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Bimetallic gold—platinum nanoparticles have been widely studied in the fields of
nanoalloys, catalysis and plasmonics. Many preparation methods can lead to the
formation of these bimetallic nanoparticles (NPs), and the structure and related
properties of the nanoalloy often depend on the preparation method used. Here we
investigate the ability of thermal dimethylformamide (DMF) reduction to prepare
bimetallic gold—platinum sub-nm clusters supported on titania. We find that deposition
of Pt preferentially occurs on gold. Formation of sub-nm clusters (vs. NPs) appears to
be dependent on the metal concentration used: clusters can be obtained for metal
loadings up to 4 wt% but 7-8 nm NPs are formed for metal loadings above 8 wt%, as
shown using high resolution transmission electron microscopy (HRTEM). X-ray
photoelectron spectroscopy (XPS) shows electron-rich Au and Pt components in a pure
metallic form and significant platinum enrichment of the surface, which increases with
increasing Pt/Au ratio and suggests the presence of Au@Pt core—shell type structures.
By contrast, titania-supported bimetallic particles (typically >7 nm) obtained by sodium
borohydride (NaBH4) reduction in DMF, contain Au/Pt Janus-type objects in addition to
oxidized forms of Pt as evidenced by HRTEM, which is in agreement with the lower Pt
surface enrichment found by XPS. Both types of supported nanostructures contain
a gold—platinum interface, as shown by the chemical interface damping, i.e. gold
plasmon damping by Pt, found using UV-visible spectroscopy. Evaluation of the
materials for plasmon-induced continuous flow CO, reduction with water, shows that:
(1) subnanometer metallic clusters are not suitable for CO, reduction with water,
producing hydrogen from the competing water reduction instead, thereby highlighting
the plasmonic nature of the reaction; (2) the highest methane production rates are
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obtained for the highest Pt enrichments of the surface, i.e. the core—shell-like structures
achieved by the thermal DMF reduction method; (3) selectivity towards CO, reduction vs.
the competing water reduction is enhanced by loading of the plasmonic NPs, i.e. coverage
of the titania semi-conductor by plasmonic NPs. Full selectivity is achieved for loadings
above 6 wt%, regardless of the NPs composition and alloy structure.

Introduction

Nanoalloys and bimetallic nanoparticles have been widely studied because their
size restriction and high surface to volume ratio may lead to unique properties
that differ from that of bulk alloys.”” Besides, they may exhibit improved
performance in comparison to their monometallic counterparts. In particular,
bimetallic gold-platinum nanoparticles (NPs) have attracted a lot of interest in
the fields of catalysis,** electrocatalysis,*** sensors,">™” and more recently in the
field of photocatalysis**?*° and plasmonics.”** Amongst the improved properties
that lead to improved performances, one can cite improved CO tolerance that
leads to more stable oxidation (electro)catalysts, electron transfers between Au
and Pt which leads to more active catalysts. These properties mostly depend on
the structure of the nanoalloy, and in particular on whether Pt and Au atoms are
homogeneously mixed within the NP (solid solution) or Pt and Au phases are
segregated in core-shell or raspberry-type structures. Both types of structure can
be synthesized at the nanoscale. Nanostructures are controlled by the method and
conditions used during their synthesis, and can be finely tuned.****

A large number of the methods developed to produce AuPt nanoalloys are
based on the reduction of solubilized metal salts. In these methods, size and
structure of the resulting bimetallic NPs are determined by the kinetics of
nucleation vs. growth for each metal, thus by the reduction kinetics, which
depend on the reducing agent, solvent, temperature and possible presence of
surfactant to enhance size control. The most common reductants include sodium
borohydride,**° sodium citrate,*" ascorbic acid,**** hydrogen, hydroxylamine,**
ethanol.

In 2008-2010, size-controlled monometallic gold clusters, i.e. sub-nanometer
Au NPs, were synthesized by heating up a dimethylformamide (DMF) solution
of a gold salt to 140 °C, in the absence of any additional reducing or stabilizing
agent.**® It was shown that at this temperature, this common organic solvent
could be used as both reductant and stabilizer to produce monometallic gold
clusters. This protocol was later applied to the synthesis of surfactant-free, DMF-
stabilized platinum,*” palladium,®® copper ** and iridium *° clusters. The main
characteristics and advantages of this method are the subnanometer size control
achieved and the high purity of the colloidal solution produced (DMF-stabilized
metal NPs).** These colloidal solutions can thus straight-forwardly be used as
catalysts for a variety of key organic reactions, without the need for any purifi-
cation step or immobilization of the colloids. To the best of our knowledge,
immobilization of these colloids on inorganic powders has never been investi-
gated before.

Here we investigate the ability of this method to produce supported clusters in
one pot, by performing the thermal DMF reduction of metal salts in the presence
of titania powder. We focus on the synthesis of titania-supported Au, Pt and Au-Pt
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clusters and on the plasmon-induced catalytic properties of the resulting mate-
rials for the continuous gas phase photoreduction of CO, with water (eqn (1), (2a),
(zb))'42—44

4H,0 + 8h* — 20, + 8H* 1)
CO, + 8H" + 8¢~ — CH,4 + 2H,0 (2a)
2H" + 2 — H, (2b)

We have recently shown that Au/TiO, shows some activity for this reaction
under visible light (A > 420 nm), i.e. under plasmonic excitation of the localized
surface plasmon resonance (LSPR) of Au NPs.?® The activity was however about 2
orders of magnitude lower than that observed under solar irradiation, i.e. upon
additional activation of the semi-conductor (SC) support (titania). We here show
that the titania-supported Au-Pt alloys obtained by thermal DMF reduction
improves plasmon-induced CH, production rates by one order of magnitude. By
comparing with titania-supported Au, Pt and Au-Pt NPs produced by NaBH,
reduction of gold and platinum salts in DMF, we further uncover interesting
effects of size, loading and composition of the bi-metallic NPs in plasmon-
induced CO,-to-CH, photoreduction with water.

