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Abstract

The electrochemical hydrogenation and oxidation of p-dihydroxybenzene (hydroquinone) chemisorbed at poly-
crystalline Pt, well-ordered Pt(111) and disordered Pt(111) electrodes were studied by differential electrochemical
mass spectrometry (DEMS). For comparative purposes, benzene was investigated at polycrystalline Pt. Anodic
oxidation yielded only CO, as the volatile (DEMS-detectable) product. However, at least three oxidation cycles
were necessary for exhaustive oxidation; this indicates that: (i) non-volatile products were generated in the first
cycle, (ii) these products either stayed adsorbed or, in part, were re-adsorbed during a cathodic scan into the double-
layer potential region, and (iii) these species were further oxidized on subsequent anodic scans. Electrocatalytic
hydrogenation of hydroquinone at polycrystalline Pt followed two parallel (not sequential) paths to generate
benzene and cyclohexane: the ““branching ratio” was heavily in favor of the latter product. The adsorbate can be
displaced by CO at potentials in the double layer region. Since no volatile species was observed during this process,
the adsorbate is not already reduced; e.g., to benzene. On well-ordered Pt(111), no cyclohexane was produced and
only a minuscule fraction of benzene was observed; however, quantitative desorption of (unidentified) non-volatile
organic material took place at the negative potential. The disordered Pt(111) surface behaved more like the poly-
crystalline rather than the monocrystalline surface. The H,Q-hydrogenation reaction proceeds more readily on Pt
with surface steps and kinks.

mechanistic information such as correlations between
catalytic reactivities, surface sites and modes of chemi-
sorption.

1. Introduction

Studies on the chemisorption of organic compounds at

catalytic surfaces have been aided by a proliferation of
surface analytical methods [1-3] that can be applied to
electrochemical systems. The extension of such studies
to electrocatalytic reactions such as hydrogenation or
oxidation is less straightforward because of the paucity
of techniques that are able to provide qualitative and
quantitative analysis of the (low-level) product distribu-
tions. The difficulty arises primarily from the fact that
organic compounds do not undergo electrocatalytic
reactions unless they are chemisorbed at the electrode
surface. Unless ultrahigh-area surfaces such as porous
or finely divided powder electrodes are used, the
amounts of products generated are not only minuscule
(ca. pmol cm™), they are also swamped by a huge
excess of supporting eclectrolyte. The drawback in the
employment of such surfaces is that they are ill-defined;
hence, it is virtually impossible to obtain fundamental

Studies on the orientation of chemisorbed molecules
and its influence in electrochemical oxidation or reduc-
tion reactions were first attempted by indirect measure-
ments using thin-layer electrochemistry (TLE) by
Hubbard and coworkers [4, 5]. Central to the molecular
orientation studies was the measurement of the surface
coverage or packing density (I', mol/cm?) of the intact
chemisorbed molecules [6, 7]. Dihydroxy substituted
benzene compounds were popular subject molecules
because of the well-characterized electrochemistry
[8-17]. The chemisorption isotherm of H,Q on Pt(pc)
surfaces has demonstrated that H,Q chemisorption is a
nonrandom, irreversible process in which chemisorbed
species adopts specific orientations depending of the
bulk organic solution. When chemisorption proceeds
from diluted H,Q solutions (C < 0.10 mm) flat-ori-
ented species (n°) is formed; whereas for solution with
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concentrations higher than 1.0 mm, edgewise-oriented
species (%) are formed. These orientational assignments
have been verified using independent techniques such as
infrared reflection-adsorption spectroscopy (IRAS) [18]
and radiochemistry [19]. Studies on H,Q chemisorption
at well-defined Pt(111) surfaces have been reported as
well [20, 21].

The effects of adsorbed-molecule orientation on the
electrochemical oxidation and reduction of aromatic
compounds were first studied on Pt electrodes [22-26].
The initial work involved a direct measurement of the
number of electrons transferred during the oxidation
(nox) or reduction (ny) of adsorbed material by TLE.
Gas chromatography (GC) with derivatization by sily-
lation was employed to confirm oxidation products such
as maleic acid [20]. Long optical path length thin-layer
spectroelectrochemistry was employed to identify 1,4-
cyclohexandiol as the product of the electrochemical
reduction of H,Q [27]. The use of the long optical path
length and the large ratio of electrode area-to-solution
volume were meaningful aspects in the detection of these
species.

