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Abstract
The relative performance of Pt{111} and Pt{100} terraces in the enantioselective hydrogenation of ethyl pyruvate over 
cinchonidine-modified Pt/graphite has been investigated. Three series of 5% Pt/graphite catalysts have been prepared by sin-
tering as-received material at temperatures in the range 400–1000 K. All underwent Pt particle growth and faceting as shown 
by transmission electron microscopy. Cyclic voltammetry has revealed the presence of {111}-terraces, {100}-terraces and 
related stepped features on these Pt surfaces. The performance of these surface structures as catalysts in the enantioselective 
hydrogenation of ethyl pyruvate to ethyl lactate has been determined using cinchonidine as the chiral modifier. As reported 
previously, the as-received catalyst provided an enantiomeric excess of ~ 40%(R). Two series of Pt/graphite catalysts having 
different particle size distributions were prepared by sintering in 5%  H2/Ar and one by sintering in pure Ar. Those sintered 
in  H2/Ar showed progressive Pt particle growth with faceting and considerable surface restructuring, whereas that sintered 
in Ar showed particle growth with little or no faceting and restructuring. The enantiomeric excess provided by the two series 
sintered in  H2/Ar showed a maximum of ~ 60%(R) [i.e. 80%(R)-lactate, 20%(S)-lactate] for catalysts sintered at 700 K, and 
this correlated with the fraction of Pt{111}-terraces in the surface which showed a coincident maximum. By contrast, the 
series sintered in pure Ar showed no such maxima, indicating the importance of restructuring in  H2 during catalyst prepa-
ration. Two catalysts sintered in  H2/Ar at 450 and 500 K showed unexpectedly low values of the enantiomeric excess and 
contained atypically high surface exposures of {100}-terraces, indicating that {100}-surfaces are deleterious to high catalyst 
performance. Poisoning of these {100}-surfaces by the selective adsorption of sulfur restored the enantioselectivity to its 
expected value. The two series of catalysts sintered in  H2/Ar gave comparable catalytic performance, but the one composed 
of smaller Pt particles contained a higher fraction of surface Pt{111}-terraces than the other, leading to an expectation of 
higher enantioselectivity. This suggested that some of the Pt{111}-surfaces identified by cyclic voltammetry are too small 
to accommodate the adsorption of the 1:1 modifier-reactant complexes necessary for rate-enhanced enantioselection, and 
hence do not contribute significantly to the overall reaction. Future catalyst design should therefore concentrate on prepara-
tion procedures that maximise {111}-terrace formation or contain poisons that deactivate {100}-surfaces.

Keywords Orito reaction · Enantioselective hydrogenation · Surface structure

1 Introduction

Enantioselective hydrogenation of α-ketoesters catalysed by 
supported platinum catalysts has attracted much attention 
since Orito and co-workers reported in 1978 that pre-adsorp-
tion of cinchona alkaloids onto conventional supported Pt 
catalysts rendered them enantioselective for methyl pyruvate 
hydrogenation [1, 2]. In this formally simple saturation of 
an activated carbonyl group, the chiral modifier cinchoni-
dine induces preferential formation of R-lactate whereas 
cinchonine provides preferential S-lactate formation. Sub-
sequent elaboration of the reactant, the alkaloid modifier, the 
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solvent, the catalytic metal and its support, provided values 
of the enantiomeric excess (ee) ranging from 20 to 95% [3]. 
(ee/% = {[R] − [S]}102/{[R] + [S]}).

Cinchona alkaloids possess a quinolone moiety by which 
they are adsorbed to the platinum surface [4–6] and a quinu-
clidine moiety, the N-atom of which plays a key role in the 
modifier/reactant interaction (if it is quaternised, enantiose-
lectivity is lost [7]). These two ring systems are connected 
by a single chiral carbon atom, –CH(OH)–, which has the 
R-configuration in cinchonidine and the S-configuration in 
cinchonine. NMR spectroscopy [8, 9] and molecular model-
ling [10] have shown that cinchonidine possesses three low 
energy conformations, only one of which, the so-called open 
(3), has the quinuclidine-N atom directed away from the 
quinoline ring and suitably directed to form a 1:1-interaction 
with adsorbed α-ketoester [10, 11]. The relative proportions 
of these conformations change with the dielectric constant 
of the medium, open (3) being favoured in solvents of low 
dielectric constant [10, 11].

