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ABSTRACT: As part of a program to investigate aspects of
surface chemistry relevant to methyl chloride synthesis catalysis,
the interaction of methanol with η-alumina doped with either CsCl
or KCl in the range 0.01−1.0 mmol g(cat)

−1 is investigated by a
combination of diffuse reflectance infrared Fourier transform
spectroscopy and temperature-programed desorption (TPD).
Infrared spectra (IR) recorded at 293 K show that increasing the
concentration of the group 1 metal chloride progressively decreases
the surface concentration of associatively chemisorbed methanol
and changes the environment in which the adsorbed methanol
resides. For CsCl concentrations of ≥0.6 mmol g(cat)

−1,
chemisorbed methoxy species dominate the IR spectrum, while TPD studies show that the amount of methanol adsorbed onto
the surface, and subsequently desorbed unchanged, changes relatively little. In the TPD experiments, some of the adsorbed methanol
reacts to give dimethyl ether (DME) which then desorbs; for dopant concentrations of 1.0 mmol g(cat)

−1, DME formation is
suppressed to below the limit of detection. Unexpectedly, the presence of formate species generated at 293 K is also observed
spectroscopically, characterized by a νasym(COO) mode which exhibits a hypsochromic shift relative to potassium formate; surface
concentrations of formate are higher at higher loadings of group 1 metal chloride. Temperature-programed IR spectroscopy shows
that the room-temperature formate species desorbs, decomposes, or migrates on warming to 653 K. Thermal ramping of the
methanol-saturated surface also results in formate production but one that exhibits an IR profile in agreement with earlier
observations and literature values. Increasing the concentrations of the group 1 metal chloride progressively decreases the presence
of the thermally induced formate moiety. The study not only reinforces the concept of group 1 metal chloride additives progressively
rendering ineffective those Lewis acid sites present at the η-alumina surface which convey discrete reaction characteristics [e.g., (i)
dimerization of methanol to form DME and (ii) an activated methoxy → formate transition] but also suggests the generation of
reactive sites not present in the undoped alumina.

1. INTRODUCTION
Methyl chloride synthesis is a reaction of some significance
within the chloro-alkali industry.1 On the industrial scale,
methyl chloride synthesis via the heterogeneously catalyzed
hydrochlorination of methanol predominates, utilizing catalysts
such as Al2O3-supported ZnCl2, CuCl2, or H3PO4

1

+ +FCH OH HCl CH Cl H O3 3 2 (1)

+F2CH OH CH OCH H O3 3 3 2 (2)

Equation 1 describes methyl chloride synthesis from the
reaction between methanol and anhydrous hydrogen chloride,
with the reaction catalyzed at Lewis acid sites.1 Selectivity to
methyl chloride is reduced by the forward reaction shown in eq
2, where the alcohol is converted to dimethyl ether (DME). An
improved methyl chloride synthesis catalyst will catalyze
reaction 1 more effectively than reaction 2.2

This article examines aspects of the surface chemistry of the
methyl chloride synthesis process over η-alumina-based

catalysts in the absence of HCl. Specifically, the interaction
of methanol on η-alumina that has been modified by the
addition of either CsCl or KCl and then activated at 623 K is
investigated, with the focus being on retardation of DME
formation (eq 2). Earlier infrared (IR) spectroscopic studies
utilized pyridine as a probe molecule to discern the acid site
distribution of the η-alumina substrate.3 Subsequent studies
used the same probe molecule to evaluate how the group 1
metal chlorides were able to neutralize selectively Lewis acid
sites of the η-alumina to effect site-selective chemistry that is
associated with attenuated DME production (eq 2).4 The
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present work concentrates on using methanol as a spectro-
scopic probe molecule to discern how the group 1 metal
chloride may be perturbing the surface chemistry of the
reagent. Thus, the work does not directly investigate aspects of
methyl chloride synthesis catalysis; rather, it represents a
fundamental study of methanol adsorption on catalytically
relevant surfaces. For η-alumina/CH3OH, temperature-pro-
gramed IR spectroscopy showed that heating chemisorbed
methoxy groups to ≥573 K induced the formation of a
bidentate formate species.5 Unexpectedly, this investigation
shows a modified formate species to be present in a different
surface environment at room temperature for heavily doped
materials (e.g., CsCl concentrations of ≥0.6 mmol g(cat)

−1). A

detailed spectroscopic investigation illustrates how the acidity
of a metal oxide surface may be modified by suitable doping.

2. METHODS
2.1. Catalyst Preparation. The η-alumina reference

catalyst was supplied by Ineos Chlor (Ineos Chlor catalyst
ref: 25867); this is the same transition alumina examined in
our previous studies3,5−8 and has been comprehensively
characterized elsewhere.3 The doping of the alumina catalyst
with K+ and Cs+ salts was performed by an impregnation
method. In addition to the un-promoted η-alumina catalyst,
five CsCl and KCl catalysts were prepared at the following
dopant levels: 0.01, 0.1, 0.3, 0.6, and 1.0 mmol g(cat)

−1. Details
of the preparative procedures adopted and subsequent

Figure 1. IR difference spectra for a chemisorbed overlayer of methanol adsorbed on a series of CsCl-doped η-alumina catalysts at 293 K: (a)
undoped η-alumina; (b) 0.01; (c) 0.1; (d) 0.3; (e) 0.6; and (f) 1.0 mmol CsCl g(cat)

−1. The blue vertical line indicates an energy of 1585 cm−1.

Figure 2. IR difference spectra for a chemisorbed overlayer of methanol adsorbed on a series of KCl-doped alumina catalysts at 293 K: (a) undoped
η-alumina; (b) 0.01; (c) 0.1; (d) 0.3; (e) 0.6; and (f) 1.0 mmol KCl g(cat)

−1.
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characterization of the materials are outlined elsewhere.2,4 The
catalyst samples were activated by heating to 623 K under
flowing helium (99.999%, BOC) for 150 min and then allowed
to cool to ambient temperature. Throughout the experimental
procedures, the sample was continuously flushed with helium
gas and fed to the catalyst via an in-line gas purification facility
(MG Oxisorb).
2.2. Infrared Spectroscopy and Temperature-Pro-

gramed Desorption. The arrangements for undertaking
the IR and temperature-programed desorption (TPD)
measurements are described elsewhere.5 Briefly, diffuse
reflectance infrared Fourier transform spectroscopy measure-
ments were performed using an environmental chamber
utilizing typically 50 mg of the catalyst. Methanol (Aldrich,
99.8+% purity) was dosed onto the catalyst at 293 K using
pulse-flow techniques. All spectra are presented as background-
subtracted, where a spectrum of the clean, activated catalyst
has been subtracted from the dosed spectrum. No baseline or
offset corrections were made. It is noted that temperatures
quoted for TP-IR experiments have been corrected for a
thermal gradient between the sample and the environmental
chamber’s thermocouple.9