The development of differential electrochemical mass
spectrometry (DEMS) has provided a major boost in the
research area of electrochemical surface science. DEMS
allows the identification and quantification of reaction
product distributions. Equally critical is the fact that the
product analysis can be directly linked to prominent
features in a current—potential measurement: it is
possible to record the electrochemical currents simulta-
neously with the mass spectrometer ion currents [28, 29].
DEMS has been successfully applied in the study of
electrocatalytic hydrogenation of aromatic molecules.
Examples are benzene on polycrystalline Pt [30], Pt(111)
[31], Pt(110) and Pt(100) [32], and Pt(332) [33]; aniline
and pyridine on polycrystalline and single-crystal Pt, Ru
and Pd electrodes [34]; biphenyl, naphthalene and -
butylbenzene on Pt electrodes [35, 36]; benzyl alcohol
[37]; and benzoic acid [38, 39] on Pd and Pt electrodes.

The present paper describes the application of DEMS
on the electrocatalytic hydrogenation and oxidation of
H,Q at polycrystalline Pt(pc), well-ordered Pt(111) and
disordered Pt(111). The former consists predominantly
of surface terrace sites, whereas the disordered Pt(111)
electrode would have an appreciable amount of surface
defects (steps and kinks [1, 40-43]).

2. Experimental

The fabrication and utilization of a DEMS instrument
has been described in detail elsewhere [28, 29]. In this
study, a differentially pumped Balzers QMG 422 quad-
rupole mass spectrometer was employed; this set-up
allows the simultaneous detection of up to 64 ion
fragments. Electrochemistry was done in a one-com-
partment thin-layer cell.

Disk-shaped (polycrystalline and single-crystal) plat-
inum electrodes were initially treated by immersion in

10 M HNO;3; (Merck) for at least 10 min. The Pt(pc)
electrode was briefly flame-annealed to render it uni-
formly smooth. The Pt(111) single crystal was annealed
for 3 min and quenched in an H-cell that contained
0.1 M H,SO4 under a stream of ultrapure argon (Air
Products). The Pt(111) surface was disordered by
multiple potential cycles between the hydrogen and
oxygen evolution regions until a steady-state current—
potential curve, devoid of the “butterfly peaks™ charac-
teristic of the well-ordered surface, was obtained. The
electrodes were emersed and, with a protective drop of
Ar-saturated supporting electrolyte, transferred into the
DEMS thin-layer cell. The integrity of the electrode
surfaces was always monitored prior to the adsorption
experiments. The active surface areas of the working
electrodes were determined from the hydrogen-adsorp-
tion (or desorption) Faradaic charges [2, 3, 5, 20]. A
standard hydrogen electrode (SHE) in 0.1 m H,SO,4 was
used as the reference electrode.

Milli-Q® Plus water (Millipore Systems) was utilized
to prepare all solutions which were deaerated with
ultrapure argon. Hydroquinone (Merck) and benzene
(Riedel-de Haén) solutions were prepared in 0.1 M
H,SO, at millimolar concentrations. Adsorption was
performed by introduction of fresh adsorbate solution
into the DEMS cell, at potentials in the double-layer
region (0.35 V), followed by a 3-min equilibration. The
cell was then rinsed copiously with pure supporting
electrolyte to remove the unadsorbed material. The
potential was scanned either in the anodic or cathodic
direction without electrolyte flow. Multiple potential
cycles were obtained until no more changes were
observed in both the cyclic voltammograms (CV) and
the mass spectra.

Calibration of the DEMS system was achieved as
described elsewhere [28, 29]. Surface coverage data were
estimated from integrated ion currents. (Note that the
calibration constant, relating the ion current to the
number of molecules entering the vacuum system,
contains both the ionization probability and the frag-
mentation ratio of the corresponding ion.)

