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ABSTRACT: In heterogeneous catalysis, unexpected effects from the supposedly inert
reactor dilutant are not rare but related understanding is lacking and inconsistent. Here, we
report investigations of the impacts of the anatase TiO, dilutant on the reverse water—gas
shift (rfWGS) reaction over Pt/AL,O; catalysts. Combining detailed kinetic data with
microscopic and spectroscopic results, we demonstrate that the catalyst—dilutant
communication depends on temperature. At a high temperature (400 °C), Pt migrates
from Al,O; to TiO,, resulting in higher dispersion and activity, without changing reaction
mechanisms. Pt migration is general to catalysts of different Pt nuclearity and various oxide
dilutants. In contrast, at a low temperature (250 °C), carboxylic acids (in particular acetic
acid) present in the ambient air and adsorbed on TiO, are transferred onto AL, O; in close
contact, effectively blocking the formate rfWGS pathway. As a result, the rtWGS can only
proceed through the carboxyl pathway and hence is significantly slower. The acetate transfer
affects catalysts of different Pt nuclearity and support but is unique to the anatase TiO,
dilutant. As the acetate layer is slowly removed under H, or the rWGS stream, the activity
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recovers. This work elucidates the complicated communication between catalysts and dilutants, which has general implications in
heterogeneous catalysis and resolves the inconsistency in related reports in the literature. The impacts that anatase TiO, dilution has
on the rtWGS also unveil mechanistic understanding that further confirms the two co-existing rWGS pathways.

KEYWORDS: catalyst-dilutant communication, platinum, anatase titania, metal migration, acetate, reverse water—gas shift,

CO, hydrogenation

1. INTRODUCTION

Reactions on the supported metal catalysts often require
synergy among components. Metal—support synergy is a
prominent example that has been extensively investigated.' ™
As a result, it has been well established that the support can be
more involved than being the innocent matrix to disperse the
metal and regulate its structural/electronic properties.””””
Support surfaces can also participate in reactions directly
through communication with the metal, in ways such as H
spillover and intermediate shuttling.“’w_12 Besides, in practice,
catalysts are often diluted with another material to avoid heat
and/or mass transfer concerns, which further complicates the
picture."”'* Although the dilutant should always be inert for
the reaction, in many cases, the dilutant is not as inert as it is
supposed to be."””'® The unexpected catalyst—dilutant
synergy suggests that the catalyst can also communicate with
the dilutant, which could affect the reactions significantly but is
not yet thoroughly explored. In addition to the fundamental
interests, understanding such a phenomenon could also open
novel opportunities for improving the catalytic efficiency
without consuming extra noble metal.'”~>*

Literature reports regarding the catalyst—dilutant commu-
nication, despite being limited in quantity, show the
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complicated nature of the phenomenon. Only in hydro-
genation catalysis, multiple concepts were invoked to explain
divergent results. It has been proposed that H can spill over
from metal sites on the catalyst to the dilutant, which
rationalizes observations such as the higher rates after the
dilution,” ~*° and the dilutant being active when not directly in
contact with the catalyst.'” > Nonetheless, such claims could
be myths instead of facts as alternative explanations were often
neglected'®*"*® and thermodynamically, H spillover onto
irreducible supports is not likely.'”***” Meanwhile, the
opposite effect, that is, that the dilutant suppresses the
catalytic turnover, has also been reported and attributed
vaguely to carbonaceous species on the dilutant contaminating
the catalyst."®*® Besides H and “carbon contaminants”, metal
can also migrate between the catalyst and the dilutant during
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reactions such as the reverse water—gas shift (rWGS), that is,
CO, hydrogenation to CO, increasing the dispersion and
reaction rate.”””” The diverging and often contradictory
literature results indicate that multiple catalyst—dilutant
communication pathways are intertwined and thus hinder
their respective reliable investigations. As a result, a detailed
understanding of these phenomena, for example, the identity of
the “carbon contaminants”, whether and how H spillover
occurs, and how these migrated species impact catalysis, is
difficult to acquire and hence almost non-existent.

Here, we report on the effects of anatase TiO, dilution on
Pt/Al,O;-catalyzed rWGS, a reaction of both practical interest
for carbon mitigation and fundamental interest for under-
standing hydrogenation and water—gas shift catalysis. The
initial intention was to elucidate whether TiO, participates in
the rWGS by accepting H or other intermediates, but the
intended study was interfered by the observation that both Pt
and adsorbed acetate on TiO, can move between TiO, and
Pt/AlL,O;, which have significant impacts on the reaction and
thus demand a detailed investigation. We discovered that Pt
migration requires 400 °C, increasing Pt dispersion and activity
but not changing the rWGS mechanism, and occurs with a
wide range of Pt species and dilutants. Acetate transfer can
occur at 250 °C, deactivating Pt/Al,O; by blocking the
formate rWGS pathway and is mostly unique to anatase TiO,.
Details regarding the two processes and the implications on the
rWGS mechanism were also studied and discussed. These
results provide an intriguing understanding on the catalyst—
dilutant communication, which has implications to a broad
range of catalytic reactions beyond the rWGS. Besides, TiO,
dilution offers a unique opportunity to deconvolute the two co-
existing rWGS pathways, generating evidence that helps
elucidate the mechanism.