Results and discussion
Bimetallic catalysts prepared by thermal DMF reduction

Deposition efficiency. Five catalysts were prepared with this method: the two
monometallic Au5/TiO, and Pt5/TiO, references, with a targeted metal loading of
5 wt%, as well as three bimetallic catalysts, with targeted metal loadings of 5, 10
and 15 wt% at the same targeted Pt/Au ratio of 1, namely Au2.5Pt2.5/TiO,, Au5Pt5/
TiO, and Au7.5Pt7.5/TiO,. The actual loadings of gold and platinum achieved in
the monometallic catalysts, i.e. 4.05% and 0.3%, respectively (Table 1), show that
gold is quite efficiently deposited (deposition yield of 81%) while platinum on the
other hand has little affinity with titania (deposition yield of only 6%), under the
conditions used.

In the bimetallic catalysts, the actual loading of both metals, as measured by
ICP, was found to be quite dependent on the nature of the metal, and for each
metal, on the targeted metal loading, i.e. the initial metal concentration used
(Table 1). Fig. 1a shows the deposition yields of Au and Pt as a function of their
targeted loading. For gold, deposition yields vary between 51% and 84%. For
platinum, deposition yields vary even more drastically, between 17% and 82%.
The deposition of Pt is found to be particularly inefficient for the low loaded
material (Au2.5Pt2.5/TiO,), but it markedly increases (to 61-82%) for the other
two materials (Au5Pt5/TiO, and Au7.5Pt7.5/Ti0O,). Optimal deposition is achieved
for Au5Pt5/TiO,, in which more than 80% of the gold and the platinum present in
the solution is deposited on TiO,. It is noted that only 6% of Pt was deposited in
the absence of gold, at the same initial concentration of Pt (i.e. in Pt5/TiO,). The
much higher deposition yield obtained in Au5Pt5/TiO, thus highlights the key
role of gold in platinum deposition. It suggests that gold may act as a nucleation
site for Pt, i.e. that Pt deposition occurs preferentially on Au rather than on TiO,.
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Fig.1 Efficiency of the preparation methods. (a) DMF thermal reduction and (b—d) NaBH4
reduction in DMF.

As a result of variations in deposition yields, the series of bimetallic catalysts
prepared by thermal reduction in DMF consists of AuPt/TiO, materials with actual
total metal loadings of 2.3, 8.3 and 8.4 wt% associated with increasing Pt/Au ratios
of 0.22, 0.98 and 1.22, respectively.

Metal NPs size and distribution over titania. The materials were observed
using scanning electron microscopy (SEM, Fig. 2). At low magnification, Au5Pt5/
TiO, and Au7.5Pt7.5/TiO, distinctly show large metallic aggregates (white spots,
Fig. 2c and d). It appears that the size of these large metallic aggregates increases
with increasing target metal loading (from ca. 100 nm to 1 um), while at the same
time, the density of these metal aggregates over the granular titania support
decreases. Metal aggregates are also observed on monometallic Au5/TiO, (Fig. 2a).
On the other hand, no large aggregates are observed at this magnification over
Au2.5Pt2.5/TiO, and Pt5/TiO, (Fig. 2b). Hence, formation of the large aggregates
in the thermal DMF reduction process is likely favoured by increased concen-
tration of the gold salt. At higher magnification, small metal NPs can be observed
in both Au5Pt5/TiO, and Au7.5Pt7.5/TiO,, with a high coverage of the granular
TiO, support (Fig. 2¢ and d), but no metal NPs are observed in Au2.5Pt2.5/TiO,,
Au5/TiO, (Fig. 2a) or Pt5/TiO, (Fig. 2b).

Size distributions of the smallest metallic NPs present in Au5Pt5/TiO, and
Au7.5Pt7.5/TiO, were obtained by measuring the dimensions of 200 of the smaller
NPs in the TEM images (Fig. 3c and d). A significant amount of metal NPs exhibit
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50 nm

Fig. 2 SEM images of Au5/TiO, (a), Pt5/TiO, (b), Au5Pt5/TiO; (c), Au7.5Pt7.5/TiO, (d), at
low magnification (left) and at high magnification, using In Lens (middle) and BSE (left,
right) detectors.

an oblong shape. Size distributions are presented in Fig. 4b and c. Both materials
exhibit rather large size distributions, centered at 5-6 nm, with mean NP sizes
around 7.2 and 8.0 nm for Au5Pt5/TiO, and Au7.5Pt7.5/TiO,, respectively.
Notably, Au7.5Pt7.5/TiO, exhibits fewer NPs smaller than 3 nm (only 0.5% of the
counted population vs. 8.5% in Au5Pt5/TiO,) and more NPs larger than 10 nm,
which represent about 25% of the counted population. However, no particles (in
the 2-20 nm size range) could be detected on Au2.5Pt2.5/TiO,, Au5/TiO, and Pt5/
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Fig. 3 TEM images of Au5/TiO, (a), Pt5/TiO, (b), Au5Pt5/TiO, (c), Au7.5Pt7.5/TiO, (d),
Au35/TiO; (e), Pt15/TiO, (f), Aul7.5Pt17.5/TiO, (g), zoomed-in images of the black squared
regions in (g) and (h), showing a Janus-type Au—Pt structure, i.e. the presence of an Au/Pt
interface (h and i, respectively).