3. Results and discussion

Figure 1 shows simultaneous electrochemical CV and
mass spectrometric cyclic voltammograms (MSCV) for
H,Q chemisorbed on Pt(pc) in a potential regime well
above the hydrogen-evolution region. A potential-
dependent intensity was found only for mass m/z
= 44, which corresponds to CO,. Although the sec-
ond-cycle anodic-oxidation currents are only slightly
larger than the background (Pt-surface-oxide-forma-
tion) currents, an appreciable amount of CO, was still
detected by DEMS up to the third anodic scan. This
result can only mean that: (a) there actually are non-
volatile oxidation products that are retained in the
DEMS thin-layer cell, (b) these non-CO, products are
chemisorbed on the surface after the oxidized Pt is
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Fig. 1. (a) CV curve and (b) MSCV curve (m/z = 44, CO,) for the
anodic oxidation of a H,Q-coated Pt(pc) electrode in H,Q-free 0.1 m
H,S0,. H,Q was chemisorbed at 0.35 V. Scan rate = 10 mV s~ .

reverted to its metallic form, and (c) the adsorbed
products are eventually oxidized exhaustively (to CO,)
on subsequent anodic cycles, consuming a lower number
of electrons per CO, formed than in the first sweep
which results in a smaller faradaic-to-ion-current ratio.
A similar behavior had been observed previously for
other aromatic systems such as toluene, benzene and
biphenyl [31, 33, 44].

The cycle-dependent percent yields of CO, were
determined from the areas under the CO, mass peaks
in Figure 1. (The currents beyond the third sweep are
identical to those obtained from the pure supporting
electrolyte; hence, they were used for the background
correction.)

Eighty percent of the total CO, yield was generated in
the first anodic scan, 17% in the second sweep, and 3%
in the third cycle. No information is available that
would permit the identification of the non-volatile
species that remained in the DEMS thin-layer cell after
the first cycle. The possibility exists that 20% of the
organic may have been partially oxidized to a shorter-
chain unsaturated species; for example, maleic acid was
detected in the anodic oxidation of hydroquinone on
polycrystalline Pt [5, 20]. On the other hand, for benzene
and toluene, a similar behavior has been observed in the
“classical” DEMS cell [44] where a porous clectrode is
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Fig. 2. (a) CV curve, (b) MSCV curve (m/z = 56, cyclohexane), (c)
MSCYV curve (m/z = 78, benzene), and (d) MSCV curve (m/z = 44,
CO,) for the electrochemical hydrogenation of a H,Q-coated Pt(pc)
electrode in H,Q-free 0.1 m H,SO4. All other experimental condi-
tions were as in Figure 1.

used at the bottom of a cylindrical cell with a height of
several centimeters; dissolved products are therefore free
to diffuse away into the bulk of the electrolyte. It has
been concluded that some carbonaceous species stay
absorbed (and, possibly, are buried below the PtO
during the place exchange between Pt and O) [44]. This
may also be true for H,Q.

Figure 2 shows CV and MSCYV data for the hydro-
genation of H»Q; here, the potential sweep was initiated
in the negative direction. Only two hydrogenation
products, cyclohexane (m/z = 56) and benzene (m/z
= 78), were detected by DEMS. It is important to note
that the two mass peaks occur at almost the same
potential, a result that suggests that the hydrogenation
of H,Q to cyclohexane and benzene involves two
parallel mechanistic paths. In other words, the reaction
is not sequential as in HQuds) > CosHeads) =
CeHi2(aas)- This does not exclude the possibility that,
in the reaction path leading to cyclohexane, adsorbed
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Table 1. Amounts of desorption products from H,Q and benzene adsorbates on Pt(pc)

Detected species Cathodic sweep

Anodic sweep

2

2

I'/nmol cm™ I'/nmol cm™ Hox
Adsorbate/surface Cyclohexane Benzene CO, Total Cg (total, from CO,)
Hydroquinone/Pt(pc) 0.095 0.004 0.063 * 6 0.16 0.28 5.2
Hydroquinone/Pt(111) 0.00 0.002 0.175 * 6 0.18 0.19 5.3
Hydroquinone/rough Pt(111) 0.07 0.003 0.092 * 6 0.17 - -
Benzene/Pt(pc) 0.11 0.043 0.064 * 6 0.22 0.30 5.2

benzene is formed as a short-lived intermediate which
does not desorb. The hydrogenation ““branching ratio”
is heavily in favor of the saturated product as the
cyclohexane:benzene ratio (taking into account the
differing sensitivities) is approximately 26:1 (Figure 2b,
¢ and Table 1). The likelihood of two parallel mecha-
nisms is further supported by the fact that, in order for
benzene to be hydrogenated, it must remain chemi-
sorbed on the surface [5, 20, 21, 25].