2. RESULTS

2.1. rWGS at 400 °C: Pt Migration Enhancing Activity
with Identical Mechanism. To investigate the catalyst—
dilutant communication, 2 wt % Pt/Al,O; (synthesized by
incipient wetness impregnation, herein referred to as “Pt/
Al,05”) was mixed with varying amount of anatase TiO, (“A-
TiO,” or “Ti0,”) nanopowders (d ~ S nm, BET surface area
~ 316 m*/g, Table S1) and ground thoroughly with a pestle to
ensure close physical contact. Then, the mixture was tested for
the TWGS at 400 or 250 °C under ambient pressure and
compared with Pt/Al,O; only. All catalysts exhibit >99% CO
(rWGS) selectivity in all tests. A-TiO, by itself exhibits
negligible activity without Pt/Al,O, (Figure S1). Kinetic data
at 400 °C are presented in Figure 1. Figure la shows that as
the dilution factor, defined as the mass ratio between A-TiO,
and Pt/Al, O3, increases from 0 to 10, the stabilized per-total-Pt
rWGS rate (not TOF) at 400 °C (blue, Figure S2a showing
the rate vs time-on-stream, TOS, data with an induction period
of ~1 h) increases monotonously. After the rate stabilized at
400 °C, the system was cooled down to 250 °C, all samples
show a stable rWGS rate (Figure S2b), and the positive
correlation between the rate and the dilution factor persists
(red).

To understand why TiO, dilution enhances the per-Pt rate,
kinetic parameters of the rWGS were measured at 250 °C after
the 400 °C reaction. Figure 1b shows that neither the apparent
activation barrier (Ea,app, red) nor the dependence of the rate
on the partial pressure of the reactants (blue for H, and green
for CO,), that is, reaction orders, is altered by TiO, dilution.
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Figure 1. Kinetic data of the rWGS reaction over diluted Pt/Al,O;
catalysts at 400 °C (blue) and at 250 °C after cooling down from 400
°C reaction (red). Panel (a) shows the stabilized per-total-Pt rWGS
rate with a varying amount of A-TiO, as the dilutant (rate vs TOS
data shown in Figure S2a,b). Panel (b) summarizes kinetic parameters
[red: E, spp blue: H; order, green: CO, order, black: the natural log of
the pre-exponential factor (A) multiplied by S] at 250 °C after 400 °C
reaction, with a varying amount of A-TiO, as the dilutant (fitting plots
shown in Figure S3). Panel (c) shows the stabilized per-total-Pt rate
with various oxides of 10 times the mass of Pt/Al,O; as the dilutant
(rate vs TOS data shown in Figure S2c,d). Panel (d) shows the ratio
between the rate on Pt/Al,O; of various Pt loading with and without
A-TiO, of 10 times the mass of Pt/Al,O; as the dilutant, that is., the
level of the rate enhancement effect due to A-TiO, dilution (rate vs
TOS data shown in Figure S2e,f). Reaction conditions: 400 or 250
°C, CO,/H,/He = 1:4:15, total flow rate = 40 sccm, m(Pt/ALO;) = 3
mg in the mixture, further diluted with 100 mg 70 mesh SiC.

Only the pre-exponential factor (A, black) increases with the
dilution factor, implying that TiO, dilution does not alter the
reaction mechanism. Instead, it likely increases the number of
active sites, that is, Pt dispersion. Scanning transmission
electron microscopy (STEM) was used to test the hypothesis.
Figure 2 shows that on Pt/Al,O; + A-TiO, used in 400 °C
rWGS, small Pt clusters (d = 0.9 + 0.2 nm, Figure 2a) were
found in regions unequivocally identified as TiO, by energy-
dispersive X-ray spectroscopy (EDX, Figure 2b). Features
resembling single Pt atoms were also found in regions that are
likely TiO, (Figure 2c). In addition, Pt clusters of d = 1.0 + 0.2
nm were identified on AL O; (Figure 2d,e). For a comparison,
on non-diluted Pt/Al,O; used in 400 °C rWGS, we found
larger Pt clusters of d = 1.4 + 0.2 nm and no single Pt atoms
(Figure 2f). The comparison of the two samples suggests that
some Pt migrate onto TiO, during the rtWGS, increasing Pt
dispersion, and thus the reaction rate. The observation is
surprising as the intersupport-particle migration of noble
metals has been rarely recognized under reducing atmospheres
or at <600 °C."> We note that noble metals are known to be
more active for the rWGS on TiO, than on Al,O; despite
following the same mechanism, as more metal—support
interfacial (MSI) sites can be formed on reducible supports.*’
This likely also contributes to the higher pre-exponential factor
and thus the higher rWGS rate, along with the increased Pt
dispersion.
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Figure 2. STEM and EDX images after 400 °C rWGS for 1 h
(reaction conditions identical with Figure 1). All images were
obtained on Pt/AL,O; + A-TiO, = 1:10, except for panel (f), which
was obtained on Pt/Al,O; only. Three categories of STEM images
were identified on Pt/AlL,O; + A-TiO,. Panel (a) shows an example of
the first category, in which Pt clusters (in the green circle) were found
in an area identified by EDX in panel (b) as TiO,. The average
diameter of similar clusters is 0.9 = 0.2 nm. Panel (c) shows an
example of the second category, in which features resembling single Pt
atoms were found (in green circles). This area is likely TiO, based on
the lattice diffraction. Panel (d) shows an example of the third
category, in which Pt clusters were found in an area identified by EDX
in panel (e) as overlapping TiO, and AL, O;. The average diameter of
similar clusters is 1.0 + 0.2 nm. Although panel (e) shows that the
area has both TiO, and Al,O;, Pt are exclusively located in regions
where Al is present, suggesting that Pt are highly likely on Al O;.
Panel (f) shows a representative image of Pt/AL,O; only after the
same reaction, in which dense Pt clusters of average diameter of 1.4 +
0.2 nm were found.