TiO,. Sub-nm cluster-type objects were observed in all 3 materials. A large enough
population could be measured in Pt5/TiO, and a mean size of 0.4 &+ 0.2 nm could
be determined (Fig. 4a), clearly showing that the metallic phase in these materials
exclusively consists of sub-nm clusters (except for Au5/TiO, which contains some
large gold aggregates in addition to the sub-nm clusters). Hence supported
clusters were successfully prepared in one pot by performing the thermal DMF
reduction of gold and platinum salts, inspired from previous studies, in the
presence of titania.**~’

X-ray photoelectron spectroscopy (XPS). Au5/TiO,, Pt5/TiO,, Au2.5Pt2.5/TiO,,
Au5Pt5/TiO,, Au7.5Pt7.5/TiO, XPS spectra all show the Ti2p,/,,-Ti2ps., doublet,
with the Ti2ps, peak located at 458.7 £ 0.1 eV, which is typical of anatase
titania.*® The Au4fs,-Au4f,, doublet is also found in all Au-containing catalysts.
Each peak can be fitted with a single component, containing a certain degree of
asymmetry (Fig. S11), which is typical of metallic Au NPs. The Au4f,, peak is
however positioned at 83.0 + 0.3 eV, i.e. about 1 eV lower than in bulk gold (Au4f;,
, at 84.0 eV). It is typical of metallic Au NPs in interaction with titania.>® The
slightly negative charge on Au NPs is due to equilibration of Fermi levels during

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 242, 443-463 | 449
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Fig. 4 TEM-derived metal NP-size distributions in Pt5/TiO, (a), Au5SPt5/TiO, (b),
Au7.5Pt7.5/TiO, (c), Au35/TiO, (d), Pt15/TiO5 (e), Aul7.5Pt17.5/TiO5 (f).

formation of the Au/TiO, Schottky junction which induces charge transfer from
titania to Au NPs. Au5Pt5/TiO, and Au7.5Pt7.5/TiO, both exhibit an additional
doublet corresponding to Pt4f;,,-Pt4f;,. Each peak can be fitted with one single
component, containing a certain degree of asymmetry (Fig. S17), which is typical
of metallic Pt. The Pt4f,,, peak is positioned at 70.0 £ 0.2 eV, which is 1 eV lower
than the binding energy of the 4f;,, core level electrons in bulk platinum metal
(Pt4f,,, at 71.0 V). Hence Pt NPs, like Au NPs, are in the metallic form only and
electron-rich. Both a support effect, i.e. electron transfer from titania to Pt NPs,*
and an alloy effect, i.e. electron transfer from gold to platinum,*”*® can account for
the low binding energy observed. For Pt5/TiO, and Au2.5Pt2.5/TiO,, the Pt4f
signal is much weaker and shifted to higher binding energies (Fig. S11), which is
attributed to the lower Pt content of these materials and a surface-core level shift
effect due to the sub-nm cluster size of Pt.

Surface atomic ratios can be calculated from XPS data. The Ti/O ratio is found
to be 0.53 + 0.02 eV in all five catalysts (Table 2). It is close to the expected
theoretical ratio of 0.5 in TiO,. On the other hand, both the Au/Ti and Pt/Ti
surface ratios vary. Interestingly, while the Pt/Ti surface ratio increases with
increasing Pt/Ti bulk ratio (derived from the ICP data), the Au/Ti surface ratio
varies independently from the bulk Au/Ti ratio and is much lower in the bime-
tallic catalysts, than in Au5/TiO,. As a result, the Pt/Au surface ratios (1.3, 42 and
146, for Au2.5Pt2.5/TiO,, Au5Pt5/TiO, and Au7.5Pt7.5/TiO,, respectively) are
found to be much higher than the Pt/Au bulk ratios (0.22, 0.98 and 1.22 for
Au2.5Pt2.5/TiO,, Au5Pt5/TiO, and Au7.5Pt7.5/TiO,, respectively), ie. 6 times
higher in Au2.5Pt2.5/TiO,, 43 times higher in Au5Pt5/TiO, and 119 times higher
in Au7.5Pt7.5/TiO,. This indicates massive Pt segregation on the surface and,
more precisely, massive screening/coverage of the gold surface by Pt NPs larger
than the inelastic mean free path of electrons (10-12 A), which increases with
increasing Pt content and Pt/Au bulk ratio.
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Table 2 Atomic ratios

Surface (XPS) ICP (bulk) Surface/bulk

Ti/O Au/Ti Pt/Ti Pt/Au Au/Ti Pt/Ti Pt/Au Au/Ti Pt/Ti Pt/Au

Au5/TiO, 0.52 0.10 0.00 — 0.0171 0 — 5.7 — —
Au2.5Pt2.5/TiO, 0.53 0.02 0.03 1.3 0.0080 0.0018 0.22 2.6 15.2 5.9
Au5Pt5/TiO, 0.55 0.01 0.39 42 0.0186 0.0182 0.98 0.5 21.2 43
Au7.5Pt7.5/TiO, 0.49 0.0048 0.70 146  0.0168 0.0206 1.22 0.3 34.3 119
Pt5/TiO, 0.50 0 0.02 — 0 0.0016 — — 15.0 —
Au35/TiO, 0.51 1.53 0 0 0.2034 — — 7.5 — —
Au34Pt1/TiO, 0.52 1.70 0.26 0.15 0.2121 0.0063 0.03 8.0 40.5 5.1
Au30Pt5/TiO, 0.47 1.25 0.30 0.24 0.1808 0.0164 0.09 6.9 18.2 2.6

Au17.5Pt17.5/TiO, 0.53 0.80 0.26 0.33 0.0954 0.0122 0.14 8.4 21.5 2.6
Au3.5Pt3.5/TiO, 0.52 0.22 0.05 0.23 0.0117 0.0015 0.13 184 32.4 1.8
Au5Pt30/TiO, 0.49 0.41 0.19 0.48 0.0216 0.0057 0.25 18.7 34.2 1.8
Pt35/TiO, 0.48 0.00 1.54 — — 0.0768 — — 20.0 —

Optical properties. The optical properties of the materials were studied by
diffuse reflectance UV-visible spectroscopy (Fig. 5a). UV-vis spectra all show the
typical absorption band of 100% anatase TiO, between 200 and 380 nm. This band
is used to normalize the visible response of the materials, which is due to the
metallic phase/component, and more specifically to the presence of metallic
nanoparticles. Absorption in the visible range can be attributed to the localized
surface plasmon resonance (LSPR) of Au and Pt NPs, with a maximum at about
580 nm for Au NPs and a continuously decreasing absorbance over the visible range
for Pt NPs, as observed in the spectra of Au5/TiO, and Pt5/TiO,, respectively.***' The
red-shift in the LSPR position of Au NPs, as compared with those generally observed
for Au colloids, is due to the titania matrix and suggests strong interactions between
the metal NPs and the TiO, support.”® The weak intensity of the LSPR in Au5/TiO,
and Pt5/TiO, as compared with the Au and Pt reference samples (0.9 + 0.1% metal,
4 nm) is consistent with the presence of sub-nm clusters, as shown by SEM and
TEM characterization of the materials (Fig. 2-4), considering the size-limit in LSPR

(b)

Tioynommalized absorbance (a.u.)