A detailed description of the experimental setup employed
for thermal desorption experiments has been given elsewhere.5

Briefly, saturation of the sample could be observed by
monitoring the reactor exit stream on the mass spectrometer
(observing mass 31 amu corresponding to methanol). When
saturation was achieved, the sample was left to purge overnight
at 293 K under flowing He. TPD experiments were performed
at a temperature ramp rate of 8 K min−1. The eluent stream
from the reactor was monitored using the mass spectrometer
during the TPD experiment [observing masses corresponding
to methanol (31 amu), DME (45 amu), and CO (28 amu)].
Blank IR and TPD experiments performed in the absence of a
catalyst sample produced unchanged baseline profiles,
indicating the reported spectral changes to be solely catalyst-
induced.

3. RESULTS AND DISCUSSION
3.1. Application of IR Spectroscopy to Investigate

Methanol Adsorption at 293 K on η-Alumina + CsCl and
η-Alumina + KCl. Figure 1 shows the IR difference spectra
obtained for a saturated overlayer of methanol at 293 K for a
series of CsCl-doped η-alumina catalysts covering the range
0.01−1.0 mmol CsCl g(cat)

−1, while Figure 2 shows the
corresponding spectra for a series of KCl-doped catalysts at the
same molar loadings of the dopant. The spectrum recorded of
the base η-alumina catalyst (Figures 1a and 2a) is attributed
mainly to chemisorbed methoxy species and associatively
adsorbed methanol molecules and is comparable to the
spectrum reported by McInroy et al.,5,6 albeit with a higher
concentration of undissociated methanol.
Methyl group vibrational modes are observed at 2940

(asymmetric C−H stretch), 2825 (symmetric C−H stretch),
and 1448 cm−1 (C−H bending mode). Increasing the
concentration of the group 1 metal chloride modifier leads
to a progressive decrease in the broad methanol H-bonded
ν(O−H) mode located at ∼3220 cm−1. The associatively
chemisorbed methanol is undetectable for concentrations ≥0.6
mmol CsCl g(cat)

−1, leaving a spectrum characteristic of
chemisorbed methoxy species.6

The broad feature with a bandhead at ∼2580 cm−1 in
Figures 1a and 2a is also associated with methoxy moieties and

is assigned as a combination band, with contributions from a
methyl rock and methyl deformation modes.6 For CsCl
loadings ≥0.1 mmol g(cat)

−1, two components of this band are
resolvable: a dominant feature at 2547 cm−1 and a high
wavenumber shoulder at 2618 cm−1. The distinct bands
represent a combination mode between the methyl rock and
either the symmetric or asymmetric methyl deformation
modes. Specifically, the former is associated with the
symmetric methyl deformation [ρ(CH3) + δsym(CH3)], while
the latter is associated with the asymmetric methyl
deformation [ρ(CH3) + δasym(CH3)].

6 The splitting of these
two bands is less evident in spectra of KCl-doped catalysts.
A prominent feature in the spectrum for η-Al2O3/CH3OH

(Figure 1a) is a sharp negative peak at 3740 cm−1, which is
accompanied by a shoulder to a high wavenumber at 3770
cm−1 and a shoulder to a low wavenumber at 3696 cm−1; these
absorptions are assigned to hydroxyl groups adjacent to
specific acidic sites on the alumina surface. Figure 3 presents a

schematic diagram for the four types of active sites reported to
be present on η-Al2O3.

3 The 3770 cm−1 feature is assigned to
terminal hydroxyl groups associated with the medium-strong
Lewis acid site [moiety (iii) in Figure 3]; the intense 3740
cm−1 peak is assigned to hydroxyl groups associated with the
medium-weak Lewis acid site [moiety (ii) in Figure 3]; and the
feature at 3696 cm−1 is assigned to hydroxyl groups associated
with the weak Lewis acid site [moiety (i) in Figure 3].3 On
increasing the modifier concentration, the 3770 cm−1 feature is
lost at a value of 0.1 mmol CsCl g(cat)

−1. In the case of the
sharp peak at 3740 cm−1, this feature is present over the
dopant concentration range 0−0.3 mmol CsCl g(cat)

−1, but
intriguingly, over the dopant range 0.6−1.0 mmol CsCl g(cat)

−1,
the negative peak is almost completely absent, with only a
weak broad feature evident with a maximum negative intensity
at ∼3730 cm−1 but with intensity skewed to a low wavenumber
down to 3677 cm−1 observable at 1.0 mmol CsCl g(cat)

−1.
These changes to the spectral profile correlate with a previous
deduction from McInroy et al. that group 1 metal dopant levels
of ≥0.6 mmol CsCl g(cat)

−1 effectively neutralize the strong and
medium-strong Lewis acid sites of η-alumina, leaving only
medium-weak and weak Lewis acid sites accessible.4 The
changes in the spectra of KCl-doped catalysts are similar, but

Figure 3. Schematic representations of the proposed acid sites of
activated η-alumina: (i) weak Lewis acid site, (ii) medium-weak Lewis
acid site, (iii) medium-strong Lewis acid site, and (iv) strong Lewis
acid site. The asterisks indicate coordinative unsaturation.3 Adapted
with permission from J. Phys. Chem. B 2005, 109, 11592, Copyright
2005 American Chemical Society.
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the reduction in the intensity of the negative peak is less,
implying a smaller effect of KCl on catalyst properties.
These spectral changes indicate changes in the hydroxyl

groups associated with the acid sites, rather than the acid sites
themselves, and do not convey any information about changes
at the strong acid site, which lacks adjacent hydroxyl groups
[Figure 3(iv)]. It should be noted that in the work on pyridine
adsorption,4 essentially complete loss of the negative hydroxyl
peaks in catalysts doped with group 1 metal chlorides was
observed on adsorption of pyridine; however, the 8a mode of
pyridine showed that pyridine was still bound to medium-
strength sites (medium-strong and medium-weak sites are not
distinguished by this mode). TPD measurements further
clarified the sites of adsorption to show that only the medium-
weak sites were accessible at group 1 metal loadings above 0.1
mmol CsCl g(cat)