148 We tested the generalizability of the Al,Oj-to-dilutant Pt
149 migration. Figure lc shows that dilution with all the tested
150 oxides except for SiO,, that is, CeO,, Al,O;, and rutile TiO,
151 (“R-TiO,”, see Table S1 for the surface area), enhances the
152 activity of Pt/Al,O;, both at 400 °C (blue) and at 250 °C after
153 the 400 °C reaction (red), indicating that Pt can migrate onto
154 not only A-TiO,. On the other hand, Figure 1d suggests that
155 low-loading Pt/Al,O; (0.05 to 0.25 wt % Pt, synthesized by
156 strong electrostatic adsorption) catalysts, on which a large
157 fraction of Pt are sub-nanometer Pt clusters and single atoms
158 (Figure S4) and also clearly exhibit higher activity with TiO,
159 dilution, suggesting that highly dispersed Pt can migrate onto
160 TiO, as well. We note that the rate enhancement is not only
161 observed after 400 °C rWGS but also after the 400 °C H,
162 treatment, to a lesser extent (Table S2), implying that Pt
163 migrate in reduced forms, and their mobility is enhanced by
164 CO produced from the rWGS. Overall, our data show that
165 during the FWGS at 400 °C, Pt migrate from Al,O; to oxide
166 dilutants, improving the dispersion and catalytic activity
167 without changing the reaction mechanism.

168 2.2. rWGS at 250 °C: Acetate Transfer Reducing
169 Activity and Altering Reaction Mechanism. 2.2.1. Con-
170 tamination Transfer from TiO, Deactivating Pt/Al,QO;.
171 Interestingly, kinetic data collected at 250 °C exhibited a
172 completely different behavior from those obtained at 400 °C.
173 Figure 3a shows that the per-Pt rWGS rate on all Pt/AL,O; +
174 A-TiO, samples decreases quickly with TOS to <20% of the
175 initial rate after 2 h with dilution factor > 10. Exposing the
176 deactivated samples to room-temperature air does not alter the
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Figure 3. Kinetic data of the rWGS reaction over diluted 2% Pt/Al,O;
at 250 °C. Panel (a) shows variations in the per-Pt rWGS rate with
TOS, with a varying amount of A-TiO, as the dilutant. Panel (b)
shows the extended version of (a) on selected samples to 2 days TOS.
Panel (c) shows variations in the per-Pt rWGS rate with time, with
different oxides of 10 times mass of Pt/Al,O; as the dilutant. Because
R-TiO, only has less than 1/10 of the surface area of A-TiO, (Table
S1), the R-TiO, measurement was repeated with a higher dilution
factor (170) that equates the surface area of A-TiO, per g Pt/ALO,
and shows similar results. Panel (d) summarizes kinetic parameters
(red: E, .pp blue: H, order, green: CO, order) at the lowest point of
each curve in panel (a) (fitting plots shown in Figure S7). Reaction
conditions are identical with Figure 1.

activity (Figure SS). Nonetheless, further performing the
rWGS on Pt/ALO; + A-TiO, at 250 °C leads to a slow but
complete activity recovery, as the rate is stabilized after 2 days
TOS, at a level close to the rate on Pt/ALOj; only (Figure 3b).
Unlike the Pt migration at 400 °C, the dilution-induced
deactivation at 250 °C is mostly unique to A-TiO, (Figure 3c):
CeO, and Al,O; exhibit negligible impacts on the rWGS rate,
while SiO, and R-TiO, have much less severe effects than A-
TiO,. Meanwhile, A-TiO, also deactivates other Pt catalysts,
including 0.05—0.25 wt % Pt/Al,O; (less severe with a higher
Pt dispersion, Figure S6a), as well as 2 wt % Pt/CeQO, and Pt/
SiO, (Figure S6b). The unique effect of A-TiO, in deactivating
Pt catalysts at 250 °C, particularly the contrast with CeO, and
R-TiO,, indicates that the deactivation is associated with the
surface properties of A-TiO, instead of its reducibility.

Figure 3d shows that the kinetic parameters on Pt/AlL,O; +
A-TiO, at 250 °C, measured at the lowest point of the curves
in Figure 3a, are drastically different from those on Pt/Al,O,
only: as the dilution factor increases from 0 to 20, E, ,,,, drops
from ~66 to ~47 kJ/mol, H, and CO, orders increase from
~0.2 to ~0.55, and from ~0.45 to ~0.61, respectively.
Juxtaposed with the identical kinetic parameters on these
samples at 250 °C after 400 °C rWGS (Figure 1b), the clear
trends in Figure 3d suggest that the TiO,-induced deactivation
at 250 °C changes the reaction mechanism, rather than merely
the number and location of active sites. In addition, Figure 3b
shows that the recovery of rate on Pt/Al,O; + TiO, after 2
days TOS is accompanied by the recovery of all kinetic
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parameters to values close to those found on Pt/Al,O; only.
We note that Pt sintering does not likely contribute to the
deactivation, as (1) it is difficult to rationalize more severe
sintering with a higher dilution factor and (2) sintering cannot
explain the rate recovery after long TOS.