Wavelength (nm)

TiO,-normalized absorbance (a.u.)

TiO,-normalized absorbance (a.u.)

Au7.5Pt7.5

3

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 5 UV-vis spectra of the Au—Pt/TiO, materials prepared by thermal DMF reduction (a)
and by NaBH, reduction in DMF (b).
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detection (2 nm). It confirms that the sub-nm cluster is the principle form of metal
object present in the samples and that the number of aggregates in Au5/TiO, is
quite small. It is noted that, for Pt5/TiO,, the low Pt content (0.3%) may also
contribute to the lower LSPR intensity as compared with the Pt reference. It is also
noted that the relative intensities of the Pt and Au LSPRs in the reference samples
(similar metal loadings, similar metal NP sizes) are in line with the higher
absorption cross-section of gold as compared with platinum.*

In the bimetallic catalysts, absorption in the visible range is clearly and markedly
dependent on the metallic composition. Absorption in the visible range is quite
limited for Au2.5Pt2.5/TiO,, and more specifically much smaller than in Au5/TiO,
and Pt5/TiO,. Given the far from negligible metal content of the material (2.3 wt%),
the low visible absorption is consistent with Au and Pt NP size far below the LSPR
size-limit detection, i.e. with the sub-nm cluster size and the absence of M NPs and
aggregates evidenced by SEM and TEM. The more loaded catalysts (8.3-8.4 wt%
metal) exhibit a much more significant absorption in the visible range. Intensity of
the Pt NPs LSPR (420 nm) is much higher than in Pt5/TiO, due to higher Pt loading
and larger NPs size distribution. The similarity in intensities of Pt NPs LSPR (420 nm)
in both Au5Pt5/TiO, and Au7.5Pt7.5/TiO, is consistent with the similar Pt loadings
measured (4.1 and 4.6 wt%, respectively). However absorption remains high at 2 >
420 nm in Au5Pt5/TiO,, while it decreases in Au7.5Pt7.5/TiO,. This can be attributed
to a less pronounced contribution of Au NPs LSPR. It is attributed to efficient
screening/quenching of the Au LSPR by Pt,* at the highest Pt/Au ratio (1.22) achieved
in Au7.5Pt7.5/TiO,, LSPR damping has been observed before in e.g. core-shell Au@Pt
NPs.*

Catalytic properties for CO,-to-CH, plasmon-induced reduction with water

Methane production rates obtained upon plasmonic excitation of the catalysts (A
> 400 nm) over time are shown in Fig. 6a. Negligible rates are obtained using the
monometallic catalysts (0-0.1 umol h™* g~ on average over 5 h). In previous
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Fig.6 Plasmon-induced methane production rates observed under visible light irradiation
(2> 400 nm) over Au—Pt/TiO, catalysts prepared by thermal DMF reduction (a) and Au(35
— X)Ptx/TiO, catalysts prepared by NaBH,4 reduction in DMF (b). In (b), methane production
rates are average production rates over 5 h of reaction (Table 1). Error bars represent the
uncertainty generally observed on such values, i.e. 7% of the absolute value.
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work, we showed that Au(1 wt%, 3 nm)/TiO, could produce about 0.3 pmol h™*
g~ ' on average over 5 h.?* The lower activity of the monometallic Au5/TiO, catalyst
presented here is attributed to the much lower optical absorbance in the visible
range. It also suggests that sub-nm Au (and Pt) clusters are not suitable plasmonic
catalysts for the plasmon-induced reduction of CO, with water. On the other
hand, the bimetallic catalysts all exhibit significant methane productions - 1.5 to
7.8 umol h™" g™ on average over 5 h, which increase with increasing Pt loading
and Pt/Au ratio (Table 1). A useful synergy between gold and platinum is thus at
play in these materials. Au2.5Pt2.5/TiO, is indeed more active than both Au5/TiO,
and Pt5/TiO,, despite its lower optical absorbance (Fig. 5a). The most beneficial
impact is found for Au7.5Pt7.5/TiO,, which produces 7.8 pmol h~* ¢~ of methane
on average over 5 h of illumination, with 100% selectivity, thus showing the best
catalytic performance of both catalyst series (Table 1). Hence, Pt segregation on
the gold surface, as evidenced by XPS, is clearly beneficial to the production of
methane. This suggests that the bimetallic catalysts may operate like an antenna-
reactor-type system,* in which the photon-derived energy and charges generated
within the gold core are transferred to the platinum surface,**> where the reac-
tion takes place. Besides, over the materials containing sub-nm metal clusters
(Au5/TiO,, Pt5/TiO,, Au2.5Pt2.5/Ti0,) hydrogen is produced from the competitive
reduction of water, and the selectivity of Au2.5Pt2.5/TiO, for methane does not
exceed 25%. On the other hand, no production of hydrogen is observed on the
materials containing 7-8 nm metal NPs (Au5Pt5/TiO, and Au7.5Pt7.5/Ti0O,), and
methane is thus produced with 100% selectivity. This suggests that the size of the
plasmonic NPs affects the selectivity of the reaction, and that promoting the
reduction of CO, over the competitive reduction of water requires a certain metal
NPs size. The higher loading of the plasmonic NPs in Au5Pt5/TiO, and
Au7.5Pt7.5/TiO, (8.3-8.4 wt%) vs. Au5/TiO,, Pt5/TiO,, Au2.5Pt2.5/TiO, (=4%) may
also contribute to increase the selectivity.