The site requirement for the adjacent co-adsorption of 
modifier and reactant is considerable. Reaction has been 
envisaged as taking place on extended {100}- and {111}-ter-
races, where molecular models suggest that about 25 co-
planar Pt atoms are required [3, 12]. However, the most 
selective catalysts have been Pt on high-area oxide supports 
where the mean Pt particle size is small. For example, the 
6.3% Pt/silica catalyst (EUROPT-1) has a well-documented 
mean particle size of 2 nm and gives ee = 75% [13]. Pt par-
ticles of this size probably have structures that approximate 
to the cubo-octahedral model, in which case the reactive 
surface consists of low index planes with many atoms situ-
ated at edges. The question then arises as to whether the 
reaction is structure sensitive to the point where these dif-
ferent site environments provide unique selectivities. If this 
were so, then the observed enantiomeric excess would be a 
mean value, and performance could be improved by selec-
tive poisoning of the least selective elements of the surface, 
or by preparation of metal particles having specific opti-
mised surface structures.

To test this hypothesis, the present authors have used 
cyclic voltammetry to investigate selectivities at various step 
and terrace features at Pt catalyst surfaces. The technique 
requires conducting samples, and Pt/graphite has been the 
natural choice [14, 15]. Such catalysts provide only mod-
est values of the enantiomeric excess (~ 50%) but this is 
advantageous if the various surface features are providing 
different enantioselectivities. Cyclic voltammograms (CVs) 
of Pt/graphite show features at 0.06, 0.20, 0.28, and 0.47 V 
(versus a Pd/H reference electrode) assigned (by compari-
son with single crystal data) to the presence of {111}terr × 
{111}step steps, {100}terr × {111}step steps, {100} terraces, 
and {111} terraces [16]. Adsorption of Bi onto Pt/graph-
ite reduced enantiomeric excess, whereas adsorption of S 

had the opposite effect [16]. The CVs showed that Bi ini-
tially adsorbed at surface steps whereas S was preferentially 
adsorbed at {100}-terraces. Thus, sites adjacent to these 
steps were deduced to be relatively high selectivity sites 
whereas {100}-terraces were low selectivity sites, and per-
formance was improved by their removal. Extensive adsorp-
tion of Bi left only {111}-terrace sites available for reaction, 
thus providing an estimate of the performance of this surface 
under these specific conditions [15]. 6.3% Pt/silica showed 
similar behaviour [15].

The relative proportions of step and terrace sites can be 
modified by sintering, i.e. by heating in a suitable atmos-
phere such as a flow of  H2 in Ar. Particle growth and faceting 
was accompanied by first an improvement and then a decline 
in enantioselectivity, the maximum performance (ee ~ 62%) 
being achieved for a sintering temperature of 700 K [16]. 
Such a particle size effect, for a range of Pt/carbon catalysts, 
was reported by Orito and co-workers in their early studies 
[1, 2].

The dependence of enantioselectivity on Pt particle shape 
became more evident when the behaviours of Pt nanopar-
ticles of different shapes (predominantly cubic, octahedral, 
and cubo-octahedral) were compared [17]. Values of ee 
increased from 72 to 92% as the Pt{111}/Pt{100} ratio was 
increased. Theoretical studies indicated that cinchonidine 
was substantially more strongly adsorbed on Pt{100} ter-
races than on Pt{111}, and this was accompanied by the 
experimental observation that the alkaloid underwent more 
rapid partial hydrogenation on catalysts containing a higher 
proportion of Pt{100} surface. Thus, strategies for catalyst 
design should be directed towards either (i) enhancing the 
proportion of Pt{111} surface present, or (ii) minimising 
the proportion of Pt{100} surface or (iii) by introducing a 
selective poison to eliminate the contribution of Pt{100}.