The dilutant-to-catalyst contamination transfer was invoked
in the literature to explain the reduced rate with dilution.'®**
To test the theory, we examined Pt/AL,O; + A-TiO, with

various reactor configurations (Figure 4a), with results
a)
1 2 3 4 5 6
H PtALO,
l = m D A-TiO,
_
0.5cm
RWGS ! L s E
gas flow - ] I Pt/Al,O, + A-TiO,
[0 Glass fiber
Thorough Casual
Mixing Mixing
b)
0.074 N Initial rate (t =10 min) 523 KrWGS
- Final rate (t= 185 min) m(Pt/Al,O;) : m(A-TiO,) =1:10
£ 0.06
& .05/
2 0ou) [H 1R’
° 0.04+
S 0.03] I
g |
g 0.02+
x 0.011 I‘
00-
No TiO, 1 2 3 4 5 6

Pt/Al,0; + A-TiO, Reactor Configuration

Figure 4. rWGS testing results at 250 °C on 2% Pt/Al,0; and A-TiO,
10 times its mass, with various reactor configurations. Panel (a) shows
the schematic drawing of each configuration. In configuration 2, the
two components were mixed in a weighing paper with a spatula
instead of in a mortar with a pestle (configuration 1). Panel (b)
summarizes the rWGS activity at 250 °C, with green and yellow bars
representing the initial (¢ = 10 min) and final (f = 185 min) rates,
respectively (rate vs TOS shown in Figure S8). Error bars represent
standard deviations from 2 or 3 repetitions of each experiment, and
data in Figure S8 are the average of the runs. Reaction conditions are
identical with in Figure 1.

summarized in Figure 4b. Configurations 3 and 4 show that
when Pt/Al,O; and TiO, are loaded into one bed sequentially
without separation or intentional mixing, the deactivation is
more severe when TiO, is placed at the upstream of Pt/Al,O4
than downstream, consistent with the contamination transfer.
Besides, the theory also explains the slow activity recovery after
the deactivation in Figure 3b: the contaminant is transferred
onto Pt/AlL,O; first and then slowly desorbs. Figure 4 also
indicates that the contamination transfer has a short range, as
the deactivation is (1) significantly less severe when the two
components are “casually mixed” (configuration 2, mixed with
a spatula) than when “thoroughly mixed” (configuration 1,
ground with a pestle) and (2) subtle when the two
components are separated by 0.5 cm glass fibers (configuration
5 and 6 compared to “No TiO,”). Therefore, the contaminant
is not likely transferred as stable gas-phase molecules. Instead,
it probably moves either via diffusion between oxide particles
in close contact, or through radicals with a short lifetime.
2.2.2. Unveiling the Identity of the “Carbon Contami-
nant” on TiO,: Acetic Acid (Acetate). The dilutant-to-catalyst
contamination transfer was reported 40 years ago but rarely

investigated since,'™*® so the identity of the “carbon
contaminant”, how it migrates between oxides or its impact
on catalysis have yet to be explained. We will address these
aspects here. To begin with, TiO, surfaces are known for the
strong affinity toward carboxylic acids.>' 73 As a result, formic/
acetic acids (AAs) in air, despite only present at a ppm level,**
lead to formate/acetate layers on TiO, surfaces.”> This is
supported by the infrared (IR) spectrum of A-TiO, under
vacuum, which shows a triplet of bands in the 2(CH) region at
2963, 2928, and 2854 cm™' (Figure S9a), consistent with
formic/AAs adsorbed on oxides.”*™** Bands between 1200 and
1600 cm™' could also arise from formate/acetate (Figure
S9b).* 7" =* A a rWGS intermediate, formate reacts with
H, quickly'"">*>* and thus should not poison Pt/Al,O;. We
confirmed this by pre-adsorbing formic acid (FA) onto Pt/
AL Oy (Scheme S1, sample referred to as “Pt/Al,O;-FA”) and
then tested it for 250 °C rWGS. Figure Sa shows that after 4 h
of air exposure, the FWGS rates on Pt/Al,O5-FA and clean Pt/
Al, O, are very similar. In contrast, the deactivation effect of the
contaminant from TiO, persists after 2 days of air exposure
(Figure SS). Furthermore, Pt/Al,O;-FA does not show an
increasing rWGS rate with TOS (Figures Sa and S10a), a
fingerprint of TiO,-contaminated Pt/Al,0; (Figure 3b). The
discrepancy between results on Pt/Al,O;-FA and TiO,-
contaminated Pt/Al,O; exonerate FA as the poisoning “carbon
contaminant” on TiO,.