Bimetallic catalysts prepared by NaBH, reduction in DMF

Deposition efficiency. Seven catalysts were prepared with this method:
monometallic Au35/TiO, and Pt15/TiO, references, as well as four bimetallic
Au(35 — x)Ptx/TiO, catalysts (x = 1, 5, 17.5, 30; i.e. targeted Pt/Au ratio of 0.03,
0.16, 1, 6, with the same targeted metal loading of 35 wt%), and Au3.5Pt3.5/TiO,
(targeted Pt/Au ratio of 1, with targeted metal loading of 7 wt%).

In the gold-containing mono- and bi-metallic catalysts, the actual gold load-
ings determined by ICP-OES are close to the targeted gold loadings (Table 1 and
Fig. 1b), and deposition yields are close to 100% for targeted loadings above 5 wt
%, and about 80% for the targeted loading of 3.5 wt%. On the other hand, Ptis not
efficiently deposited with this method. In the monometallic catalyst, no Pt is
actually deposited without slightly modifying the synthesis protocol (see Experi-
mental section). In the bimetallic catalysts, Pt loadings do not exceed 2.7 wt%
(Table 1 and Fig. 1c), with deposition yields exponentially decreasing with
increasing targeted Pt loadings and decreasing targeted Au loading (Fig. 1d). This
shows that, like for thermal DMF reduction, gold enhances Pt deposition, which
suggests that deposited gold NPs, or the Au/TiO, perimeter sites, may serve as
nucleation sites for Pt. As a result, the targeted fixed metal loading of 35 wt%
actually varies from 6.3 to 35 wt%, decreasing with decreasing gold content in the
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Au(35 — x)Ptx/TiO, series, the range of Pt/Au ratios achieved is narrower than
expected (0-0.25, instead of 0-6) and only gold-rich compositions are achieved
(Pt/Au ratio < 0.25). Interestingly, due to the lower deposition yields of both Au
and Pt in Au3.5Pt3.5/TiO,, a similar Pt/Au ratio of 0.13-0.14 is obtained in both
Au3.5Pt3.5/TiO, and Aul7.5Pt17.5/TiO,, associated with two significantly
different metal loadings (3.2 and 19.9 wt%, respectively).

Metal NPs size and distribution over titania. Low magnification SEM images
show the presence of large metal aggregates (100 nm to 1 pm) on Au35/TiO,,
Au17.5Pt17.5/TiO, and Au3.5Pt3.5/TiO, (Fig. 7). For the bimetallic catalysts, the
size of the metal aggregates is clearly larger in the more loaded material. A large
amount of smaller metallic NPs can be seen at higher magnification. Extensive
coverage of the TiO, support with these smaller NPs can be observed for Au35/
TiO, (Fig. 7a). Coverage appears to be quite high in Au3.5Pt3.5/TiO, (Fig. 7b) also.
It appears lower for Au17.5Pt17.5/TiO, (in the selected region, Fig. 7c), which
suggests that the larger aggregates may dominate in this material.

Size distributions of the smaller metallic NPs present in Au35/TiO,, Pt15/TiO,
and Au17.5Pt17.5/TiO, were obtained by measuring the lower dimension of 200

Fig. 7 SEM images of Au35/TiO, (a), Au3.5Pt3.5/TiO, (b), Aul7.5Pt17.5/TiO, (c), at low
maghnification (left) and at high magnification, using In lens (middle) and BSE (left, right)
detectors.
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NPs on TEM images (Fig. 3e-g), in the case of oblong NPs. Like for the materials
prepared by thermal DMF reduction, a significant amount of oblong metal NPs
can be found in the bimetallic Au17.5Pt17/TiO, catalyst. Size distributions are
presented in Fig. 4d-f. They are centered at 17.6 £+ 7.7 nm for Au35/TiO,, at 2-
3 nm for Pt15/TiO, with a mean NPs size of 4.9 + 2.4 nm, and at 5-6 nm for
Au17.5Pt17.5/TiO, with a mean NPs size of 6.9 £ 2.3 nm. While mostly NPs >
10 nm are found in Au35/TiO,, a significant amount of very small NPs (<1-3 nm,
32% of the counted population) can be found in the Pt15/TiO, catalyst.
Au17.5Pt17.5/TiO, exhibits fewer NPs smaller than 3 nm (6% of the counted
population) and more NPs larger than 10 nm (12%). However most of the NPs
(82%) have sizes between 3 and 10 nm (Fig. 4f), evidencing the critical role of Pt in
Au NPs size control in this method. Interestingly, Janus-type NPs were detected on
Au17.5Pt17.5/TiO, (Fig. 3h, i and S27). These Janus NPs consist of distinct Au and
Pt nanocrystals sharing an interface, the Au nanocrystal being systematically
larger than the Pt nanocrystal. The oblong shape of most of the metal NPs
observed in the bimetallic Au17.5Pt17.5/TiO, catalyst suggests that a significant
proportion could consist of Janus NPs. This is the first time that Au-Pt Janus NPs
have been obtained by the one pot co-reduction of metal salts,* instead of multi-
step seed-mediated growth.>**® Our one pot method makes use of the intrinsic
properties of gold and platinum, namely the difference in reduction potential of
the two metal species and the preferential reduction of gold species,* which
favors the formation of phase segregated bi-metallic NPs with Pt on top of Au.*®

X-ray photoelectron spectroscopy (XPS). XPS spectra of all the catalysts in this
series show the Ti2p,,,-Ti2p;/, doublet, with the Ti2p;/,, peak appearing at 458.9
=+ 0.1 eV, in agreement with pure anatase titania. All Au-containing catalysts also
exhibit the typical Au4fs,-Au4f;,, doublet. Each peak can be fitted with a single
component, containing a certain degree of asymmetry (Fig. S17), which is typical
of metallic Au NPs. The Au4f;,, peaks are positioned between 83.0 and 83.4 €V in
all catalysts, which is typical of electron-rich metallic Au NPs in interaction with
titania. All Pt-containing catalysts exhibit an additional multi-component signal
in the Pt4f5,—Pt4f,, region (Fig. S17), indicating the presence of oxidized forms of
Pt.** For Pt4f,,, the lower BE component positioned between 69.6 eV and 70.5 eV
in all catalysts can be attributed to electron-rich metallic Pt. Electrons may be
transferred from TiO, (upon alignment of the Fermi level during the Pt/TiO,
junction formation) but also possibly from gold,*”** as suggested by the lower
binding energy observed in the gold-containing catalysts as compared with
monometallic Pt15/TiO,.