There was an early report that a Pt colloid of mean par-
ticle size 1.4 nm stabilised by polyvinylpyrrolidone (PVP) 
and modified by cinchonidine provided an ee of 98%(R) in 
methyl pyruvate hydrogenation in ethanol [18]. A recent 
combined electrochemical-surface science study of PVP 
adsorption onto Pt single crystals has shown strong adsorp-
tion at step sites and at {100}-terraces but minimal adsorp-
tion at Pt{111}-terraces [19]. Moreover, in the presence of 
PVP, adsorption of Pt atoms onto Pt{hkl} showed marked 
preference for {100} facet formation on Pt{100} surfaces, 
but no analogous {111} facet formation on Pt{111}. Thus, 
at low concentrations, PVP exerts shape control over plati-
num particle growth, enabling the formation of cubic parti-
cles in preference to octahedral or cubo-octahedral particles 
[19]. Very recently, it has been demonstrated that cinchoni-
dine-modified PVP-capped 1 wt% Pt/alumina can provide 
ee = 95% in methyl pyruvate hydrogenation—a substantial 
improvement brought about by the presence of the capping 
agent [20]. The origin of the improvement was proposed to 
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be the selective exposure of high coordination terrace sites in 
the active catalyst, with PVP adsorbed on and thus blocking 
low coordination defect sites.

The earlier use of Bi and the later use of PVP as agents 
for the blocking of low-coordination sites in the title reac-
tion has led to an apparent contradiction in the interpreta-
tion of their effects. Both give rise to rate enhancements, 
but adsorption of Bi reduces enantioselectivity [15] whereas 
PVP affords a significant increase [20]. In the hydrogenation 
of three alkynes to the corresponding alkenes over various 
Pt catalysts, the selective blocking of low coordination sites 
by Bi and by PVP prevents, in each case, the formation of 
di-σ/π-alkene intermediates which contribute to (unwanted) 
alkane formation [21]. The contrasting behaviours of these 
blocking agents in pyruvate ester hydrogenation may there-
fore reflect the existence of electronic or structural factors 
that have not, so far, been recognised.

In the present study, we re-examine earlier work by our 
group in the light of these recent developments but utilising 
quantitative measurements of Pt{111} terrace site popula-
tions in particular to assess their role in the enantioselective 
hydrogenation of ethyl pyruvate.

2  Experimental

2.1  Platinum Catalysts

5% Pt/graphite was supplied by Johnson Matthey. Three 
series of sintered Pt catalysts were prepared. In each case ~ 
2 g of as-received material was placed in a silica boat in a 
tube furnace and air expelled by a flow of 5%  H2/Ar (Series 
1 and 3) or by pure Ar (Series 2). Temperature was then 
raised at 10 K  min−1 to the required sintering temperature 
and maintained there for 3 h (Series 1 and 2) or 4 h (Series 
3). Samples were then allowed to cool naturally to ambient 
temperature.

Series 1 The characterisation of these Pt catalysts has 
been described [14–16]; details are presented here for com-
parison purposes. Samples were sintered at 400, 500, 600, 
700, 800, and 1000 K. More extensive TEM images (Series 
1 and Series 2 catalysts) than those already reported for 

theses samples in references 14–16 are provided in the Sup-
plementary Information file.

Series 2 These catalysts were prepared at the same time 
as Series 1, using the same Pt/graphite stock. They were 
sintered at the same temperatures.

Series 3 This series was prepared later from nominally 
the same 5% Pt/graphite stock. The procedure was the 
same as that for Series 1 (i.e. sintering in 5%  H2/Ar) except 
that the sintering temperatures of 450, 600, 700, 800, and 
900 K were maintained for 4 h.

High resolution transmission electron microscopy 
(HRTEM) was used to determine platinum particle size 
distributions (PSDs). Samples were examined at the 
Johnson Matthey Technology Centre using a Philips FEI 
Technai-F20 microscope operated at 200 kV and giving a 
resolution of 0.15 nm. For each catalyst, Images of several 
randomly selected areas gave comparable PSDs, indicating 
that the platinum was evenly distributed and reproducibly 
dispersed. A selection of the instrumentally determined 
PSDs, including those shown in Table 1, were checked by 
manual measurements using the same micrographs and a 
calibrated eye-piece; good agreement was obtained.