In contrast, Pt/Al,O; pre-adsorbed with AA (“Pt/ALO;-
AA”) exhibits behaviors that highly resemble TiO,-contami-
nated Pt/AL,O;. The initiall rfWGS rate on Pt/AL,O;-AA
(Figure Sb, red, no rate change after 3 days air exposure in
Figure S10b) is significantly lower than that on clean Pt/Al,O,4
(~0.05 5! per Pt) and close to the lowest rate on Pt/AL,O; +
A-TiO, = 1:5 (blue), indicating that adsorbed AA causes
similar deactivation to Pt/Al,O; with the contaminant
originating from TiO,. Also, on both Pt/Al,0;-AA and
deactivated Pt/Al,O; + A-TiO,, the rate increases slowly
with TOS, indicating that both AA and the contaminant from
TiO, gradually desorb during 250 °C rWGS. Furthermore,
both AA and the contaminant from TiO, are partially removed
from Pt/Al,O; by 150 °C air, shown by the partial re-activation
of both Pt/Al,0;-AA and Pt/ALO; + A-TiO, after such
treatment (Figure Sc). The strikingly similar effects of pre-
adsorbed AA and the contaminant from TiO, on Pt/Al,O4
strongly imply that AA (acetate) is the poisoning “carbon
contaminant”. Furthermore, we tested an A-TiO, with pre-
adsorbed AA (“A-TiO,-AA”) before mixing with Pt/ALO;, and
A-TiO, synthesized using AA for phase control and not
calcined (“AA-TiO,”)." Figure 5c shows that the dilution with
both A-TiO, with higher acetate coverage leads to faster and
more severe deactivation than with normal A-TiO,, proving
that acetate adsorbed on TiO, can be transferred to Pt/Al, O,
during the 250 °C rWGS, further indicating acidic acid
(acetate) as the poisoning “carbon contaminant” on TiO,.

2.2.3. TiO, Dilution Blocking the Formate rWGS Pathway.
As Figure 3b suggests A-TiO, dilution changes the rWGS
mechanism on Pt/AL,O; at 250 °C. Therefore, we examined
the mechanistic consequences of TiO, dilution by operando
diffuse reflectance IR spectroscopy (DRIFTS). Figure 6a
shows the evolution of DRIFT spectra on Pt/Al,O; only
during 250 °C rWGS (background collected at 250 °C in He).
Upon the introduction of the rtWGS stream, two Al,O;-bound
species form quickly: bicarbonate (green labels), shown by
bands at 1230 [y(COH)], 1435 [£(OCO),,,, Bl type], 1469
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Figure S. rWGS testing results at 250 °C on 2% Pt/AL,O; intentionally contaminated by FA or AA. Panel (a) shows the rtWGS rate on Pt/AL,O,
after overnight FA adsorption followed by room-temperature air exposure for various time. Green and yellow bars represent the initial (t+ = 10 min)
and final (¢ = 110 min) rates, respectively (rate vs TOS shown in Figure S10a). Panel (b) shows variations in the rWGS rate with TOS on Pt/Al, O,
after overnight AA adsorption (red), Pt/Al,O; diluted with commercial A-TiO, (blue, 1:5), Pt/Al,O; diluted with commercial A-TiO, that went
through overnight AA adsorption (green), and Pt/AlLO; diluted with an A-TiO, synthesized with a AA-assisted sol—gel method without calcination
(purple). For the three diluted samples, the TiO, surface area per g Pt/Al, Oy is identical. Panel (c) shows variations in the rWGS rate with TOS on
Pt/AlLOj after overnight AA adsorption (red) and Pt/Al,O; diluted with the commercial A-TiO, (blue, 1:10), after an air treatment at 150 °C that

re-activates the catalysts.

[1(OCO)qym B2 type], 1648 [1(OCO),,y], and 3610 cm™
[v(COH), shown in Figure S1la], and carbonate (yellow
labels), shown by bands at 1770 [1(OCO),.,] and 1511 cm™
[l/(OCO)S),m].48’49 As the reaction proceeds, the intensity of
these bands decreases, while bands from Al,O;-bound formates
(*HCOO, red labels for bridging, blue labels for monodentate,
and purple labels for shared bands) at 1359 [Z/(OCO)Sym_mono],
1375 [1(OCO) i), 1392 [6(CH)], 1591 [£(OCO) ymtels
1625 [1(OCO) gym-monols 2763, 2904, and 2993 cm™ [y(EH),
shown in Figure S11a] rise gradually.'"****** Therefore, CO,
adsorption leads to bicarbonate and carbonate initially, which
are hydrogenated into formates that accumulate under reaction
conditions. "1>*>*® Meanwhile, a broad, asymmetric band
centered at 2032 cm™! accumulates with time, which is from
carbonyl (*CO) bound to various Pt sites.