Like for the materials prepared by thermal DMF reduction, platinum surface
enrichment is observed by comparing Pt/Au surface ratios and Pt/Au bulk ratios
(Table 2). The extent of the Pt enrichment is however more moderate, as Pt/Au
surface ratios are indeed only 2 to 5 times higher than Pt/Au bulk ratios. This
more moderate Pt surface enrichment is consistent with the Janus-type Au-Pt NPs
observed by TEM (Fig. 3h and i) and the related partial coverage of Au surface by
Pt NPs. It is attributed to a size effect, i.e. the larger size of Au NPs vs. Pt NPs (as
evidenced e.g. for Au17.5Pt17.5/TiO2, see the TEM sub-section) considering the
inelastic mean free path of electrons (10-12 A).

Optical properties. The optical properties of the materials prepared by NaBH,
reduction in DMF all contain the absorption band of the titania component in the
UV range (200-380 nm), and a significant absorption in the visible region
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(Fig. 5b). The monometallic Au35/TiO, and Pt15/TiO, catalysts exhibit the largest
absorptions in the visible range, in line with their high metal loadings. The
bimetallic catalysts all exhibit much lower absorptions in the visible range. In
some cases (Au3.5Pt3.5/TiO,, Au5Pt30/TiO,), the decrease in intensity can be
accounted for by the lower gold loadings (2.8-5 wt%) and even lower Pt loadings
(0.4-1.3 wt%). However, the drastic difference in the intensities of the gold LSPR
in Au34Pt1/TiO, and in Au35/TiO,, which contain a similar amount of gold (33.4-
34%), points to the occurrence of plasmon damping by Pt. Plasmon damping has
been observed in other bimetallic structures.*>*>** It is interesting that it is
induced/achieved here by only a very small amount of Pt (1 wt%, Pt/Au = 0.03). It
suggests that, despite the low Pt amount, the interaction between gold and
platinum is sufficient to severely impact the optical properties of gold and the
LSPR signal in particular, in line with the modifications of the electronic prop-
erties of Pt probed by XPS. Damping of Au NPs LSPR further increases with
increasing Pt/Au ratio, resulting in a further decrease in the visible absorption for
Au30Pt5 and Au17.5Pt17.5/TiO, (Pt/Au ratios of 0.09 and 0.14, respectively). The
LSPR of Au NPs still contributes to the overall visible absorption signal, as evi-
denced by a distinct absorption band with maximum at 580-600 nm in Au34Pt1/
TiO, or by a steady increase in the absorbance from 400 to 800 nm in Au30Pt5/
TiO, and Au17.5Pt17.5/TiO,. This steady increase, which is not observed for Pt15
and which surpasses that observed for Au5Pt5/TiO, (see the section Bimetallic
catalysts prepared by thermal DMF reduction), suggests that some parts of Au NPs
are unmodified, in line with the more limited Au/Pt interface in these Janus-type
NPs, as compared with a core-shell nanostructure, the larger size of Au vs. Pt NPs
and the lower Pt/Au ratios.

Catalytic properties for CO,-to-CH, plasmon-induced reduction

Methane production rates obtained on average over 5 h upon illumination of the
catalysts with visible light (1 > 400 nm) are shown in Fig. 6b. Au35/TiO, produces
a negligible amount of methane (0.1 pmol h™' g™ %), despite its huge optical
absorption in the visible range (Fig. 5b). This highlights the fact that an efficient
light absorber is not necessarily an efficient plasmonic catalyst and that light
absorption does not necessarily imply plasmon-induced activity. Plasmon-
induced catalysis indeed relies on photogenerated charge carriers with very
short lifetimes, the so-called “hot carriers” generated within the bulk of plas-
monic NPs upon LSPR decay. To allow the catalytic reaction to proceed, the
lifetime of these hot carriers need to be increased, by e.g. stabilization in the
conduction band of an interfaced semi-conductor,*>* after which they will need
to reach the surface. These phenomena are clearly facilitated in NPs with high
surface-to-volume ratio NPs, which implies that a size effect can be expected on
the plasmon-induced reaction. These phenomena also require a high-quality M/
SC interface. Hence the much lower activity of Au35/TiO,, as compared with that
reported earlier for Au(1 wt%, 3 nm)/TiO, catalyst (0.3 pmol h™" g™'), can be
attributed to the large size of the particles observed in Au35/TiO, (Fig. 7a), the
quasi-absent population of small particles, which implies a low surface-to-volume
ratio, as well as the poor interface with the nanocrystalline support (13 nm). The
monometallic Pt15/TiO, catalyst exhibits a significant average methane produc-
tion rate of 3.3 pmol h™" g™, in line with its suitable NPs size (Fig. 3f and 4e) in
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the range 2-10 nm. Most bimetallic catalysts exhibit methane production rates in-
between those of Au35/TiO, (0.1 pmol h™* g~ ') and Pt15/TiO, (3.3 pmol h™* g™ ),
only Au17.5Pt17.5/TiO, exhibits a higher average methane production rate of 4.7
umol h™" g™, The less evident synergistic effect between gold and platinum in
these materials can be attributed to the prevalence of the poorly active gold phase,
due to both the low Pt/Au ratios (0.03-0.25) and the lower coverage of the gold
surface by platinum (see XPS sub-section and Table 2), i.e. to the more limited
gold-platinum interface area. Utilization of the metal is clearly not optimal in
these materials regarding the levels of CH, produced (Table 1); activity may be
impeded by the presence of oxidized forms of Pt, in addition to the limited Au/Pt
interface. Nevertheless, one has to keep in mind that the bimetallic catalysts all
contain a much lower amount of platinum (1-2.7%, Table 1) than the mono-
metallic Pt15/TiO, reference (15.8%). This shows that (1) the bimetallic catalysts
are actually all more efficient than the monometallic reference on a Pt metal
basis, highlighting the beneficial role of gold, and (2) a small amount of P,
interfaced with Au, is sufficient to activate large inactive gold NPs. Besides, like for
catalysts prepared by thermal DMF reduction, all materials containing a metal
load above 6.3 wt% are 100% selective towards methane (no H, produced, Table
1). This supports the previous assumption that higher loadings of the plasmonic
NPs, i.e. higher coverage of titania with plasmonic NPs, successfully promote CO,
reduction over the competing water reduction reaction. None of the lower load
catalysts (Au3.5Pt3.5/TiO, from NaBH, reduction and Au2.5Pt2.5/TiO, thermal
DMF reduction) indeed reaches full selectivity towards methane (Table 1).
Selectivity is nevertheless favored by the metal NPs present in Au3.5Pt3.5/TiO,
rather than the sub-nm clusters present in Au2.5Pt2.5/TiO,. However, methane
production rates on a metal basis are clearly enhanced by the suitable Au/Pt
nanoalloy core-shell structure achieved by thermal DMF reduction, rather than
the Au/Pt Janus structure derived from NaBH, reduction.