−1 and 0.3 mmol KCl g(cat)
−1. It is clear,

therefore, that the hydroxyl groups can be eliminated by
doping with group 1 metal chlorides without blocking the
corresponding acidic sites.
3.2. Temperature-Programed Reaction of Methanol

on η-Alumina + CsCl and η-Alumina + KCl. The
dehydration of methanol to produce DME over alumina
surfaces (eq 2) is a well-established phenomenon.10−12

Matsushima and White have investigated the thermal
decomposition of methanol adsorbed on alumina and
identified methanol, methoxy species, formaldehyde, and
DME as active surface species.13 In their study of methanol
on η-alumina, McInroy and co-workers used temperature-
programed techniques to show that heating a chemisorbed
overlayer led to two primary desorption features: (i) a low-
temperature methanol feature formed by methanol desorption
(via recombinative desorption of bound methoxy groups and
adsorbed hydrogen atoms) from weak and medium-weak
Lewis acid sites (Tmax ∼ 390 K) and (ii) a higher-temperature
DME feature that arises from the reaction of methoxy species
on strong and medium-strong Lewis acid sites (Tmax ∼ 460 K),
eq 2.5 Against this background, a series of post-methanol
exposure TPD experiments was carried out to evaluate DME
production (eq 2) from the series of CsCl- and KCl-modified
η-alumina catalysts.
Figures 4 and 5 show TPD profiles for methanol adsorbed

on selected CsCl- and KCl-modified catalysts, respectively. In
each case, profiles are reported for the standard η-alumina
catalyst and the η-alumina modified via the addition of 0.1 and
1.0 mmol CsCl/KCl g(cat)

−1. On the addition of the group 1
metal salt, both figures show a dramatic decrease in DME
formation at 0.1 mmol CsCl/KCl g(cat)

−1 and reduction of
DME formation to below the limit of detection at 1.0 mmol
CsCl/KCl g(cat)

−1.
Figure 6 presents MeOH and DME TPD peak areas as a

function of group 1 chloride loading and shows that the
addition of the chemical modifier has a much greater effect on
DME formation/desorption than methanol desorption.
Although some variability is observed in the integrated
methanol peak area as a function of temperature, particularly
for CsCl (Figure 4), a reduction in peak area over the
temperature range studied does not exceed 20% over the
coverage range studied. In dramatic contrast, higher loadings
reduce the DME feature to below the detection limit.
Specifically, at dopant loadings of 0.1 mmol g(cat)

−1, medium-
strong Lewis acid sites are still available on the η-alumina
surface,4 and reduced levels of DME formation are observed.
However, at the highest dopant concentration examined, all

strong and medium-strong Lewis acid sites have been
selectively neutralized,4 and, importantly, DME formation is
reduced below the detection limit.
Collectively, these methanol TPD results complement the

earlier pyridine studies4 and reaffirm the concept of site-
selective chemistry, with group 1 metal salts selectively
neutralizing Lewis acid sites associated with the formation of
the unwanted byproduct (DME) in the methyl chloride
synthesis process (eq 2). It is noteworthy that despite the
removal of physisorbed methanol and undissociated methanol
and the blocking of strong and medium-strong acid sites, the
quantity of methanol adsorbed and desorbed as unchanged
methanol remains largely unaffected, showing the presence of
other sites for adsorption; this stands in stark contrast to the
results with pyridine, which show an almost 10-fold reduction
in the desorbed pyridine between undoped alumina and
alumina doped with 1 mmol CsCl g(cat)

−1.4

Figure 4. Mass selective TPD profiles obtained for methanol
adsorbed on selected CsCl-doped alumina catalysts: (a) CH3OH
(31 amu) undoped η-alumina, (b) CH3OH 0.1 mmol CsCl g(cat)

−1,
and (c) CH3OH 1.0 mmol CsCl g(cat)

−1 and (d) CH3OCH3 (45 amu)
undoped η-alumina, (e) CH3OCH3 0.1 mmol CsCl g(cat)

−1, and (f)
CH3OCH3 1.0 mmol CsCl g(cat)

−1.

Figure 5. Mass selective TPD profiles obtained for methanol
adsorbed on selected KCl-doped alumina catalysts: (a) CH3OH (31
amu) undoped η-alumina, (b) CH3OH 0.1 mmol KCl g(cat)

−1, and (c)
CH3OH 1.0 mmol KCl g(cat)

−1 and (d) CH3OCH3 (45 amu)
undoped η-alumina, (e) CH3OCH3 0.1 mmol KCl g(cat)

−1, and (f)
CH3OCH3 1.0 mmol KCl g(cat)

−1.
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3.3. Temperature-Programed IR Spectroscopy and
Temperature-Programed Desorption of Methanol on η-
Alumina + CsCl and η-Alumina + KCl. In addition to the
absorptions due to adsorbed methanol, Figures 1 and 2 show
additional spectral features at those CsCl and KCl concen-
trations that lead to the dramatic attenuation intensity of the
alumina negative ν(O−H) bands at about 3740 cm−1; these
additional spectral features are assigned to formate (see
below). In their study of methanol on η-alumina, McInroy and
co-workers used temperature-programed techniques and found
that temperatures above 573 K led to the formation of a
symmetrically bound formate species which, on further
warming to ≥673 K, decomposed as evidenced by the
desorption of CO and H2O.

5 The presence in Figure 1 of
formate was unexpected under such mild conditions (293 K),
so a program of temperature-programed IR spectroscopy and
desorption studies was undertaken to investigate the formation
and decomposition of the formate entities.