After 2 h rtWGS, CO, was turned off, and the evolution of
DRIFT spectra was monitored and shown in Figures 6b and
S11b. Without CO,, bands from bicarbonate, carbonate, and
monodentate formate disappear quickly. Based on previous
studies, bicarbonate and carbonate disappear due to the
desorption of weakly adsorbed CO,, while monodentate
319 formate reacts with H, yielding CO and H,O, known as the
320 “formate pathway” of the rWGS.'>******° In contrast, bands
321 from bridging formate decrease slowly, suggesting that it reacts
322 with H, at a much lower rate. Such observations indicate that
323 at 250 °C, monodentate formate is a highly reactive rWGS
324 intermediate, while bridging formate is more stable and thus
325 contributes less, aligning well with previous work on Pd/
326 ALO;.'"" Meanwhile, the same work also suggested the
327 existence of a second rWGS pathway—the “carboxyl
328 (*COOH) pathway” at the MSI, with IR-elusive carboxyl
329 intermediate."’ We note that the carbonyl band barely changes
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without CO,, indicating that it is from CO that are strongly 330
bound to Pt and thus do not desorb. In summary, DRIFTS 331
suggest that on Pt/AL,O; without TiO,, the formate pathway 332
has significant contribution to the rWGS, with monodentate 333
formate as the most reactive intermediate. Bridging formate 334
accumulates on Al,O; but reacts with H, slowly. 335
Figures 6¢ and S11c show DRIFT spectra on Pt/AL,O; + A- 336
TiO, during 250 °C rWGS. The carbonyl band at 2032 cm™" 337
accumulates with time, indicating that *CO is formed. 338
However, formate bands are not present, that is, formates 339
cannot form on AL,O; with TiO, dilution. The wide bands 340
between 1300 and 1550 cm™' in Figure 6c are assigned to 341
TiO,-bound *H,CO, species, as they are also present on TiO, 342
only under identical conditions (Figures 6d and S11d). 343
Without CO,, the intensity of these bands drops similarly 344
with and without Pt/AL,O; (Figure S11ef). Because TiO, only 34
has negligible rfWGS activity (Figure S1), the observations 346
suggest that the TiO,-bound species still do not contribute to 347
the rtWGS when mixed with Pt/AL,O;. Besides, Figure Ge 348
shows that after 250 °C rWGS, IR bands from CO adsorption 349
on Pt/Al,O; and Pt/AlL,O; + A-TiO, are of similar shape. Also, 350
in Figures 6a,c, the 2032 cm™" Pt—CO band during the rtWGS 351
on the two samples is also of identical shape. Therefore, TiO, 352
does not alter the distribution of Pt sites available to CO, 353
eliminating the possibility that the deactivation is due to the
selective poisoning of Pt sites or significant Pt sintering.
Figure 6 reveals that TiO, deactivates Pt/Al,O; by blocking
the formate formation on AL, O;. This is logical as acetate
should occupy the same sites as formates but does not react
with H, quickly.*’ In addition, X-ray photoemission spectra
(XPS) in the C 1s region (Figure 7) show that on Pt/ALO;
only, after 250 °C rWGS, the area of the ~289 eV component
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Figure 6. Operando DRIFTS results on Pt/Al,O5 only and Pt/AL,O; + A-TiO, = 1:10 at 250 °C. Panel (a) shows DRIFT spectra on Pt/AL,O; only
during the rWGS for 2 h, with each spectrum separated by 10 min. Panel (b) shows DRIFT spectra under 250 °C H, after (a), with each spectrum
separated by 2 min. Panels (c,d) show the same spectra with (a), on Pt/ALO; + A-TiO, = 1:10 and A-TiO, only, respectively. Panel (e) shows the
CO adsorption (after He purge, normalized to similar intensity) DRIFT spectra at room temperature after the reaction on both samples.
Supporting Information can be found in Figure S11. Experiment conditions: 250 °C, CO,/H,/He = 1:4:15, total flow rate = 32 sccm vented to

ambient pressure.

from O—C=O0 types of carbon significantly increases (Figure
7a), which is attributed to formate accumulation shown in
Figure 6a. In contrast, on Pt/Al,O; + A-TiO,, the area of this
component does not increase after the rtWGS (Figure 7b),
consistent with the lack of formate formation shown in Figure
6¢. Despite the blocking of the formate pathway, Pt/Al,O; +
A-TiO, still exhibits rtWGS activity (Figure 3a), and DRIFTS
show *CO formation (Figure 6¢), supporting the presence of a
second rWGS pathway, that is, the carboxyl pathway. Although
this pathway is not definitively observed in Figure 6, as the
intermediate is IR elusive, it has been proven previously.'" This
explains the kinetic parameters shown in Figure 3d: at 250 °C
on Pt/Al,O;, the rWGS mainly follows the formate pathway
(Ea'app ~ 66 kJ/mol, H, order ~ 0.2, CO, order ~ 0.45), as
shown on Pd/Al, O, '"'***® With formate formation blocked
by TiO, dilution, the rfWGS can only follow the carboxyl
pathway and thus, the kinetic parameters change (E,,,, ~ 47
kJ/mol, H, order ~ 0.55, CO, order ~ 0.61). The desorption

of acetate after long TOS restores the formate pathway, so
when the rate is recovered, the kinetic parameters also recover
(Figure 3b, after 2 days TOS).

2.2.4. Stability and Removal of Acetate Adsorbed on TiO,.
The acetate transfer prevents us from investigating other
catalyst—dilutant communication effects. Therefore, it is
necessary to understand the stability of acetate adsorbed on
TiO,. Figure 8a shows that after a 250 °C, 3 h CO, + He
treatment (black), Pt/Al,O; + A-TiO, exhibits a similar rate
and deactivation with the fresh sample (red). In contrast, a 250
°C, 3 h H, + He treatment induces significant deactivation

380
381
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383
384
385
386
387 {8
388
389
390

(blue). Therefore, the acetate transfer is mainly facilitated by 391

H, in the rFWGS stream. Besides, Figure 8b shows that treating
Pt/Al,O; + A-TiO, with H, at 300 °C for 12 h leads to a

392
393

steady rWGS rate (green) at a similar level with Pt/AL,O; only 394

(~0.05 s™' per Pt), indicating complete acetate removal,
further exhibiting its instability under H,. In contrast, after a
300 °C, 12 h air treatment, Pt/Al,O; + A-TiO, still exhibits
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Figure 7. XP spectra in the C 1s region of (a) Pt/ALO; only and (b)
Pt/AL,O; + A-TiO, = 1:10. In both graphs, the top spectrum was
collected on the fresh sample, and then the sample was treated at 250
°C by the rWGS mixture (CO, + H, + He = 1:4:15) in an attached
side chamber for 3 h. After cooling down to room temperature under
He, the sample was transferred back into the XPS chamber without air
exposure, and the bottom spectrum was collected on the used sample.
The area of the ~289 eV from O—C=0 type of C was labeled as red.
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Figure 8. Variations of the rWGS rate with TOS at 250 °C on Pt/
ALO; + A-TiO, = 1: 10 after different pretreatments. Panel (a) shows
results with the pretreatment of 5% CO, in He for 3 h (black), and
20% H, in He for 3 h (blue) at 250 °C, to compare with results with
no pretreatment (red). Panel (b) shows results with a pretreatment of
20% H, in He for 12 h (purple) and air for 12 h (green) at 300 °C, to
compare with results with no pretreatment (red). Reaction conditions
are identical with Figure 1. H, or CO, concentration in the
pretreatment stream is identical with the concentration in the rWGS
stream.

