the formation energies of CO y The bottom two layers
of all surface slabs were held fixed at the optimized bulk lattice con-
stant while the top layer was allowed to relax until convergence. Di-
pole corrections were applied in the surface-normal direction to all pe-
riodic surface slabs.

To investigate the effect of adsorbed chlorine contaminants on the
stability of adsorbed CO_, the formation energies of CO_ was computed
in the absence of adsorbed chlorine (0 monolayer (ML) C1*) and at in-
creasing Cl coverages of 1/9 ML and 1/4 ML on the Ru (0001) and 1/
3 ML on the Ru (1010) surfaces. Calculations showed that Cl stably ab-
sorbed in the three-fold hollow site of Ru (0001) and (1010) surfaces.
Stable configuration site sampling of CO_ adsorption was evaluated
on high symmetry Ru sites with adsorbed Cl present and absent on
the Ru surfaces. The binding energy of Co, and H, on Ru were com-
puted using elemental formation energies of C, H and O, where the C
formation energy was referenced to CH, - 2H__, H was referenced

4(g) 2(g)’
to 1/2H_, , and O was referenced to HO - 2H_, ..
2(g) 2 2(g)

3. Results and discussion

Incipient wetness impregnation of RuCl ,on TiO, was utilized to syn-
thesize Ru/TiO, catalysts. The crystalline phase composition of the cal-
cined low (Ru/TiOz—l.O), medium (Ru/Ti02—2.5), and high (Ru/TiOz—
5.0) loading Ru/TiO ; catalysts, unwashed (uw) or washed (w) with
aqueous ammonia, was assessed using PXRD. PXRD indicated the pres-
ence of the same crystalline phases for both the unwashed and washed
materials after calcination (Fig. 1). For both the unwashed and washed
samples, only reflections associated with the parent TiO , support were
observed (10.8 % rutile, balance anatase). No additional reflections as-
sociated with crystalline RuO , species were observed, suggesting a high
dispersion of Ru nanoparticles across all three metal loadings for both
the unwashed and washed samples.

Nz-physisorption isotherms were collected to evaluate the catalyst
surface area and pore volume (Fig. S2). All samples exhibited type II
isotherms ascribed to the presence of a small quantity of micropores
(low pressure knee) followed by monolayer and multilayer adsorption
as the relative pressure approached P/P_ = 1. Compared to the TiO,
support, surface areas slightly decreased with the addition of Ru (Table
1) due to the increased sample density owed to increasing Ru content.
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Fig. 1. Diffractograms of unwashed (left) and washed (right) Ru/TiO2 catalysts after calcination. Calculated diffraction patterns for anatase, rutile, and Rqu phases

are included for reference.

Table 1
Physicochemical properties of the unwashed and washed catalysts by XPS and
NZ-physisorption.

Ru/Tiratio  Cl/Tiratio® SSA(m?g -1) V_(ecm3g -1)
(a) () cat (G et
Catalyst uw w uw w uw w uw w
TiO2 0.000 - 0.010 - 52 - 0.36 4
Ru/TiOz-l .0 0.023 0.018 0.025 0.007 49 51 0.34 0.35
Ru/Ti02-2.5 0.038 0.040 0.024 0.006 49 51 0.34 0.35
Ru/Ti02-5.0 0.054 0.047 0.031 0.013 48 49 0.32 0.33
Ru/Ti02-2.5- 0.032 0.035 0.033 0.011 - - - -
red

(@High-resolution Cl 2p, Ru 3d, and Ti 2p XPS;

(®Specific surface area calculated using the BET criteria;

(©Total pore volume calculated a P/P 0 = 0.98. Dash (-) indicates that quantities
were not measured.