The additional spectral features are different from those
previously observed for formate and arise at lower temper-
atures. The assignment is justified by consideration of the
absorption frequencies observed on surfaces by other
investigators and by elimination of the other possible
candidates. In the spectra taken at higher group 1 metal
chloride loadings, two additional changes to the spectra are
observed, viz., a band at 1652 cm−1 becomes prominent, and a
broad shoulder at 1412 cm−1 is observed which is resolvable
from the methoxy δ(CH3) mode at 1451 cm−1. An inflection at
about 2774 cm−1 is also observed on the ν(s)(CH3) peak
observed at 2825 cm−1. In principle, a band at about 1640
cm−1 could be attributable to the δ(OH) mode of adsorbed
water molecules, but the absence of a ν(OH) feature in Figure
1e,f excludes that possibility. Alternatively, the peaks at 1652
and 1412 cm−1 could represent, respectively, the νasym(OCO)
and νsym(OCO) modes of bicarbonate entities.14 However, this
possibility is excluded due to the absence of an associated
ν(OH) mode at about 3620 cm−1.14 Moreover, bicarbonate
formation would require a source of CO2,

15 which is
inaccessible to the reaction system. Similarly, a role for
carbonate ions is rejected; the reduction of carbonate to
formate is thought to be implausible, and there is no evidence
for carbonate formation in the spectra for undoped η-alumina
(Figure 1a). Instead, and rather surprisingly, the spectral
changes observed in Figure 1 are believed to signify that on
methanol dosing, CsCl concentrations of ≥0.6 mmol g(cat)

−1

induce the formation of formate species at room temperature
which reside alongside a population of methoxy species.
Specifically, the 1652 and 1412 cm−1 bands represent,
respectively, the νasym(COO) and δ(CH) modes of formate
species. The weak feature at 2774 cm−1 is assigned to the
formate ν(C−H) mode.
Comparable peaks for chemisorbed formate on potassium-

modified Ru(001) are reported by Weisel and co-workers.16

Using the technique of reflection absorption infrared spec-
troscopy, the vibrational spectrum for formate species
adsorbed on a multilayer of potassium deposited on a
Ru(001) crystal shows formate ν(C−H), νasym(COO), and
δ(C−H) modes to be present at, respectively, 2780, 1649, and
1385 cm−1. The IR spectrum of crystalline potassium formate

Figure 6. TPD areas for MeOH and DME formation over the range
of CsCl- and KCl-doped η-alumina catalysts (Figures 4 and 5): (a)
CsCl, CH3OH; (b) CsCl, CH3OCH3; (c) KCl, CH3OH; and (d)
KCl, CH3OCH3.

Table 1. Vibrational Assignment of Infrared Bands Observed for a Saturation Exposure of Methanol on η-Alumina at 298 K:
(a) Unmodified η-Alumina; (b) Components of the RT Spectrum Attributed to Methoxy Species; and (c) Assignment of
Additional Bands in the Room-Temperature Methanol Spectrum at CsCl Loadings of ≥0.6 mmol g(cat)

−1

assignment
(a) η-alumina/CH3OH

(cm−1)a
(b) adsorbed methoxy species

(cm−1)b
(c) adsorbed formate species observed in the RT spectrum at elevated

CsCl loadings (cm−1)c

νsym(CO2
−)

δ(CH) 1412
δ(CH3) 1448 1448
νasym(CO2

−) 1652
ρ(CH3) + δsym(CH3) 2547
ρ(CH3) + δasym(CH3) 2618
ν(CH) 2774
νsym(CH3) 2825 2825
νasym(CH3) 2940 2940
ν(OH)H‑bonded 3220
ν(OH)weak 3696
ν(OH)medium‑weak 3742
ν(OH)medium‑strong 3770

aFigure 1a. bFigure 1e. cFigure 1f.
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shows the νasym(COO) mode to be present at 1585 cm−1;
therefore, the adsorbed formate feature represents a significant
hypsochromic shift of 64 cm−1, which is attributed to a
reduced symmetry compared to the expected C2v point
group.16 With reference to Figure 1f, the peak at 1652 cm−1

corresponds to a hypsochromic shift of 67 cm−1 (the blue line
in Figure 1 indicates 1585 cm−1). This band is broader than
that observed for formate chemisorption on η-alumina,5

consistent with adoption of a less symmetric environment in
the presence of high coverages of the group 1 metal salt,
possibly Cs or C1.

16 Table 1 presents the band assignments for
Figure 1.
The presence of formate at 293 K for CsCl and KCl

concentrations ≥0.6 mmol g(cat)
−1 hints at an additional

chemical effect, over and above that contained within the
Lewis acid site neutralization model.4 To investigate how the
doped η-Al2O3/CH3O(ad)/HCO2(ad) surfaces, as evidenced in
Figures 1 and 2, responded to increasing temperature,
temperature-programed measurements of the methanol-dosed
and group 1 chloride-doped η-alumina samples were under-
taken. First, this involved IR measurements recorded after
thermal ramping to temperatures associated with inducing
formate formation (653 K) and decomposition (743 K).5

These were then followed up by mass spectrometric measure-
ments of CO desorption that provides additional information
on the decomposition process.5

Figure 7 shows the IR difference spectra for a saturated
overlayer of methanol adsorbed at room temperature on a

range of CsCl-doped alumina catalysts that are heated to 653
K, a temperature above that at which the methoxy → formate
transition on η-alumina5 initiates. The spectra are shown in the
region 1700−1300 cm−1 and uniquely correspond to the
presence of formate species.
Figure 7a shows the spectrum for a saturated overlayer of

methanol over the standard (undoped) η-alumina catalyst that
has been heated from 298 to 653 K to exhibit a series of bands
at 1596, 1393, and 1378 cm−1, which are, respectively, assigned
to the antisymmetric CO2 stretch, the C−H bend, and the
symmetric CO2 stretch of surface formate.5 The sharp and
symmetric band at 1596 cm−1 is indicative of formate species

residing in a discrete adsorption site,5 most probably exhibiting
C2v symmetry.16 Importantly, the broad band observed at 1652
cm−1 in Figure 1e,f is absent in Figure 7, thereby providing a
distinction for two types of surface formate species. First,
methanol saturation at room temperature on alumina
containing high CsCl loadings leads to a perturbed formate
species, with the broadness of the νasym(COO) mode in Figure
1e,f suggestive of the formate occupying a range of adsorption
sites. Second, the formate spectrum observed in Figure 7a
shows that the ambient-temperature formate species evidenced
in Figure 1 differs from the thermally activated methoxy →
formate transformation over η-alumina previously described by
McInroy and co-workers.5 The absence of those formate
absorptions observed in Figure 1e,f from Figure 7 for all CsCl
coverages studied indicates this species to have decomposed,
desorbed, or migrated to the high-symmetry site on warming
to 653 K.
It is also noteworthy that the nature of the formate species

formed via the thermally activated pathway is identical at all
the CsCl loadings examined in this work. By comparison with
Figure 4, Figure 7 shows that formate formation is taking place
at temperatures above those where methanol desorption is
complete, and DME desorption is almost complete. It is clear,
therefore, that some methanol is being bound tightly to the
surface but in a site that does not favor DME formation.
It is interesting that the intensity of the absorptions due to

formate appears to follow a trend, with most formate present at
zero doping and least formate present at the highest group 1
metal salt loading; however, the intensity of absorption at 0.3
mmol CsCl g(cat)