398 deactivation to a lesser degree than the fresh sample (purple
399 compared to red), suggesting only partial acetate removal, that
400 is, acetate adsorbed on TiO, is less stable under H, than air. As
401 demonstrated above, heating Pt/Al,O; + A-TiO, to 400 °C
402 results in Pt migration. Therefore, we cleaned TiO, by itself at
403 400 °C before mixing it with Pt/Al,O; with minimal air
404 exposure. The results in Figure S12b again show that TiO,
405 cleaned by H, deactivates Pt/Al,O; less, that is, has a lower
406 acetate coverage, than TiO, cleaned by air, further verifying
407 that H, treatment is the more effective strategy for acetate
408 removal.

3. DISCUSSION

400 3.1. Multiple Pathways of the Catalyst—Dilutant
410 Communication. Three types of species were proposed to
411 migrate between the catalyst and the dilutant: (1) “carbon
412 contaminant”,'**® (2) metal sites,"* and (3) activated H.'"~**

The contrast between our results at 400 and 250 °C highlights 413
the complicacy of the catalyst—dilutant communication, 414
showing that multiple processes could occur in one system 415
under different conditions. Therefore, one should be cautious 416
about potential pitfalls when assigning catalytic effects to or 417
studying one of them independently. With appropriate analysis 418
of our results, intriguing insights were obtained regarding each 419
of the processes, which will be discussed separately below. 420

The selective adsorption of the ppm level carboxylic acids in 421
air by TiO, was recognized.” The deactivation at 250 °C 422
presented here shows that the formate/acetate layers could 423
affect catalysis for the first time and in these cases, their 424
removal (most facile under H,) is necessary for optimal 425
catalyst performance. According to Figures 6, 7, and S11, 426
acetate deactivates Pt/Al,O; for the rWGS by blocking formate 427
binding sites on Al,O; but not likely by poisoning or sintering 428
Pt. Therefore, it should affect reactions involving formate or 429
intermediates bound on similar support sites but may not 430
impact reactions that occur completely on metal sites. The 431
acetate transfer was not captured by DRIFTS (Figure 6c), 432
likely because of similar IR signatures from A-TiO,- and Al,O;- 433
bound acetates. Also, to block the formate formation, acetate 434
probably only needs to occupy sites near Pt, which are not 435
abundant, and thus the fraction of acetate that moved onto 436
Al,O; is likely not large. In addition, the fact that R-TiO, 437
induces a less severe deactivation than A-TiO, (Figure 3b) is 438
intriguing, as carboxylic acids should dissociatively adsorb on 439
both phases of TiO,.”*”*"** This might be due to the 440
stronger adsorption of acetate on R-TiO, that limits its transfer 441
to Pt/Al,0,°"" 442

The Pt migration from AlL,O; to A-TiO, during 400 °C 443
rWGS shown in this work echoes with the Pd migration among 444
P25 TiO, particles under similar conditions."® Nonetheless, Pd 44
carbonyl has high mobility on oxide surfaces,> while Pt 446
carbonyl does not.>* Also, conventional wisdom is that Pt 447
moves between oxides under O, at >600 °C as volatile 448
PtO,.>>">" Therefore, the inter-oxide Pt migration under 449
reducing conditions at 400 °C was unexpected, emphasizing 450
that the dynamics of metal atoms during catalysis is 4s1
underappreciated. On support surfaces, metal adatoms are 452
always at equilibrium with clusters, acting as the mobile 453
intermediate for nuclearity changes.”*™®' Due to the low vapor 4s4
pressure of reduced Pt, Pt adatoms should not migrate through 4ss
the gas phase. Instead, they likely diffuse between oxides in 4s6
close contact, which are facilitated by forming more mobile 4s7
carbonyls.”>** Nonetheless, the barrier of inter-oxide diffusion 458
is still high enough so that the process does not occur below 459
250 °C (Figure 3). This mechanism is supported by the 460
observation that when A-TiO, is placed in a separated bed 461
downstream of Pt/Al,O;, no rate enhancement was observed 462
at 400 °C. Also, it predicts that Pt would migrate regardless of 463
the identity of the dilutant. Nevertheless, the binding strength 464
of the dilutant to Pt should affect the equilibrated Pt species. 465
With SiO, dilution, which binds Pt weakly, less Pt migrate and 466
Pt could sinter severely, thus leading to the lack of rate 467
enhancement in Figure lc. 468