Washed catalysts had slightly higher surface areas and pore volumes
compared to unwashed catalysts but were within the experimental er-
ror of the measurement. Collectively, the results from PXRD and N,-
physisorption indicated that the unwashed and washed catalysts were
crystallographically and structurally similar; the addition of increased
ruthenium did not result in bulky crystallites or pore blockage.
Catalyst composition was estimated using SEM-EDS on the washed
samples. The obtained Ru loading was close to the anticipated quantity
(Fig. S3). The surface composition of Ru and Cl was evaluated by XPS.
The bare TiO A had a small native quantity of Cl (Table 1) which was at-
tributed to the TiO 5 chloride process [38]. For the Ru/TiO_ catalysts the
chlorine content, shown in the Cl 2p region, drastically decreased after
washing (Fig. 2). The signal around 198.9 eV was assigned to chloride
species, which is consistent with the presence of ruthenium chlorides
[39]. For the Ru/TiO 2-1.0 and Ru/TiO 2-2.5 catalysts, complete removal
of Cl was achieved by washing (comparing the Cl/Ti values in Table 1:
[cyTi - [C/Ti -CUTi, 02,uw]]-[Cl/T i 1-1-100 %). For the Ru/TiO,-
5.0 catalyst, ca. 90 % of Cl was removed. A reduced sample (Ru/TiO Y
2.5-(uw/w)-red, note: “red” is an abbreviation for “reduced”) was also

—_— guﬁigz—g.g—uw—red —_— Euﬁigz—g.g—w—red
T RUTIO2 5w 200 200 . RUTIO25w
— RU/TiOy-1.0-uw — RUTIO>-1.0-W
el S
s [\‘ s
% . M n 2 -
Py Lw P " ¢ ]
5 Image Re M, 1ICEemMenst DE Frocesse(
I T LT T | E | VMY P i A
210 205 200 195 210 205 200 195

Binding Energy (eV)

Binding Energy (eV)

Fig. 2. XPS spectra of the Cl 2p region for unwashed (left), washed (right), and reduced Ru/TiO2 catalysts. Note: “red” is an abbreviation for “reduced”.
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evaluated by XPS. After reducing at 300 °C in 4 % H, for 60 min, no sig-
nificant change in the Cl signal intensity was observed when comparing
(i) unreduced-unwashed to reduced-unwashed samples and (ii) unre-
duced-washed to reduced-washed samples. Thus, Cl removal was pro-
moted by the aqueous ammonia wash and not, to an observable extent,
by reduction at 300 °C. In the Ru 3d region (Fig. S4) increasing intensity
of the Ru 3d5/2 peak near 280.9 eV and 280.7 eV for the respective un-
washed and washed catalysts evidenced increasing surface concentra-
tion of Ru at higher loadings. Thus, a minimal loss of Ru was observed
after washing the catalysts (Table 1). The 0.2 eV downshift in the Ru
3d5 - peak after washing was consistent across all samples. The down-
ward shift in binding energy after washing indicated that the Ru species
were partially reduced, which could be related to the removal of Cl
species (Binding energies for unsupported RuCl_, RuO_, RuO_, Ru are
282.4, 282.38, 281.37, and 279.75 eV, respectively) [39]. In the Ti 2p
region (Fig. S5) peaks blue-shifted ( 0.2 eV) for the washed catalysts.
Similar Ru induced electronic modifications on TiO_ have been attrib-
uted to higher electron charge density at Ti atoms and non-
stoichiometric bonding of Ti to O with Ru substitution into the TiO ; lat-
tice [40]. After reduction at 300 °C, however, the peak location re-
turned to 459.5 eV, indicating that the interaction induced by Ru addi-
tion and washing on TiO, was not retained after reduction.

TPR served as a measure of reducible Ru species and as an indica-
tion of the ease of overall H_ activation (Fig. 3). Generally, the reduc-
tion features were attributed to H, consumption by RuO, or RuO_lo-
cated on either rutile or anatase TiO_ [41]. Unwashed materials showed
three reduction features centered around 115 °C (Tlow), 155 °C (Tme d)’
and 190 °C (Thi h). After washing, Tlow shifted ca. — 20 °C for all sam-
ples. T e and . shifted to various degrees depending on the loading
of the sample. Nogtably, T downshifted by ca. -25 °C for Ru/TiO,-5.0-
w. T ., however, was consistently at ca. 190 °C. Wang and coworkers
evaluated the reduction of Ru/T i0, on phase pure anatase and rutile
TiO, supports. For anatase Ru/TiO_, reduction features were observed
at 128 and 150 °C and attributed to surface RuO ; and interfacial RuOX,
respectively. On rutile Ru/TiO,, reduction features were observed at
138 and 185 °C attributed to surface RuO ; and interfacial RuO_species,
respectively [4]. In the current report, the TiO, support was a phase
mixture of anatase and rutile (see Fig. 1). Thus, the Tlow feature was ten-
tatively assigned to surface RuO, species on either anatase or rutile
TiO,,. The T . and T . features were assigned to interfacial RuO_