−1 seems anomalous as it is higher than that at
0.1 mmol g(cat)

−1, and so the complexity of the formate was
further investigated by obtaining the IR spectra for a methanol
overlayer that has been heated to 743 K, a temperature that
exposes the formate decomposition regime.5

Figure 8 presents the IR spectra for a room-temperature-
dosed chemisorbed overlayer of methanol on CsCl-doped η-
alumina after heating to 743 K. The intensity of the
antisymmetric CO2 stretch at 1598 cm−1 shows that nearly
complete formate decomposition is observed over un-doped η-
alumina at this temperature.5 Figure 8a shows the undoped η-

Figure 7. IR spectra for a saturated overlayer of methanol adsorbed
on a range of CsCl-doped catalysts and heated to 653 K: (a) undoped
η-alumina; (b) 0.01; (c) 0.1; (d) 0.3; (e) 0.6; and (f) 1.0 mmol CsCl
g(cat)

−1.

Figure 8. IR spectra for a saturated overlayer of methanol adsorbed
on a range of CsCl-doped catalysts and heated to 743 K: (a) undoped
η-alumina; (b) 0.01; (c) 0.1; (d) 0.3; (e) 0.6; and (f) 1.0 mmol CsCl
g(cat)

−1.
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alumina to exhibit minimal peak intensity, indicating thermally
induced formate decomposition to be a facile process at 743 K.
This observation reproduces results reported by McInroy et
al.5 Figure 8b,c shows the intensity of this mode to increase
over the range 0.01−0.1 mmol CsCl g(cat)

−1; however, peak
intensity decreases in Figure 8d (0.3 mmol CsCl g(cat)

−1), and
no formate is detected in Figure 8e,f. Interestingly, Figure 8b
uniquely shows the additional presence of a feature at 1635
cm−1, a frequency representative of the unsymmetric formate
species under consideration in Section 3.3.
To investigate these trends, TPD measurements for

chemisorbed methanol were undertaken, concentrating on
CO evolution as an indicator of the formate decomposition
process.5 Figure 9 shows the resulting profiles. In agreement

with results reported previously with stepwise heating,5 the un-
doped η-alumina (black line) exhibits a single broad feature
with a Tmax of 688 K. The temperature of the peak maximum
increases for CsCl-doped catalysts. There is a complete
absence of a CO feature in the profiles for loadings ≥0.6
mmol CsCl g(cat)

−1, which possibly reveals a reduced sensitivity
compared with IR spectroscopy, as formate is discernible in
Figure 7e,f.
There are several points to note from Figure 9. First, despite

there being measurable quantities of formate produced at room
temperature on catalysts with high loadings of CsCl (Figure 1),
Figure 9 shows no peak corresponding to the desorption or
decomposition of this formate; possibly this indicates a limit to
the sensitivity of the TPD measurements or that decom-
position follows a different path. Second, there is a pronounced
peak for CO emission in catalysts with 0−0.3 mmol CsCl
g(cat)

−1 and no peak for catalysts with ≥0.6 mmol g(cat)
−1; it is

therefore a reasonable deduction that the peaks observed in
Figure 9 correspond to the decomposition to carbon monoxide
of the formate observed by IR (Figures 7 and 8). Figure 9 is
complicated by sloping baselines. Therefore, to more clearly
define the formate decomposition process, Figure 10 presents
the baseline-corrected TPD profiles for the 0−0.3 mmol CsCl
g(cat)

−1 data set.
Figure 10 reveals that the onset and maxima of CO

emissions are taking place at different temperatures, despite the

peak positions of the IR spectra of the formate on all the
catalyst samples being essentially identical (Figure 7)such
decomposition temperatures are therefore not likely related to
binding energies, which would affect the frequencies of
absorption. Similar peak maxima trends are also observed
when using η-alumina catalysts modified by the addition of
KCl. Table 2 shows the peak maxima recorded for CO

evolution for the range of CsCl- and KCl-doped catalysts. It is
noted that on comparing the effects of the different group 1
modifiers, only marginal differences in Tmax are encountered.
Repeat measurements were not undertaken; therefore, the
degree of variance is unknown. Nonetheless, Table 2 shows
that CsCl consistently conveys a higher Tmax for CO
desorption.
Figure 11 presents the area of the background-subtracted

CO TPD profiles (Figure 10) with respect to CsCl loading and
shows the quantity of CO desorption to be approximately
constant over the range 0−0.1 mmol CsCl g(cat)

−1. Within the
context of the “acid site neutralization/titration model”,4 it is
suggested that Figure 11 indicates formate formation to be
associated with the medium-weak Lewis acid site. It was shown
that the medium-strong Lewis acid sites were effectively
capped at group 1 metal chloride loadings of 0.1 mmol CsCl
g(cat)

−1, whereas the medium-weak acid site concentration was
progressively decreased at 0.3 mmol CsCl g(cat)

−1 and above, a
trend followed by the CO peak areas shown in Figure 11.
Furthermore, the anomalous intensity profile of the antisym-
metric CO2 stretch evident in Figure 8 is thought to reflect that

Figure 9. Mass spectrometry profiles obtained for CO evolution (28
amu) from methanol TPD experiments performed on a range of
CsCl-doped catalysts: (a) undoped η-alumina; (b) 0.01; (c) 0.1; (d)
0.3; (e) 0.6; and (f) 1.0 mmol CsCl g(cat)

−1.

Figure 10. Background-subtracted CO evolution from TPO profiles
presented in Figure 9: (a) undoped η-alumina; (b) 0.01; (c) 0.1; (d)
0.3; (e) 0.6; and (f) 1.0 mmol CsCl g(cat)

−1.