A notable (but not novel) feature of the sintering pro-
cess was the advent of faceting, especially of the larger Pt 
particles. An approximate evaluation of faceting was made 
by measuring the fraction of particles that showed two or 
more clear 120° angles. (No distinction was made between 
a particle with two such angles and a fully hexagonal par-
ticle). The extents of faceting quoted are intended only as 
a guide (figures rounded to the nearest 5%).

2.2  Sulfided Pt/Graphite

Sulfided catalysts were prepared from Series 3 Pt/graphite 
sintered at 500 K and 700 K. In each case, 0.35 g samples 
of sintered catalyst were placed in a 100 ml glass bubbler 
and a specific volume (1–4cm3) of aqueous 1.5 mM  Na2S 
added.  H2 was passed through the slurry for 0.5 h followed 
by  N2 for a further 0.5 h. The sulphided catalyst so formed 
was filtered under vacuum, washed with 200 ml ultrapure 
water, and dried at ambient temperature.

Table 1  Pt particle size 
distributions for Pt/graphite 
catalysts sintered at 700 K

Pt particle size/nm (± 1) Extent of 
faceting 
(%)

2 4 6 8 10 12 14

Series 1 9 22 14 12 43 45
Series 2 12 23 16 13 36 15
Series 3 4 22 21 17 15 8 13 40
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2.3  Cyclic Voltammetry

The electrochemical cell used to investigate catalyst sur-
face morphology has been described [22] The working 
electrode was a Pt mesh basket containing 2–3 mg catalyst, 
the electrolyte was 0.5 M sulphuric acid, and potential was 
swept at 10 mV  s−1 (Series 1 and 2) or 50 mV  s−1 (Series 3). 
Cyclic voltammograms (CVs) showed electrosorption peaks 
at 0.06, 0.20, 0.28, and 0.47 V attributed (by comparison 
with single crystal data [14]) to the presence of {111}terr × 
{111}step step sites, {100}terr × {111}step step sites, {100} 
terraces, and {111} terraces, respectively.

The area under the voltammogram was reduced when S 
was adsorbed onto Pt/graphite. The surface coverage of S 
was calculated using the equation θs = [(QH

O) − (QH
s)]/QH

O 
where QH

O and QH
s are the hydrogen sorption charges before 

and after the sorption of S onto the Pt/graphite.

2.4  Reaction Conditions and Analysis

Reactions were conducted at 30 bar in a constant-pressure 
stirred reactor at ambient temperature [15]. Catalysts were 
rendered enantioselective by in  situ modification with 
cinchonidine. For reactions over Series 1 and 2 catalysts, 
65 mmol (7.2 ml) ethyl pyruvate, 0.17 mmol (50 mg) cin-
chonidine, 0.25 g catalyst and 12.5 ml dichloromethane 
solvent were added to the reactor in that order. The reactor 
was purged several times with hydrogen at 4 bar and then 

pressurised to 30 bar. The same procedure was adopted for 
Series 3 catalysts except that the quantities of ethyl pyruvate 
and of cinchonidine were 20 mmol and 20 mg respectively. 
Reaction commenced on stirring (1000 rpm); a mild initial 
acceleration was followed by a period of fast constant rate 
from which the quoted rate measurements were obtained. 
Analysis at 90–100% conversion was carried out by chi-
ral gas–liquid chromatography, the products being R- and 
S-ethyl lactate together with a small yield of a pyruvate-
lactate product [15]. All reactions favoured the formation 
of R-product.

3  Results and Discussion

3.1  Pt Particle Size Distributions

As-received Pt/graphite contained small Pt particles coa-
lesced into clusters with an appreciable amount of connec-
tive necking [23] which disappeared on heating to 600 K 
(Series 1 and 3), or 700 K (Series 2). TEM images for 
Series 3 Pt/G catalysts have not as yet been published and 
are shown in Fig. 1.