; ‘med high R
species on either anatase or rutile TiO, .
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The downshifting reduction temperatures for the majority of re-
ducible Ru on washed catalysts indicated that the removal of chlorine
enabled more facile H, activation. Similar behavior has been noted in
the context of chlorine-contaminated cobalt catalysts [42]. The quan-
tity of H2 consumed by the unwashed (Ru/TiOz—l.O—uw, Ru/TiO_-2.5-
uw, Ru/TiO 2—5.0—uw: 122, 277, 610 umol-g-1, respectively) and washed
(Ru/TiOZ-l.O-w, Ru/Ti02-2.5-w, Ru/TiOZ-S.O-w: 123, 268,
605 umol-g-1, respectively) materials during TPR were remarkably sim-
ilar. This result provided confirmation that the total quantity of re-
ducible Ru was not impacted by washing, however, the H, dissociation
activity of the washed Ru sites was greatly improved.

The Ru/TiO, catalysts were tested for methanation at steady state
conditions. Catalysts were first reduced in situ at 300 °C in flowing 10 %
H,. After cooling, a flow of 5:1 H,:CO, in Ar provided a stoichiometric
excess of H ) for the methanation reaction. At this stoichiometric condi-
tion equilibrium CO,, conversion can reach up to 100 % until roughly
300 °C; above 300 °C losses in CO_ conversion and selectivity trade-offs
to CO are probable (Fig. S6). The CO , conversion for the Ru/TiO , cata-
lysts ranged from 0 % to 55 % across the studied temperature range.
Therefore, no equilibrium conversion limitations were observed. Upon
heating, reduction of carbon dioxide to methane was first observed at
200 °C for the Ru/TiO,-1.0-uw catalyst (Fig. 4). The only observed
products during the reaction were CH . and H,O. Activity trends, by
measure of STY (mol CH4~(mol Rus)-1), were Ru/TiOz-l.O-uw
> Ru/TiO,-2.5-uw > Ru/TiO,-5.0-uw. The same activity trend was ob-
served for washed catalysts, where Ru/TiO_-1.0-w was the most active
and Ru/TiO ,-5.0-w was the least. The activity trends were attributed to
the degree of ruthenium dispersion (Table 2), discussed in greater detail
below. As the reaction temperature increased, methane STY continued
to increase. The washed catalysts began converting CO, to CH . around
150 °C (~50 °C lower than the unwashed catalysts). The apparent acti-
vation energies for unwashed and washed catalysts were calculated
from Arrhenius plots (Fig. 5). The average E_  for the unwashed and
washed catalysts between 200 and 275°C was 63.7 = 1.5 and
54.7 + 2.3 kJ'mol-1, respectively. The obtained apparent activation en-
ergy values are close to those previously reported for Ru/TiO_ catalysts
[4,43]. Comparing the STY of unwashed and washed catalysts of equiv-
alent metal loading, activity was most significantly improved at
~225 °C (Fig. S7). At 225 °C, the STY for Ru/TiO2-l.O-W and Ru/TiOz-
2.5-w improved ~4.5 fold compared to the respective unwashed cata-
lysts; the STY for the Ru/TiO,-5.0-w improved ~3.5 fold compared to
the Ru/TiO ,-5.0-uw catalyst. As the temperature increased past 225 °C,
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Fig. 3. Temperature programmed reduction of unwashed (left) and washed (right) Ru/TiO2 catalysts. Vertical lines give reference to the temperature of the respec-

tive peak maximum.
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Fig. 4. Steady state CH, site-time yield for unwashed (left) and washed (right) Ru/TiO2 catalysts at increasing reaction temperatures. Conditions: 0.100 g catalyst,
10 scem CO,, 50 scem H, and 140 sccm Ar, 0.84 bar total pressure. Vertical error bars represent the range of STY over the 30 min hold at each temperature. Hori-

zontal error bars represent temperature deviations during each 30 min hold.

Table 2
Pulsed hydrogen chemisorption results at 50 °C.
H, uptake (umol-g-1) @ H/Ru ratio
Catalyst uw w uw w
Ru/TiOZ-l.O 7.6 32.7 0.15 0.66
Ru/Ti02-2.5 9.8 41.0 0.08 0.34
Ru/TiOq-S.O 4.0 26.9 0.02 0.10

(@Calculated from Hz—chemisorption.

relative activity improvements were less pronounced, which indicated
that the poisoning effect of Cl may be overcome at higher temperatures.
Although activity improvements were not as drastic at higher tempera-
tures, the washed samples outperformed the unwashed samples up to
the maximum evaluated temperature.