It can be seen from Figure 2d that a small but
noticeable CO, peak appears in the MSCV curve in the
first post-hydrogenation anodic scan. This is an indica-
tion that there is a small fraction of organic that remains
on the surface and/or in the solution during the
hydrogenation reaction; these species are the ones that
undergo anodic oxidation to CO, on the ensuing anodic
scan. That both surface and unadsorbed materials exist
is confirmed by an experiment that, if the DEMS thin-
layer cell is rinsed with pure supporting electrolyte at
—0.1 V (to remove any non-surface-attached species), a
CO> mass peak is still observed, albeit at a smaller
quantity (cf., dotted line in Figure 2d). Therefore, a
small part of the adsorbate might desorb as a non-
volatile species, possibly H,Q itself or 1,4-cyclohexane-
diol; it has also been reported that hydrogenation of
chemisorbed H,Q at thermally smoothened Pt(pc) with
a copious amount of Hyy) yields 1,4-cyclohexanediol
[25]. That part of the adsorbate which is not desorbed at
low potentials might be due to molecules bound strongly
to sites of a particular surface orientation. For compar-
ison, whereas benzene is completely desorbed from most
surfaces at low potentials, either under hydrogenation or
without, from Pt(100) less than half of the adsorbate can
be desorbed [32].

For comparative purposes, the electrocatalytic hydro-
genation of benzene chemisorbed on Pt(pc) was also
investigated in the identical cell and under identical
conditions. The results, in terms of CV and MSCYV data,
are shown in Figure 3. When scrutinized in relation to
the observations in Figure 2, three major differences
emerge: (1) The MSCV peak for cyclohexane has not
only increased, but is also of a different morphology. (ii)
The benzene mass peak has increased substantially; its
onset is shifted to 0.3 V. The cyclohexane-to-benzene
peak-area ratio obtained from the hydrogenation of
H,Q is approximately ten-fold larger than that mea-
sured from the hydrogenation of benzene. (iii) The time

(or potential) lag for cyclohexane production relative to
the benzene desorption is much more pronounced. In
[33], it was described an experiment, where after
adsorption of benzene on Pt(332) the potential was held
at 70 mV for 5 min, only m/z = 78 was observed. After
continuation of the sweep in the negative direction,
mostly cyclohexane and only traces of benzene were
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Fig. 3. (a) CV curve, (b) MSCV curve (m/z = 56, cyclohexane), (c)
MSCYV curve (m/z = 78, benzene), and (d) MSCV curve (m/z = 44,
CO,) for the electrochemical hydrogenation of a benzene-coated
Pt(pc) electrode in benzene-free 0.1 M H,SO,. All other experimental
conditions were as in Figure 1.



observed. The total amounts of benzene and cyclohex-
ane were identical to those observed during a continu-
ous sweep. Therefore, the original adsorption site
determines which species is formed at low potentials.
Since in the case of H,Q, benzene and cyclohexane are
formed at nearly identical potentials, this is further
evidence that the H,Q hydrogenation to cyclohexane
and benzene transpires along two parallel, not sequen-
tial, pathways:

Hydrogenation
—
Pt(pc)
+Benzene,q) + Non-volatile products

H3Quqs) Cyclohexane,

2)

It may be noted in Figure 3d that a small but
measurable CO, mass peak appears in a subsequent
anodic scan; since possible hydrogenated products of
benzene are volatile, incomplete desorption is thus
indicated for benzene.

A comparison of the amounts of desorbing species,
calculated from the integrated ion currents, is given in
Table 1. Values obtained from cathodic desorption
experiments are lower than those obtained from the
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Fig. 4. (a) Ion current transients of m/z = 78 during the displace-
ment of H,Q- and benzene-coated Pt(pc) electrodes by CO adsorp-
tion, (m/z = 78, benzene). (b) CV after CO adsorption, same
conditions as in Figure 1. (¢) MSCV (m/z = 44, CO,).
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amount of CO, when the first sweep was in the anodic
direction. For benzene, it has been observed that several
sweeps, restricted to the hydrogen region, are necessary
for a complete hydrogenation of the adsorbate; up to
30% of the total cyclohexane are desorbed only in those
subsequent sweeps [30]. In the case of H»Q, this relative
amount may even be larger. Even without an electrolyte
exchange at the negative potential limit, some of the
species may be lost due to a constant, small flow of
electrolyte and diffusion into the capillaries of the cell,
and thus not oxidized to CO..