Particle size distributions for catalysts sintered at 700 K 
are shown in Table 1. Series 1 and 2 catalysts each showed 
a maximum in the distribution at 8 nm, whereas Series 3 
catalysts showed a maximum at 4–6 nm. The maximum in 
each size distribution moved to successively higher values 

Fig. 1  TEM images of Series 
3 catalysts: a as received and 
sintered in 5% hydrogen/95% 
argon gas mixture at b 450 K, 
c 600 K, d 700 K, e 800 K and 
f 900 K. The small bar in the 
bottom left-hand corner of each 
image represents 100 nm except 
in e where it represents 200 nm
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at 800, 900, and 1000 K. The fractions in the 14–30 nm 
range varied in the sequence Series 1 > Series 2 > Series 3 
(Table 1). All sintered Series 3 catalysts showed somewhat 
similar Pt particle size distributions, each with a maximum 
at 4–6 nm and with particles larger than 30 nm accounting 
for 20% or less of the total.

The Series 2 catalyst sintered at 1000 K in Ar showed a 
broad distribution as expected, with the majority of particles 
in the range 6–16 nm. However, the Series 1 catalyst sintered 
at 1000 K in  H2/Ar contained very large Pt particles, the 
maximum in the particle size distribution being at 30 nm, 
Micrographs showed ‘tracks’ in the graphite [23], indicating 
mobility of the Pt particles. This suggested that Pt-catalysed 
methanation may have occurred at the metal-support inter-
face, reducing the metal-support interaction and permitting 
sintering by Pt particle mobility.

3.2  Faceted Particles

Pt particle growth during sintering was accompanied by 
faceting, i.e. the appearance of particles showing clear 120° 
angles. For present purposes, particles showing two or more 
such angular features were classed as ‘faceted’. Table 1 
shows values for the fraction of particles showing facets for 
catalysts sintered at 700 K. In general, the extent of faceting 
was (i) low for Series 2 catalysts, (ii) medium for all Series 
3 catalysts and for Series 1 catalysts sintered at 900 K and 
below, and (iii) high (> 95%) for the Series 1 catalyst sin-
tered at 1000 K.

As would be expected for sintering by atom-by-atom 
migration, the fraction of faceted particles increased with 
increasing Pt particle size. For Series 3 catalysts sintered at 
700 K, particles in the 2 and 4 nm bands showed no facets; 
of those in the 6 and 8 nm bands 20% were faceted, in the 
10–14 nm bands 70% were faceted, and 95% of particles 
larger than 16 nm were faceted.

3.3  Pt Surface Areas

Relative Pt surface areas were obtained from cyclic voltam-
metry by measurement of the  HUPD charge (the sum of the 
areas under the hydrogen underpotential deposition (Hupd) 
peaks) for a fixed mass of each catalyst. The measurement 
for the as-received material was given the value of 100 and 
the values for the sintered samples were scaled accordingly 
(Table 2). Samples sintered in the range 400–600 K in  H2/

Ar lost area more rapidly than those sintered in pure Ar. 
However, by 800 K the relative Pt areas were comparable. 
The low value for the Series 1 catalyst sintered in  H2/Ar at 
1000 K is consistent with its particularly large Pt particle 
size described above.

3.4  Voltammetric Analysis of Pt Surface Area 
and Enantioselective Reaction rate

Figure 2 shows the variation of platinum surface area and 
enantioselective reaction rate with sintering temperature for 
the Series 3 catalysts. Clearly, the main driver of enantiose-
lective reaction rate is the relative amount of Pt sites avail-
able for reaction and as this varies, reaction rate changes in 
direct response.

3.5  Voltammetric Analysis of Pt Adsorption Sites 
and Enantioselectivity

Figure 3 shows a typical CV for Series 3 catalysts annealed 
at 700 K in  H2/Ar. Quantitative analysis of the relative popu-
lations of Pt{111} sites was undertaken in accordance with 
the procedures outlined in ref 24. Taking the Pt{111} anion 
adsorption peak at 0.4 V, the electrosorption charge was 
measured and used to evaluate the proportion of Pt{111} 
sites. [Bismuth adsorption was also used to provide a com-
parison [24] and excellent agreement was obtained].

Values of percentage Pt{111} character for all catalysts 
are listed in Table 3.