Table 2. Peak Maxima Recorded for CO Evolution Profiles
Obtained during Methanol Temperature-Programed
Desorption Experiments

CsCl-doped
catalysts/mmol g(cat)

−1
Tmax
CO/K

KCl-doped
catalysts/mmol g(cat)

−1
Tmax
CO/K

0 688 0 688
0.01 716 0.01 706
0.1 740 0.1 726
0.3 730 0.3 728
0.6 0.6
1.0 1.0
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the dopant is simultaneously perturbing the rates of formate
formation and decomposition. More work is necessary to
better understand this latter topic.
Unexpectedly, the ambient-temperature IR spectra for

methanol over CsCl- and KCl-doped η-alumina show evidence
for formate formation at dopant levels ≥0.6 mmol CsCl or KCl
g(cat)

−1, which concomitantly correspond to attenuation of
negative alumina ν(O−H) bands at 3770 and 3740 cm−1

which are, respectively, attributed to medium-strong and
medium-weak Lewis acid sites.3 Figure 1 indicates that at
higher group 1 chloride coverages, the surface chemistry is
perturbed beyond that of a simple Lewis acid site
neutralization model. Group 1 metal salts are known to
convey Brønsted basicity to metal oxide surfaces, enabling
base-catalyzed reactions such as Michael additions to be
facilitated.17 Thus, at the higher group 1 doping levels (≥0.6
mmol g(cat)

−1), it is proposed that new Brønsted base sites are
formed. The ambient-temperature IR spectra (Figures 1 and 2)
show no evidence for the addition of H2O or OH− species over
the ≥0.6 mmol CsCl g(cat)

−1 coverage range, suggesting that a
candidate for the induction of Brønsted basicity is the
anhydrous chloride ion. The tentative suggestion is that a
surface Al−OH group neighboring a Lewis acid site is
deprotonated by Cl− to form HCl.
It is informative to consider the significance of the threshold

dopant concentration necessary to induce the ambient-
temperature formate formation. Figure 1 shows evidence of
formate formation for CsCl loadings of ≥0.6 mmol g(cat)

−1.
The Brunauer−Emmett−Teller surface area for η-Al2O3 + 0.6
mmol CsCl g(cat)

−1 is 186 m2 g−1.4 Assuming reasonable values
for ionic radii,18 this loading equates to a CsCl surface area of
137 m2 g−1, corresponding to a surface coverage, θ, of ∼0.74,
that is, close to monolayer coverage. As described in Section
2.2, the IR spectra are presented as difference spectra. Thus,
the negative alumina ν(O−H) features at about 3740 cm−1

evident in the spectrum of the undoped η-alumina (Figure 1a)
indicate hydrogen bonding of these entities in the methanol
chemisorption process.5 However, the dramatic attenuation of
the negative alumina ν(O−H) features at ≥0.6 mmol CsCl
g(cat)

−1 (Figure 1e) indicates this threshold CsCl coverage to be

causing the consumption of surface hydroxyl groups so that
upon methanol exposure, negligible negative peaks are
observed in the resulting difference spectrum. Figure 12

presents a proposed reaction scheme for how CsCl induces
Brønsted basicity and modifies the methanol chemisorption
process. Figure 12a considers the addition of CsCl to η-
alumina; the asterisk signifies a Lewis acid site. The chloride
ion induces deprotonation of a hydroxyl group and formation
of HCl, whereas the cation stabilizes the resulting negative
charge on the oxygen atom. This step [process (a) → (b)] is
thought to be entropically favored. Methanol adsorption
occurs at the Lewis acid site, leaving the oxygen anion
undisturbed. Upon linking Figure 12 to 1, subtraction of the IR
background spectrum of the CsCl-doped catalyst (Figure 12b)
from the spectrum of chemisorbed methanol over CsCl-doped
η-alumina (Figure 12c) would lead to no significant negative
deflections in the hydroxyl stretching region, as is observed
experimentally.
It is acknowledged that the HCl indicated in Figure 12 is

unassigned, that is, it is unspecified with respect to adsorption
or as a gaseous product. Previous work has established that
HCl reacts with η-Al2O3 via a dissociative adsorption process.7

Therefore, it is possible that HCl could be present on regions
of bare η-Al2O3, but the IR spectra of Figures 1 and 2 show no
evidence for HCl adsorption. Alternatively, the group 1 metal
chloride concentration could be sufficient to minimalize the
adsorption processes so that gaseous HCl forms and is vacated
from the system by the He carrier gas. In either case, the
quantities of HCl produced via the process depicted in Figure
12 would be small, making detection of HCl by IR or mass
spectrometry difficult. As no evidence for either adsorbed or
gaseous HCl is evident from the studies undertaken, the fate of
HCl cannot be specified.
Although the CsCl- and KCl-doped η-alumina/methanol

ambient-temperature IR spectra (Section 3.1) are broadly
comparable, it is evident that the spectral profile is more
changed in the presence of the Cs salt compared with the K
salt. Most noticeably, the degree of attenuation of the negative-
intensity alumina ν(O−H) modes at about 3740 cm−1 is
relatively reduced on doping with KCl (Figure 2) compared to
that observed when CsCl is the dopant (Figure 1). It is
suggested that KCl is less reactive than CsCl with the alumina
hydroxyl group as indicated in Figure 12a so that at
comparable dopant concentrations, a population of surface
hydroxyl groups remains to react with adsorbed methanol.
This outcome is also consistent with the relatively lower
concentrations of formate on the KCl-doped catalyst observed
in Figure 2. In this way, the cation of the group 1 chloride

Figure 11. Integrated CO intensity from the background-subtracted
TPO profile (Figure 10) as a function of the CsCl concentration.

Figure 12. Reaction scheme to illustrate how high CsCl loadings
induce Brønsted basicity at the η-alumina surface and how the
resulting surface interacts with methanol at room temperature. (a)
CsCl reacts with a hydroxyl group; (b) this leads to formation of a
Brønsted base site and the co-production of HCl; (c) subsequent
exposure to methanol leads to methoxy formation at a Lewis acid site,
as signified by an asterisk (*).
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maintains an effect on the surface environment. It is possible
that the relative surface mobilities of the two salts could be
influencing the surface chemistry.
The observations made indicate that adsorbed formate

species may be formed on η-alumina from chemisorbed
methoxy species either by (i) conventional thermally induced
activation (Section 3.3)5,10 or (ii) at ambient temperatures
upon doping with relatively high concentrations of group 1
metal chlorides (Section 3.1). These observations may be
rationalized according to the following three stages using CsCl
as a representative dopant material: (I) Under initial catalyst
activation conditions, CsCl creates Brønsted base sites as
illustrated in Figure 12a which are responsible for the room-
temperature formate species observed in Figures 1 and 2. (II)
At high CsCl loadings, thermally induced formate is not made,
but at intermediate concentrations, formate is produced at a
lower rate than on undoped alumina (Figure 7). (III) At still
higher temperatures (743 K), formate undergoes surface-
catalyzed decomposition. This is rapid on undoped alumina
but slower on intermediate doped aluminas. Formate
formation does not occur ≥0.6 mmol CsCl g(cat)