Overall, the removal of Cl was determined to be the main difference
between the unwashed and washed catalysts. XPS indicated that the

0
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washing step was far more effective at removing chlorine species com-
pared to reduction of the catalyst at 300 °C in flowing H,. This result is
well aligned with previous findings for Ru/Al,O, catalysts (synthesized
from RuCl 3) where an aqueous ammonia wash was more effective than
thermal reduction up to 730 °C in flowing H , [44]. Thus, an aqueous
ammonia wash presents a potential synthetic advantage compared to
high temperature reduction as metal particle agglomeration [45] or
strong metal-support interactions [46] are avoided. Furthermore, wash-
ing with aqueous ammonia is also reportedly more effective than wash-
ing with water [14]. Previous studies, however, do not provide a mech-
anism for chlorine removal from the catalyst surface during the aque-
ous ammonia wash. A possible mechanisms for the removal of Cl from
various metal/metal oxide systems during the aqueous ammonia wash
is proposed: Upon addition of the 0.1 M aqueous ammonia solution (pH
~ 11), the point of zero charge (PZC: the pH where the net charge of the
particle surface is neutral) is surpassed (PZC for TiO , ~ 6, Al ,0, =9,
Sio, ~ 2) [47] and the catalyst surface becomes more negatively

0
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Fig. 5. Arrhenius plots from 200° to 275 °C for unwashed (left) and washed (right) Ru/TiO2 catalysts. Vertical error bars represent propagated error from STY
measurements. Horizontal error bars represent temperature deviation during each measurement. Linear fits (dashed lines) with R2 > 0.994. Conditions: see Fig. 4.
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charged as the metal/metal oxide surface is deprotonated [48,49].
Thus, negatively charged species (e.g., chlorine) would be repelled and
positively charged species (e.g., RuO ) [50] would be retained on the
support.

To better understand the reason for the pronounced activity differ-
ences, further characterization was employed. The distribution of Ru
nanoparticle sizes of the unwashed and washed Ru/TiO_-1.0 catalysts
were evaluated by TEM and found to be 1.1 £ 0.2nm and
1.8 *+ 1.4 nm, respectively (Fig. S8). The measured nanoparticle sizes
were comparable to previously reported Ru particles on mixed phase
TiO2 [51,52].

Hz-chemisorption provided an estimation of the Ru exposure of the
unwashed and washed Ru/TiO, catalysts. Note that characterization of
ruthenium active sites on titania has proven challenging by CO-
chemisorption [53] (due to particle size dependent CO:Ru ratios) and
by Hz-chemisorption [54] (owed to the possibility of strong metal-
support interactions between Ru and TiO, ). Of the two methods, H,-
chemisorption is generally preferred [54,55]. Additionally, the pres-
ence of electronegative Cl modifies the H_ dissociation properties of
the supported Ru catalysts. Several previous studies report that the
presence of Cl adatoms on high coordination sites or at increasing cov-
erage on the Ru surface can promote a site-blocking or electronic mod-
ulation of the Ru atoms decreasing the overall adsorption strength of
hydrogen during dissociative chemisorption [13,55-57]. Thus, H,-
chemisorption convolves the dispersion of Ru and the amount of resid-
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ual ClI at Ru sites. Therefore, the H2—chemisorption results were treated
as qualitative and were not used to evaluate the dispersion (or
turnover frequency) of Ru. Generally, it was clear that washed cata-
lysts had significantly higher hydrogen uptake as compared to the un-
washed catalysts (Table 2). The increase in H/Ru ratio was approxi-
mately 4-fold for all washed catalysts, which roughly correlates with
the observed activity improvements during methanation. Furthermore,
H/Ru increased at lower metal loadings, owed to increased metal sur-
face area. The lower H_ adsorption on Cl-contaminated Ru/TiO, cata-
lysts correlated well with previous findings.