A priori, one cannot exclude that H,Q is already
reduced to adsorbed benzene upon adsorption, in
particular on polycrystalline Pt. From the different
morphology of the ion current transient for cyclohexane
formed after adsorption of H,Q and benzene, one may
already exclude this possibility. To further prove that
this is not the case, displacement experiments were
carried out using CO. After H,Q adsorption at 0.35 V, a
CO-saturated 0.1 M H,SO4 solution was passed through
the cell under potential control (0.25 V) using a flow rate
of 0.70 ul s™'. Such a slow flow rate was used to
guarantee that the desorbed species have enough time to
diffuse from the electrode surface to the membrane and
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Fig. 5. (a) CV curve, (b) MSCV (m/z = 78, benzene), and (c)
MSCYV curve (m/z = 44, CO,) for the electrochemical hydrogenation
of a H,Q-coated Pt(111) electrode in H,Q-free 0.1 m H,SO,4. All
other experimental conditions were as in Figure 1.
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reach the mass spectrometer instead of leaving the cell
with the solution. As was expected, no active signals
were detected during the displacement since it is not
possible to detect H,Q using DEMS.

Control experiments were performed displacing pre-
adsorbed benzene at the same H->Q experimental con-
ditions. Figure 4 summarizes the results of the H>Q and
benzene displacement experiments. The ion—current
transient in Figure 4a shows benzene (m/z = 78) during
the introduction of the CO-saturated solution into the
thin-layer DEMS cell. Figure 4b, ¢ show the CV and
MSCYV recorded after the displacement experiments and
electrolyte exchange. The CV shows the suppression of
the hydrogen region at 0.25 V due to CO adsorption.
The voltammetric feature at 0.70 V corresponds to the
CO oxidation as can be extracted from the MSCV. In
addition, a small contribution of aromatic-like species
was observed in the region between 1.00 V and 1.40 V
indicating the oxidation of the remaining aromatic
adsorbate. The amount of displaced adsorbate by CO
was estimated to be 90% for H,Q; in comparison, 97%
of the original benzene adlayer was displaced in the
second experiment. The surface coverage of benzene was

calculated to be 0.26 nmol cm™2.
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Fig. 6. (a) CV curve, (b) MSCV (m/z = 78, benzene), and (c)
MSCYV curve (m/z = 44, CO,) for the electrochemical hydrogenation
of a H,Q-coated Pt(111) electrode in H,Q-free 0.1 m H,SOy4. The
DEMS thin-layer cell was rinsed at —0.10 V prior to the anodic
scan. All other experimental conditions were as in Figure 1.

Figure 5 shows CV and MSCV results for the H,Q
hydrogenation, initiated by a cathodic scan, and
subsequent anodic oxidation of the chemisorbed adlayer
on a well-ordered Pt(111) surface. The two most
significant observations are: (i) No cyclohexane was
produced; only benzene, in minuscule quantities, was
detected by DEMS. (ii)) A large amount of CO,,
essentially as much as that for H,Q on Pt(pc) without
prior hydrogenation (cf. Figure 1d), was generated.
These results both point to the relative inactivity of
the well-ordered Pt(111) surface towards electrocatalytic
hydrogenation of H,Q to cyclohexane and/or benzene.
Presumably, because the polycrystalline surface contains
an appreciable amount of steps and/or kinks [1], it is
much more aggressive towards H,Q hydrogenation than
a well-ordered hexagonally close-packed surface.

The fact that, in the experiment of Figure 5b, cyclo-
hexane is not produced, or that benzene is generated
only to an almost negligible extent, does not necessarily
mean that the well-ordered Pt(111) surface is totally
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Fig. 7. (a) CV curve, (b) MSCV (m/z = 78, benzene), and (c)
MSCYV curve (m/z = 44, CO,) for the electrochemical hydrogenation
of H,Q-coated disordered Pt(111) electrode in H,Q-free 0.1 m
H,SO,. All other experimental conditions were as in Figure 1.



devoid of interfacial reactions, whether it is hydrogena-
tion or simple electro-desorption. This may be
inferred from the data in Figure 6, where the DEMS
thin-layer cell was rinsed with pure supporting electro-
lyte at —0.1 V. Since no CO, mass peak appears on the
subsequent anodic scan, it is clear that non-volatile
material was quantitatively desorbed from the surface,
and rinsed away, at the negative potential. Furthermore,
the cathodic peak around 0.05 V in Figures 5 and 6
indicates displacement of the original H,Q adsorbate by
adsorbed hydrogen. It must be noted that, contrary to
the experiments at Pt(pc), no CO, was formed in the
subsequent anodic sweep; desorption therefore was
complete.