Table 3 shows that the percentage of Pt{111} charac-
ter for each catalyst is strongly dependent on the sintering 
temperature and on the atmosphere in which sintering was 
conducted. For both Series 1 and Series 3 catalysts, sinter-
ing in  H2/Ar at 700 K produced a maximum in the number 
of Pt{111} sites formed. For Ar-sintered samples (Series 2) 
a gradual diminution of Pt{111} character was observed as 
a function of increasing sintering temperature. Other inves-
tigators have reported a correlation between enantiomeric 
excess and the percentage of Pt{111} terrace sites available 
([17] and [20]). Results for Series 1, 2, and 3 catalysts are 
shown in Figs. 4, 5, and 6.

In Figs. 4 and 5 the correlation of ee with number of 
Pt{111} sites is confirmed. For Series 1 samples (sintered 
in  H2/Ar) the maximum in ee matches that for the maximum 
Pt{111} terrace character. In contrast, for Series 2 samples 
(sIntered in pure Ar), a steadily decreasing value of ee was 

Table 2  Relative Pt surface 
areas of as-received and sintered 
catalysts, measured by cyclic 
voltammetry

Catalyst Not sintered 400 K 450 K 500 K 600 K 700 K 800 K 900 K 1000 K

Series 1 100 59 35 34 29 24 10
Series 2 100 76 65 52 27 20 19
Series 3 100 51 45 36 25 24
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observed as the proportion of Pt{111} adsorption sites 
decreased. Given the extremely low percentage of Pt{111} 
sites in the Series 2 catalysts a value of approximately 34% 
ee corresponds to the contribution of all sites other than 
Pt{111} to the overall value of ee under our experimental 
conditions (30 bar  H2 pressure/dichloromethane solvent).

For series 3 catalysts (Fig. 6) the matching-trends of ee 
and percentage Pt{111} character with sintering temperature 
was generally observed but the significant dip in ee for the 
catalyst sintered at 450 K is not accompanied by a reduced 

presence of Pt{111} surface. Rather, the CV showed that 
Pt{100} terrace formation was strongly enhanced, indicat-
ing that the presence of Pt{100} terraces may be reducing 
the overall value of ee. This hypothesis was supported when 
a Series 3 catalyst sintered at 500 K showed a somewhat 
stronger intensity of Pt{100} terrace sites and a slightly 
lower enantiomeric excess (see Table 4; Fig. 7).

In Table 4, the influence of sulfur adsorption on both 
reaction rate and ee for two catalysts sintered in 5%H2/Ar at 
500 K and 700 K are shown. Sulfur adsorption resulted in a 
marked decrease in reaction rate as has been reported previ-
ously [15]. However, the effect on ee of depositing sulfur is 
quite different for the 500 K and the 700 K sintered catalysts. 
For the former, selective blocking of Pt{100} sites resulted 
in a significant increase in ee whereas for the latter random 
occupation of all sites the opposite effect was observed. 
Thus, reductions in the Pt{100} site population (Fig. 7) 
caused an increase in enantioelectivity whereas a reduction 
in the Pt{111} site population (along with all other types 
of site—Fig. 8) resulted in a decrease in enantioslectivity. 
This concurs with a previous report, based on the behaviour 
of shaped nanoparticles [17], that Pt{100} terraces afford 
inferior ee compared to Pt{111}.

Fig. 2  Ethyl pyruvate hydrogen-
ation over cinchonidine-modi-
fied Pt/graphite (Series 3) The 
effect of sintering temperature 
on reaction rate (left ordinate, 
filled squares) and on the 
relative Pt surface area (right 
ordinate, filled triangles). 293 K 
data points placed side by side 
in blue circle.