Experimental

Synthetic procedures

HAu(m)Cl,-3H,0  (99.99%), NaAu(m)Cl,-2H,O (99.99%), H,Pt(iv)Cls-xH,O
(99.999%), K,Pt(u)Cl, (99.9%) were purchased from Alfa-Aesar and used without
further purification. NaBH, (99%) was purchased from Sigma-Aldrich and used
without further purification. DMF (99.9%) is purchased from Carlo Erba and used
without further purification. TiO, Hombikat UV100 is purchased from Sachtleben
Chemie and calcined in a muffle furnace for 4 h in air at 350 °C before use, to
obtain a well-defined nanocrystalline pure anatase powder containing well-
calibrated anatase crystallites (13 nm) in an aggregated form (SEM), displaying
a surface area of 140 m® ¢~ ' and no amorphous phase.

Thermal DMF reduction (DMF/140 °C). TiO, (1 g) is added to DMF (100 mL)
and stirred for 5 min before being heated at 140 °C under vigorous stirring. After
5 min at 140 °C, an aqueous solution of HAuCl, (1 mL/0.25 M/50 mg Au) is added
and the mixture is left to react for 4 h at 140 °C. The resulting slightly colored
powder in suspension is isolated by filtration, washed (water/400 mL), dried
(vacuum/100 °C/2 h) and calcined in air at 200 °C for 1 h, leading to Au5/TiO,,
where [5] stands for the targeted gold content in the dried sample in wt%.
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Pt5/TiO, is synthesized in the same way, replacing HAuCl, by H,PtCls (1 mL/
0.25 M/50 mg Pt).

A series of AuxPty/TiO, catalysts (x = y = 2.5, 5, 7.5) is prepared in the same
way, replacing HAuCl, by the (quasi) simultaneous addition of both HAuCl, and
H,PtCls aqueous solutions (0.25 M), adjusting the volume of the solutions to the
target loading. x and y stand for the targeted gold and platinum content (wt%),
respectively, in the dried samples.

NaBH, reduction in DMF (DMF/NaBH,). TiO, (195 mg) is added to DMF (200
mL) and stirred for 5 min at room temperature (ca. 22 °C). A given amount of
NaAucCl, crystalline powder is added and left to react for 5 min. NaBH, is then
introduced (202 mg/NaBH,/Au = 10) and left to react for 30 min. The colored
powder in suspension is then isolated by filtration, washed (water/400 mL), dried
(air/100 °C/24 h) and calcined in air at 200 °C for 1 h, leading to Au35/TiO,, where
[35] stands for the targeted gold content in the dried sample in wt%.

A series of Au(35 — x)Ptx/TiO, catalysts (x =0, 1, 5, 17.5, 30) is prepared in the
same way, replacing NaAuCl, by the (quasi) simultaneous addition of both
NaAuCl, and K,PtCl, crystalline powders, adjusting the weight of the powders to
the target loading and using NaBH,/(Au + Pt) = 10, where x stands for the targeted
platinum content (wt%) in the dried samples.

A Au3.5Pt3.5/TiO, catalyst was prepared in the same way, by adjusting the
weight of the powders to the target loading.

An attempt to prepare Pt35/TiO, by reacting K,PtCl, alone under the condi-
tions described for NaAuCl, did not lead to any Pt deposition on TiO,, as evi-
denced by ICP-OES. After several attempts, we finally managed to prepare
a monometallic Pt/TiO, reference as follows: TiO, (195 mg) is added to DMF (200
mL) and stirred for 5 min at room temperature (ca. 22 °C). K,PtCl, (crystalline
powder, 223.4 mg) is added and left to react for 5 min. NaBH, is then introduced
(204 mg/NaBH,/Pt = 10) and left to react for 30 min. The white powder in
suspension is then isolated by filtration. The filtrate is left to settle overnight;
a dark precipitate appears. The supernatant is sampled. The white powder is
added to the supernatant under stirring and the mixture heated to 140 °C for 3 h.
The powder in suspension that has turned grey is then isolated by filtration,
washed (water/400 mL), dried (air/100 °C/24 h) and calcined in air at 200 °C for
1 h, leading to Pt15/TiO,, where [15] stands for the actual Pt content in the dried
sample in wt% as measured by ICP-OES.

Efficiency of the methods is discussed on the basis of the deposition yield of
each metal, which is defined as the ratio between the metal content measured in
the dried samples by ICP-OES (IPHC/UMR CNRS 7178) and the targeted metal
content (given the amount of metal initially present in the solution).

Characterization

ICP-OES. Elemental analysis (ICP) of the composites was performed using
inductively coupled plasma-optical emission spectroscopy (ICP-OES, Varian
720ES) at IPHC (CNRS UMR 7178, France).

UV-visible spectroscopy. UV-vis absorption spectra were recorded on a Per-
kinElmer 950 spectrophotometer fitted with a Labsphere RSA ASSY 100 nm
integrating sphere. The spectra are acquired in reflection mode (diffuse
reflectance). In order to determine the absorbance coefficient, the diffuse
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reflectance spectra were converted to Kubelka-Munk units via the equation:
F(R) = (1 — R)*/2R.