To further probe CO, activation under reaction conditions, DRIFTS
experiments were conducted on the unwashed and washed catalysts
during in situ CO 8 methanation at 200 °C (Fig. 6). The washed catalysts
(Ru/TiO,-1.0-w and Ru/TiO,-5.0-w) exhibited significantly more pro-
nounced signals in the CO stretching region (1800-2200 cm-1) than the
unwashed catalysts (Ru/TiOz-l.O-uw and Ru/T i02-5.0-uw). Addition-
ally, the enhancement of the CO stretching region was much more obvi-
ous on the Ru/TiO-1.0-w catalysts. The vibration centered around
2000 cm-1 was assigned to linear CO bound to Ru. The small peak
around 2075 cm-1 may be associated with either CO bound to posi-
tively charged, oxidized Ru sites [51], or geminal Ru(CO)2 dicarbonyl
species [4]. Many studies have hypothesized that CO is a key intermedi-
ate in the CO R methanation process [22,51]. Thus, enhanced CO forma-
tion over washed catalysts corroborates the steady state methanation
experiments, where the washed catalysts demonstrated greater activity
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Fig. 6. DRIFTS spectra of Ru/TiOz—l.O and Ru/TiOz—S.O during in situ methanation. Conditions: 100 sccm 5 % H/N, and 100 scem 1 % COZ/He at 200 °C. Atom color

representations: Ru (magenta), C (black), and O (red).
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than the unwashed catalysts, and the extent of this improvement was
more pronounced for Ru/TiO_-1.0-w compared to Ru/TiO_-5.0-w. Tem-
perature dependent DRIFTS spectra were collected for each sample
(Fig. S9). The onset of CO formation was room temperature for the
Ru/TiO,-1.0-w catalyst and ~75 °C for Ru/TiO,-1.0-uw which roughly
coincides with the shift in light-off temperature observed during the
steady state methanation tests.

DFT calculations were conducted to evaluate co, adsorption on Ru
surfaces at 0, 1/9 and 1/4 ML of adsorbed Cl on close-packed hcp-Ru
(0001) and at 0 ML and 1/3 ML on the flat hollow site in close-packed
Ru (1010) surfaces to evaluate the qualitative effect of Cl contamina-
tion. The calculations indicated that CO_ preferentially adsorbed at Ru
bridge sites when no (0 ML) or low (1/9 ML) CI coverage was present
on the surface (Fig. 7). At higher CI coverages (1/4 ML), however, the
calculations showed that CO , Was destabilized by 130 kJ-mol-1 indicat-
ing that higher concentrations of Cl contaminants contribute to weak-
ening and inhibition of CO_ binding on Ru surfaces. Moreover, CO_ was
found to adsorb even stronger at the step site on Ru (1070) than the flat
hollow site in close-packed Ru (0001) (AG o2 | step. —66 kJ-mol-1
versus AG_ .. | gt = 34 kJ'-mol-1, where negative AG denote stronger
adsorption). In the presence of adsorbed Cl (1/3 ML) on stepped Ru,
the binding energy of CO, was destabilized by 89 kJ'mol-1 compared
to no Cl (0 ML) on Ru (1010) indicating that CI could capably weaken
even preferentially strong binding edge sites for CO_. The calculations
further showed that Cl energetically had the same edge adsorption site
preference (step-bridge site of Ru (1010)) as CO y Based on these quali-
tative trends, it is postulated that Cl at higher contaminant concentra-
tions likely competes for edge and other defect or under-coordinated
sites on the Ru and blocks access for CO_ adsorption. These computa-
tional results corroborate the findings from DRIFTS, which indicate
that CI blocks active sites that are essential for Cco, adsorption and the
methanation reaction.

4. Conclusions

An aqueous ammonia wash removed significant Cl quantities from
Ru/TiO, catalysts (XPS). Unwashed catalysts were morphologically
similar to washed catalysts (XRD, N z—physisorption, TEM). The removal

of Cl resulted in ~4.5x methanation activity boost for catalysts with
small Ru nanoparticles at 225 °C. The observed improvement in activity
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was attributed to lower temperature activation of H, (TPR, H,-
chemisorption, DFT) and increased activation of CO N (DRIFTS). Chlo-
rine and CO A preferentially occupy step sites on Ru nanoparticles (DFT),
thus Cl removal increased Co, adsorption. Essentially, Cl blocks the ac-
tive sites on Ru that are directly involved in the process of CO_ hydro-
genation. Removal of Cl contamination drastically improved the overall
activity of the Ru/TiO R catalyst at low temperature. This study provides
guidance for future catalyst syntheses and probes important contami-
nant-catalyst properties in the context of carbon dioxide utilization.
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