Debates over whether inter-oxide H spillover occurs remain 469
unsettled.”'*7>>?® A recent study suggested that activated H 470
on Ni/R-TiO, are transferred onto Ni-free A-TiO, as gas- 471
phase radicals, activating A-TiO, for CO, methanation.'” Our 472
results emphasize that related discussions require acetate-free 473
materials, for example, the sample after 300 °C, 12 h H, 474
cleaning in this work, and a low temperature to avoid metal 475

https://doi.org/10.1021/acscatal.1c03133
ACS Catal. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03133/suppl_file/cs1c03133_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c03133/suppl_file/cs1c03133_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03133?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

9

476
477
478
479
480
48
482
483
484
485
486
487
488
489
490
49
492
493
494
495
496
497
498
499
500
50
502
503
504
505
506
507
508
509
510
s1

—

—_

=

—

S12
S13
S14
S1S
516
S17
S18
S19
520

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

migration, for example 250 °C. In Figures 3b and 8b, clean Pt/
AlLLO; + A-TiO, exhibits similar activity with Pt/Al,O only.
Besides, DRIFTS (Figures 6¢,d and Sllc,d) suggest that the
property of TiO,-bound H,CO, species is not altered by
mixing with Pt/AlL,O;. Therefore, there is no evidence that A-
TiO, accepts activated H from Pt/Al,O; and participates in the
rWGS. Nevertheless, clean 2% Pt/CeO, + A-TiO, does show a
higher rtWGS rate than Pt/CeO, only (Figure S13), a possible
sign of A-TiO, being activated by H transfer. The contrast
suggests that if H are transferred onto and activate A-TiO,,
they are likely shuttled by the support, which is facilitated by
the reducibility of CeO,, instead of as gas-phase radicals."”
This is supported by the lack of rate enhancement when A-
TiO, is placed in a separated bed downstream of Pt/CeO,
(Figure S13). It can also explain the observation that
increasing the dilution factor from 10 to 50 does not change
the rate on Pt/CeO, + A-TiO, (Figure S13), as only A-TiO, in
close contact with CeO, can accept H shuttled by CeO,.
Overall, our results imply that inter-oxide H spillover is only
likely from reducible CeO, to A-TiO,, consistent with
thermodynamic predictions.'**

3.2. TiO, Dilution Validating the Dual-Pathway rWGS
Mechanism. As shown by DRIFTS (Figures 6 and S11), the
formate rWGS pathway is blocked by acetate transfer, which
offers an opportunity to deconvolute it from the carboxyl
pathway and measure the kinetic parameters of each separately
(Figure 3d)."" It has been shown that the carboxyl pathway
occurs at the MSI sites, while the formate pathway requires
continuous metal sites.""'>***® The conclusion predicts that
under identical conditions, the carboxyl pathway contributes
more on smaller metal clusters, as the ratio between the MSI
sites and continuous metal sites is higher. This is supported by
the observation that the blocking of the formate pathway
affects smaller Pt clusters less (Figure S6a). Following this
reasoning, we measured the reaction orders on a series of low-
loading Pt/ALO; (without dilution). Figure 9 shows that as

3 Carboxyl pathway 523 K rWGS
) (1:20TiO,)
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Figure 9. Variations in the dependence of the rWGS rate on the
partial pressure of H, (blue) and CO, (green) at 250 °C with Pt
loading on Pt/Al,O;. Fitting plots can be found in Figure S14. The
data on Pt/Al,O; + A-TiO, = 1:20 in Figure 3d, on which the formate
pathway is blocked, were used for the “carboxyl pathway” data.

the Pt loading decreases, that is, Pt clusters become smaller,
both H, and CO, orders move from those of the formate
pathway, to those of the carboxyl pathway, consistent with the
prediction. In addition, we have suggested that because the H,
dissociation in the carboxyl pathway has a high barrier, it
becomes important only at a high temperature (T > 300 °C),""
consistent with that at 250 °C, blocking the formate pathway
leads to >80% turnover rate loss (Figure 3a), and the higher H,
order for the carboxyl pathway (0.55) than the formate

pathway (0.18). Overall, our results lead to new evidence that
strengthens the validity of and provides more details on the
dual-pathway rWGS mechanism.

4. CONCLUSIONS

In this work, we demonstrated the temperature-dependent
communication between the 2% Pt/Al,O; catalyst and A-TiO,
dilutant and its impacts on the rtWGS reaction. During 400 °C
rWGS, Pt migrates from Al,O; to A-TiO, or other oxide
dilutants except for SiO,, enhancing the activity but not
altering the mechanism. During 250 °C rWGS, the “carbon
contaminant” moves from A-TiO, to AL, O;, deactivating Pt/
AlLO;. Spectroscopic and kinetic data suggested that the
“carbon contaminant” is acetate adsorbed from air, the inter-
oxide transfer of which requires close contact and the
assistance of H,. The acetate blocks the formation sites for
formate on Al,O;, the intermediate of the dominant rWGS
pathway at 250 °C. The kinetic data on TiO,-diluted Pt/Al,O;
align well with the proposed rWGS mechanism that involves
both the formate pathway (dominating at low temperatures)
and the carboxyl pathway at the metal—support interface
(dominating at high temperatures). After acetate removal, Pt/
Al O5-to-TiO, H spillover was not definitively observed but
CeO, likely shuttles activated H from Pt to A-TiO, with its
reducibility. This work reveals how a supposedly “inert” oxide
dilutant could affect catalysis at different temperatures, helping
understand the impactful but rarely explored catalyst—dilutant
communication, reconcile contradictory results and debates in
the literature and clear potential pitfalls in related inves-
tigations. In addition, it provides unique new evidence that
further elucidates the rWGS mechanism.
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