−1 (Figures
7 and 8 and Table 2).
These refinements for how methanol binds to a modified η-

Al2O3 sample are informative, and it is useful to reflect on how
the methanol-derived entities may combine with HCl over this
surface. McInroy and co-workers have reported on methyl
chloride selectivity enhancements attainable on CsCl-/KCl-
modified η-Al2O3 and proposed a scheme for how methoxy
species and chlorine, formed via the dissociative adsorption of
methanol and HCl, respectively, are adsorbed at adjacent
medium-weak Lewis acid sites, which then combine to
selectively form methyl chloride.2 The subtleties observed in
the present work concerning variations in adsorbed formate
geometry are thought to not cause any deviation from the
previously proposed reaction model.
Finally, as indicated in the Introduction, minimization of eq

2 is associated with a successful methyl chloride synthesis
catalyst. As an illustration of how a group 1 metal chloride can
be used to modify by-product formation over the base η-
alumina catalyst, Figure 13 presents the TPD profiles for DME

evolution (45 amu) from two alumina samples exposed to a
saturation coverage of methanol at 298 K: (a) undoped η-
alumina and (b) η-alumina + 1.0 mmol CsCl g(cat)

−1. First, as
evidenced elsewhere,5 Figure 13a shows that the non-modified
η-alumina yields a distinct DME feature that exhibits a Tmax

value of 448 K that is skewed to high temperature. In dramatic
contrast, Figure 13b shows that for the η-alumina + 1.0 mmol
CsCl g(cat)

−1 sample, no DME is detected. Figure 13 vividly
demonstrates how this modifier applied at this loading
suppresses DME formation below the detection limit as η-
alumina/methanol is linearly temperature-ramped from
ambient to 1000 K. Thus, although the surface chemistry
observed is seen to exhibit complexity, as outlined above, this
work further justifies and endorses the use of specific loadings
of group 1 metal chlorides to minimize DME formation over
an η-alumina catalyst. These outcomes provide baseline
understanding for the optimization of methyl chloride
synthesis catalysis, as outlined in the patent literature.19

4. CONCLUSIONS

This work has used a combination of methanol chemisorption
coupled with IR spectroscopy and TPD measurements to
examine how the addition of group 1 metal chlorides over the
concentration range of 0−1.0 mmol g(cat)

−1 modifies the acid
site distribution of an η-alumina catalyst. At room temperature,
methoxy species dominate and co-exist alongside formate
species in a low-symmetry environment [νasym(COO) = 1652
cm−1]. Warming the sample leads to the loss of the latter
species and the formation of formate in a high-symmetry
environment [νasym(COO) = 1596 cm−1], whereas TPD
studies show methanol desorption to be only marginally
affected on increasing the modifier concentration, and at
higher coverages, DME formation is reduced to below the limit
of detection. This outcome forms the basis of an industrial
specification catalyst.19 In addition to increasing modifier
concentrations progressively and decreasing the accessibility of
Lewis acid sites, the introduction of Brønsted basicity at the
catalyst surface is additionally induced.

■ AUTHOR INFORMATION

Corresponding Author
David Lennon − School of Chemistry, University of Glasgow,
Glasgow G12 8QQ, U.K.; orcid.org/0000-0001-8397-
0528; Phone: +44-141-330-4372; Email: David.Lennon@
glasgow.ac.uk

Authors
Alastair R. McInroy − School of Chemistry, University of
Glasgow, Glasgow G12 8QQ, U.K.

John M. Winfield − School of Chemistry, University of
Glasgow, Glasgow G12 8QQ, U.K.

Christopher C. Dudman − Inovyn, Runcorn, Cheshire WA7
4JE, U.K.

Peter Jones − Inovyn, Runcorn, Cheshire WA7 4JE, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.2c02275

Notes
The authors declare no competing financial interest.

Figure 13. TPD profiles for DME evolution (45 amu) for two
alumina samples exposed to a saturation coverage of methanol at 293
K: (a) undoped η-alumina (black line) and (b) η-alumina + 1.0 mmol
CsCl g(cat)

−1 (red line).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c02275
J. Phys. Chem. C 2022, 126, 10378−10387

10386

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Lennon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8397-0528
https://orcid.org/0000-0001-8397-0528
mailto:David.Lennon@glasgow.ac.uk
mailto:David.Lennon@glasgow.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alastair+R.+McInroy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+M.+Winfield"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+C.+Dudman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02275?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02275?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02275?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02275?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02275?fig=fig13&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS

The EPSRC (grant number GR/P01984/01) and Ineos Chlor
are thanked for project support and the provision of an
Industrial CASE Studentship (ARM).