In comparison, oxidation of benzene adsorbed at
Pt(111) proceeds in two steps, only the second of which
is paralleled by CO, formation [31]. From the oxidation-
charge values, it is suggested that adsorbed hydroqui-
none/quinone species are formed in the first step, which,
upon reversal of the sweep in the cathodic direction, are
desorbed in a sharp peak prior to hydrogen evolution.
The similar desorption behavior and peak shape in the
present study corroborate this interpretation.

The above experiments were repeated with a Pt(111)
surface that had been disordered by multiple electro-
chemical oxidation and reduction cycles; the aim was to
introduce (mild) surface disorder and ascertain its effect
on H>Q hydrogenation. The CV and MSCYV results are
given in Figure 7. It is not difficult to note that the
features in this figure are quite similar to those at Pt(pc)
(cf. Figure 2), but profoundly different from those at
well-ordered Pt(111); specifically, both cyclohexane and
benzene are generated on the disordered surface but not
on the well-ordered single-crystal electrode. Evidently, a
slightly roughened Pt(111) behaves more like a poly-
crystalline rather than a monocrystalline platinum
surface, at least in terms of H,Q hydrogenation. It also
appears that the latter reaction proceeds more readily at
Pt surfaces that contain surface defects such as steps and
kinks. A similar effect was earlier observed for the
hydrogenative desorption of ethene from a roughened
Pt(111) [42] and of benzene from a stepped Pt(332) [33].
The different shape of the cyclohexane signal (majority
of the species is detected only in the subsequent anodic
scan) may indicate a slower desorption of cyclohexane
than on Pt(pc). However, the desorption starts at
potentials where hydrogen evolution is strong; since
the resulting iR-drop in the thin layer cell is consider-
able, the actual potential at the negative potential limit
(on which the desorption rate strongly depends) is not
well defined.

The amount of species detected upon desorption from
Pt(111) is also included in Table 1. It is smaller than that
observed for Pt(pc) or roughened Pt(111), in accordance
with the previous observations [21]. The corresponding
coverage is lower than that obtained from Auger
electron spectroscopy (0.3 nmol c¢m™2 [21]) and much
lower than that calculated from the structure observed
by STM (0.38 nmol cm™2, [45]). Although this differ-
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ence may partly be caused by losses due to desorption
and experimental errors, changes in pH, differences in
supporting electrolyte and, in particular, the presence of
H,Q may also lead to variable surface coverages.
Moreover, it must be noted that coverages extracted
from structure determinations are ideal values which, on
real surfaces, are lowered due to domain boundaries and
other imperfections.

4. Conclusions

The electrocatalytic hydrogenation and oxidation of
hydroquinone chemisorbed on polycrystalline Pt, well-
ordered Pt(111), and disordered Pt(111) surfaces were
studied by DEMS. For comparative purposes, benzene
was investigated at polycrystalline Pt. Anodic oxidation
yielded only CO, as the volatile (DEMS-detectable)
product. However, at least three oxidation cycles were
necessary for exhaustive oxidation; this indicates that: (i)
non-volatile products were generated in the first cycle,
(i1) these products were re-adsorbed during a cathodic
scan into the double-layer potential region, and (iii) the
re-chemisorbed species were further oxidized on sub-
sequent anodic scans. Electrocatalytic hydrogenation of
H,Q at Pt(pc) followed two parallel (not sequential)
paths to generate benzene and cyclohexane: the
“branching ratio” was heavily in favor of the latter
product. On well-ordered Pt(111), no cyclohexane was
produced and only a minuscule fraction of benzene was
observed; however, quantitative desorption of (uniden-
tified) non-volatile organic material took place at the
negative potential. The disordered Pt(111) surface
behaved more like the polycrystalline rather than the
monocrystalline surface. The H,Q-hydrogenation reac-
tion proceeds more readily on Pt with surface steps and
kinks.

It is interesting to note that, whereas H,Q is irreversibly
reduced to benzene and cyclohexane on polycrystalline Pt,
there is strong indication that, on Pt(111), benzene can be
(irreversibly) oxidized to adsorbed H,Q [31].
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