Fig. 3  CV of 5%Pt/graphite catalyst sintered in 5% hydrogen/argon at 
700  K. Electrolyte was 0.5  M aqueous sulfuric acid and the sweep 
rate was 50 mV  s−1

Table 3  Relative Pt{111} 
surface areas (%) for as-received 
and sintered catalysts as 
measured by cyclic voltammetry

Catalyst Not sintered Sintering temperature (K)

400 450 500 600 700 800 900 1000

Series 1 3.3 6.3 5.8 6.4 8.5 5.0 4.5
Series 2 3.3 2.8 2.5 3.0 2.5 2.6 2.4
Series 3 6.8 13.5 26.5 31.2 31.2 29.5
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Fig. 4  Correlation between per-
centage Pt{111} surface sites 
(squares) and ee (diamonds) for 
Series 1 catalysts

Fig. 5  Correlation between per-
centage Pt{111} surface sites 
(squares) and ee (diamonds) for 
Series 2 catalysts

Fig. 6  Correlation between per-
centage Pt{111} surface sites 
(squares) and ee (diamonds) for 
Series 3 catalysts
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This study presents correlations between ee and Pt{111} 
site availability on Series 1 and 3 catalysts (Figs. 4, 5, 6). 
However, Table 3 shows that Pt{111} sites are far more 
abundant at Series 3 surfaces than at Series 1 surfaces so 
—why are the values of enantiomeric excess for both Series 
so similar? The difference cannot be accounted for by the 
small differences in experimental conditions (see Experi-
mental). We speculate that, on the surfaces of the Series 1 
and Series 3 catalysts the Pt{111} terraces themselves may 
differ as to their nature. It has been reported previously that 
platinum particle size plays a crucial role in governing the 
overall ee attainable [25]. In order to facilitate enantioselec-
tion, a one-to-one complex between cinchonidine and ethyl 
pyruvate must be formed and if Pt{111} terraces are not 
extensive enough to accommodate the 1:1 modifier-reactant 
complex, then enantioselectivity may be compromised. We 
tentatively conclude that, although Series 3 catalysts provide 

Table 4  Variation of rate 
and enantioselectivity with 
sintering temperature for sulfur 
adsorption onto Pt/graphite 
(Series 3)

Dosing volume/cm3 Sintering temperature (K)

500 700

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

Fraction of Pt surface covered by S 0.00 0.21 0.35 0.32 0.00 0.04 0.20 0.42
Reaction rate/mmol  h−1  g−1 161 65 52 52 250 79 57 20
Enantiomeric excess/%(R) 34.3 42.5 42.5 43.0 57.3 47.6 43.9 37.6

Fig. 7  The effect of S adsorp-
tion on Series 3 Pt/graphite 
sintered at 500 K. The Pt{100} 
terrace electrosorption peak 
is situated at 0.25 V. Sweep 
rate = 50 mV  s−1

Fig. 8  The effect of S adsorption on Series 3 Pt/graphite sintered at 
700 K. Sweep rate = 50 mV  s−1
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the largest proportion of Pt{111} sites, not all are functional 
for enantioselection.

Table 1 shows that only Series 3 catalysts contain small 
Pt nanoparticles (< 4 nm). Indeed, sintering produced much 
less particle growth in Series 3 catalysts than in Series 1 
samples (see Fig.  1 and [23]). We conclude that these 
smaller Pt nanoparticles probably contained relatively nar-
row Pt{111} terraces, incapable of sustaining enantioselec-
tion. Thus, although the absolute number of Pt{111} surface 
atoms constituted a greater proportion of the total number 
of Pt surface sites in Series 3 catalysts, their functionality 
as sites of high ee was compromised due to their narrow 
average width. We propose that this hypothesis could be 
tested indirectly so long as one could employ a catalytic 
reaction that was highly sensitive to the relative number of 
Pt{111} surface sites but NOT the average Pt{111} terrace 
width. Alkyne semi-hydrogenation, as reported in reference 
21 would provide such a test since the selectivity towards 
alkyne to alkene hydrogenation is strongly dependent on the 
proportion of Pt{111} sites relative to defects. Since, Series 
3 catalysts exhibit a much greater proportion of Pt{111} 
terraces relative to Series 1 catalysts, it is predicted that the 
selectivity towards alkene versus alkane formation would 
be more pronounced. It has also been demonstrated that CO 
electrooxidation from Pt is highly sensitive to both parti-
cle size [26] and Pt{111} terrace width [27].In this way, a 
combination of alkyne hydrogenation and electrochemical 
stripping experiments should confirm the central hypoth-
esis of the present study that Pt{111} average terrace width 
plays a crucial role in facilitating formation of the CD-EP 
1:1 surface complex.