■ REFERENCES
(1) Weissermel, K.; Arpe, H.-J. Industrial Organic Chemistry, 4th ed.;
Wiley-VCH Weinheim, 2003; pp 52−57.
(2) McInroy, A. R.; Winfield, J. M.; Dudman, C. C.; Jones, P.;
Lennon, D. The development of a new generation of methyl chloride
synthesis catalyst. Faraday Discuss. 2016, 188, 467−479.
(3) Lundie, D. T.; McInroy, A. R.; Marshall, R.; Winfield, J. M.;
Jones, P.; Dudman, C. C.; Parker, S. F.; Mitchell, C.; Lennon, D. An
improved description of the surface acidity of η-alumina. J. Phys.
Chem. B 2005, 109, 11592−11601.
(4) McInroy, A. R.; Winfield, J. M.; Dudman, C. C.; Jones, P.;
Lennon, D. Investigating the acid site distribution of a new generation
methyl chloride synthesis catalyst. ACS Omega 2019, 4, 13981−
13990.
(5) McInroy, A. R.; Lundie, D. T.; Winfield, J. M.; Dudman, C. C.;
Jones, P.; Lennon, D. The application of diffuse reflectance infrared
spectroscopy and temperature programmed desorption to investigate
the interaction of methanol on η-alumina. Langmuir 2005, 21,
11092−11098.
(6) McInroy, A. R.; Lundie, D. T.; Winfield, J. M.; Dudman, C. C.;
Jones, P.; Parker, S. F.; Taylor, J. W.; Lennon, D. An infrared and
inelastic neutron scattering spectroscopic investigation on the
interaction of η-alumina and methanol. Phys. Chem. Chem. Phys.
2005, 7, 3093−3101.
(7) McInroy, A. R.; Lundie, D. T.; Winfield, J. M.; Dudman, C. C.;
Jones, P.; Parker, S. F.; Lennon, D. The interaction of alumina with
HCl: an infrared spectroscopy and inelastic neutron scattering study.
Catal. Today 2006, 114, 403−411.
(8) McInroy, A. R.; Lundie, D. T.; Winfield, J. M.; Dudman, C. C.;
Jones, P.; Lennon, D. Improved atom efficiency via an appreciation of
the surface activity of alumina catalysts: methyl chloride synthesis.
Appl. Catal., B 2007, 70, 606−610.
(9) Li, H.; Rivallan, M.; Thibault-Starzyk, F.; Travert, A.; Meunier,
F. C. Effective bulk and surface temperatures of the catalyst bed of
FT-IR cells used for in situ and operando studies. Phys. Chem. Chem.
Phys. 2013, 15, 7321−7327.
(10) Busca, G. Infrared studies of the reactive adsorption of organic
molecules over metal oxides and of the mechanisms of their
heterogeneously-catalyzed oxidation. Catal. Today 1996, 27, 457−
496.
(11) Matyshak, V. A.; Khomenko, T. I.; Lin, G. I.; Zavalishin, I. N.;
Rozovskii, A. Y. Surface species in the methyl formate-methanol-
dimethyl ether-gamma-Al2O3 system studied by in situ IR spectros-
copy. Kinet. Catal. 1999, 40, 269−274.
(12) Blaszkowski, S. R.; Van Santen, R. A. Theoretical study of the
mechanism of surface methoxy and dimethyl ether formation from
methanol catalyzed by zeolitic protons. J. Phys. Chem. B 1997, 101,
2292−2305.
(13) Matsushima, T.; White, J. M. Thermal decomposition of
methanol adsorbed on alumina. J. Catal. 1976, 44, 183−196.
(14) Busca, G.; Lorenzelli, V. Infrared spectroscopic identification of
species arising from reactive adsorption of carbon oxides on metal
oxide surfaces. Mater. Chem. 1982, 7, 89−126.
(15) Morterra, C.; Zecchina, A.; Coluccia, S.; Chiorino, A. IR
spectroscopic study of CO adsorption onto η-Al2O3. J. Chem. Soc.,
Faraday Trans. 1 1977, 73, 1544−1560.
(16) Weisel, M. D.; Chen, J. G.; Hoffmann, F. M.; Sun, Y. K.;
Weinberg, W. H. A Fourier transform-infrared reflection absorption
spectroscopy study of the formation and decomposition of
chemisorbed formate on clean and potassium-modified Ru(001). J.
Chem. Phys. 1992, 97, 9396−9411.
(17) Hattori, H. Heterogeneous basic catalysis. Chem. Rev. 1995, 95,
537−558.

(18) Shannon, R. D.; Prewitt, C. T. Effective Ionic Radii on Oxides
and Fluorides. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem.
1969, 25, 925−946.
(19) Mitchell, C. J.; Jones, P. Use of alkali metal doped eta-alumina
as methanol hydrochlorination catalyst. WO 2000076658 A1, 2000.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c02275
J. Phys. Chem. C 2022, 126, 10378−10387

10387

 Recommended by ACS

Influence of the Electric Charge of Spin Probes on Their
Diffusion in Room-Temperature Ionic Liquids
B. Y. Mladenova Kattnig, A. I. Kokorin, et al.
AUGUST 11, 2021
THE JOURNAL OF PHYSICAL CHEMISTRY B READ 

Light-Induced Charge Transfer in Two-Dimensional
Hybrid Lead Halide Perovskites
Melissa Van Landeghem, Etienne Goovaerts, et al.
AUGUST 15, 2021
THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

Hydroxyl Functional Groups in Two-Dimensional
Dion–Jacobson Perovskite Solar Cells
Bat-El Cohen, Lioz Etgar, et al.
DECEMBER 14, 2021
ACS ENERGY LETTERS READ 

Charge Carrier Inhomogeneity of MAPbI3 Clarified by
the Clustering of the Time-Resolved Microscopic Image
Sequence
Tatsuya Chugenji, Kenji Katayama, et al.
JUNE 02, 2021
ACS APPLIED ENERGY MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1039/c5fd00202h
https://doi.org/10.1039/c5fd00202h
https://doi.org/10.1021/jp0405963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0405963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la051429c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la051429c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la051429c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b505974g
https://doi.org/10.1039/b505974g
https://doi.org/10.1039/b505974g
https://doi.org/10.1016/j.cattod.2006.02.041
https://doi.org/10.1016/j.cattod.2006.02.041
https://doi.org/10.1016/j.apcatb.2006.01.033
https://doi.org/10.1016/j.apcatb.2006.01.033
https://doi.org/10.1039/c3cp50442e
https://doi.org/10.1039/c3cp50442e
https://doi.org/10.1016/0920-5861(95)00162-x
https://doi.org/10.1016/0920-5861(95)00162-x
https://doi.org/10.1016/0920-5861(95)00162-x
https://doi.org/10.1021/jp962006+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp962006+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp962006+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9517(76)90389-4
https://doi.org/10.1016/0021-9517(76)90389-4
https://doi.org/10.1016/0390-6035(82)90059-1
https://doi.org/10.1016/0390-6035(82)90059-1
https://doi.org/10.1016/0390-6035(82)90059-1
https://doi.org/10.1039/f19777301544
https://doi.org/10.1039/f19777301544
https://doi.org/10.1063/1.463316
https://doi.org/10.1063/1.463316
https://doi.org/10.1063/1.463316
https://doi.org/10.1021/cr00035a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/s0567740869003220
https://doi.org/10.1107/s0567740869003220
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpcb.1c02493?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcb.1c02493?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcb.1c02493?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcb.1c02493?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c05005?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c05005?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c05005?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acs.jpcc.1c05005?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsenergylett.1c01990?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsenergylett.1c01990?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsenergylett.1c01990?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsenergylett.1c01990?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsaem.1c00258?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsaem.1c00258?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsaem.1c00258?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsaem.1c00258?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
http://pubs.acs.org/doi/10.1021/acsaem.1c00258?utm_campaign=RRCC_jpccck&utm_source=RRCC&utm_medium=pdf_stamp&originated=1657369802&referrer_DOI=10.1021%2Facs.jpcc.2c02275
https://preferences.acs.org/ai_alert?follow=1