Finally, it is worth addressing the dilemma presented 
in the introduction as to why PVP and bismuth blocking 
of the same defect sites affords markedly different trends 
in ee [15, 20]. We note that in terms of electronic pertur-
bation of Pt and in the absence of adsorption at Pt{111} 
sites, bismuth (electropositive) and sulfur (electronegative) 
engender opposing influences on overall ee (see [15] and 
Table 4, 500 K catalyst entry). Although in the present study 
we ascribe the blocking of Pt{100} sites as being responsi-
ble for this trend, we do not discount entirely an electronic 
effect of sulfur, and indeed, in the light of our experimental 
findings and others [17, 20] that this may also be a factor 
in previous bismuth adsorption studies [15]. PVP on Pt has 
been found, using XPS studies, to exhibit a mode of surface 
bonding involving the carbonyl group [28]. In Ref. [28] it 
was demonstrated that the direction of the charge transfer 
of the carbonyl-platinum bond was dependent on the size 
of the nanoparticle. C═O → Pt charge transfer was seen at 
small nanoparticle sizes (7 nm or less) and C═O ← Pt at 
larger sizes (> 25 nm) [28]. Hence, based on the average 
particle size used in reference 20, PVP is predicted to be a 
net electron donor to platinum. However, we also note that 

in reference 20 that the enhancement in ee brought about by 
PVP deposition only occurred after a thermal annealing step 
at 623 K to remove excess PVP. At this temperature, PVP 
on Pt nanocubes has previously been reported to undergo 
significant decomposition [29]. Hence, the nature of the PVP 
blocking species after the PVP sintering step may not cor-
respond precisely to the adsorbed polymer measured using 
XPS in reference 28. We will report the influence of other 
chemisorbed electropositive (relative to platinum) metals on 
the Orito reaction in a future publication.

4  Conclusions

Cyclic voltammetry has enabled quantitative assessments to 
be made of the effects on enantioselectivity of basal plane 
exposure in Pt catalyst particles. This study complements 
our previous demonstration that the highest enantioselectiv-
ity is achieved at sites adjacent to steps or edges in the Pt 
particle structure [15].

The abundance of Pt{111}-terraces at the surfaces of sin-
tered Pt/graphite catalysts correlates with the enantiomeric 
excess observed in the title reaction, whereas an increased 
presence of Pt{100}-terraces reduces enantioselectivity. 
This positive correlation holds both for catalysts sintered in 
5%  H2/Ar and for catalysts sintered in pure Ar. Sintering in 
the presence of hydrogen gave catalysts showing values of 
the enantiomeric excess and of Pt{111} abundance which 
each passed through a maximum at a sintering temperature 
of 700 K. By contrast, sintering in pure Ar gave catalysts 
which showed continuously declining values of both enan-
tiomeric excess and Pt{111} abundance with increasing 
sintering temperature, thereby highlighting the importance 
of surface restructuring by hydrogen during catalyst prepa-
ration. One series of catalysts sintered in  H2/Ar showed a 
much greater abundance of Pt{111} terraces than the other, 
but similar enantioselectivity. One speculative interpretation 
of this unexpected result is that some Pt{111} terraces may 
be too small in two-dimensional extent to accommodate the 
1:1 chiral-modifier:reactant complexes necessary for enan-
tioselective reaction. Possible ways of confirming the pres-
ence, or otherwise, of such non-productive Pt{111} surface 
(e.g. by observing the semi-hydrogenation of alkynes or by 
CO-stripping) are being considered. As sintering tempera-
ture was increased so the proportion of faceted Pt particles 
increased. The presence of facets had no significant effect 
on enantioselectivity (as might have been expected [16]) and 
did not influence the correlations of enantiomeric excess 
with Pt{111} abundance.

There remains an intriguing question as to why Pt/graph-
ite, and Pt/carbon catalysts generally, are less enantioselec-
tive than Pt/silica and Pt/alumina; the answer may reside in 
additional electronic effects of the conducting support.
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