X-ray photoelectron spectroscopy (XPS). XPS measurements were carried out in
an ultrahigh vacuum (UHV) spectrometer equipped with a VSW Class WA hemi-
spherical electron analyzer. A dual anode Al Ko X-ray source (1486.6 eV) was used as
incident radiation. Survey and high resolution spectra were recorded in constant
pass energy mode (90 and 20 eV, respectively, or 50 eV for the Au 4f and Pt 4f
regions). All binding energies were referenced to the C 1s peak at 285.0 eV to
compensate for the charge effect. % surface contents were calculated using the
corresponding core level peaks, normalized to the photoemission cross-section and
assuming a homogeneous distribution arrangement model. Surface atomic ratios
are subsequently calculated on the basis of these values. Deconvolution of the C 1s,
O 1s Ti 2p, Au 4f and Pt 4f core level peaks was achieved with CASA XPS Software
using a Shirley background and peak shapes, linewidths (FWHM), intensity ratios
and separation of spin-orbit components previously established in the literature.

Scanning electron microscopy. Scanning electron microscopy (SEM) was
carried out on a Zeiss Gemini SEM 500 system at 6 kV using a working distance
(WD) of 3.5 mm and an aperture (AP) of 30 pm. Two detectors were used alter-
natively: an in lense secondary electron detector (In Lens) for best imaging
resolution, and a back-scattered electrons (BSE) detector providing chemical
contrast, with the lightest elements (Ti) appearing darker than the heaviest
elements (Au, Pt). The powder samples were pressed on a sample holder deco-
rated with carbon tape before analysis.

Transmission electron microscopy. Transmission electron microscopy (TEM)
was carried out on a JEOL 2100F microscope working at 200 kV accelerating
voltage and equipped with a probe corrector for spherical aberrations, giving
a point-to-point resolution of 0.18 nm. The sample was dispersed by ultrasound in
an ethanol solution for 2 min. A drop of the solution is subsequently deposited on
copper covered with a holey carbon membrane and left to dry at ambient
temperature (22 °C) before observation. Size distributions are obtained by
measuring the size of 200 particles using the Image] software.*

Catalytic evaluation. The photocatalytic set-up designed for gas phase photo-
reduction of CO, with water was described previously.*® It is made of 1/16”
stainless steel lines. The low CO, flow (air product, 99.5%) is controlled by
a dedicated mass-flow controller (Bronkhorst) allowing us to control flow rates as
low as 0.3 mL min ', It is loaded with gas phase water by passing through
a temperature-controlled 3 mL water saturator which is maintained at 28 °C in
order to get a steady absolute humidity of about 4%. The continuously flowing
reaction mixture (CO, + H,0) then passes through the metallic circular photo-
reactor cell (6 mL) equipped with a welded gas inlet and welded gas outlet on the
sides, and a 3 mm-thick Quartz window from Verlabo2000 (France) on top. The
photoreactor is irradiated with a 150 W ceramic-metal-halide Hg lamp top-
irradiation system with light concentrator placed 6 cm above the Quartz
window. The emission spectrum is given in Fig. 8. Total irradiance is 5100 W m >,
corresponding to a photon flux of 0.028 mol s~' m 2. The total irradiated surface
is 18.8 cm®. For evaluation under so-called “visible light”, i.e. evaluation of the
plasmon-induced catalytic performances, a Schott GG 400 optical filter from
Edmund Optics is placed between the photoreactor and the light source to cut all
wavelengths below 400 nm. The irradiance is 4800 W m™? for the whole spectrum
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Fig. 8 Emission spectrum of the 150 W ceramic-metal-halide Hg lamp.

with a filter (400-900 nm), corresponding to a photon flux of 0.025 mol s~ m ™2,

On-line gas analysis is performed by gas chromatography using an Agilent 3000A
SRA Instrument micro-GC equipped with 4 channels (Channel A: MolSieve-5 A, Ar,
[ =10 m, T =90 °C for detection of H,, CH,, O,, N,, CO; Channel B: PLOTU, He,
[=8m, T=75°C, for detection of CO,; Channel C: STABILWAX, He, /=10 m, T =
80 °C, for possible detection of C,H,; Channel D: OV1, He, [ = 34 m, T'= 80 °C, for
detection of H,0). The gas mixture is analyzed every 14 min for at least 5 h. Lower
detection limits for H, and CH, are 1.7 vol ppm and 0.9 vol ppm, respectively,
under these conditions. Methane production rates are calculated using rcy, (mol
h™" g7") = [CH,4] x (flow rate) x 60/(Vi X Mphotocar), Where [CH,4] is the concen-
tration of CH, in ppm, Mppoocar i the mass of photocatalyst, the flow rate is
0.0003 L min~ " and V,,, = 24.79 L mol ' (STP conditions). Selectivity is (8 x rcs,)/
(8 X rgm, +2 x ry,) x 100, as CH, and sometimes H, are the only two products
detected under these conditions.

Conclusions

Successful deposition of bimetallic Au-Pt sub-nm clusters on titania has been
achieved in one pot by the thermal DMF co-reduction of gold and platinum salts
in the presence of titania. The formation of sub-nm clusters is concentration-
dependent. 7-8 nm NPs are formed at higher concentrations. Pt deposition is
clearly occurring on gold, leading to fully metallic Au@Pt core-shell-type NPs. By
comparison, titania-supported bimetallic Au-Pt NPs synthesized by NaBH,
reduction in DMF exhibit a less extensive Au-Pt interface, resulting from Janus-
type nanostructures, and oxidized forms of Pt. For both types of bimetallic
structures, a clear synergistic effect between gold and platinum is observed in the
continuous flow gas phase CO, reduction with water under visible light. Addition
of platinum makes Au NPs more active and unselective gold clusters more
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selective towards the reduction of CO, vs. the competing reduction of water. These
properties rely on the presence of an interface between Au and Pt. Activity is
further boosted in the core-shell like nanostructures obtained by DMF thermal
reduction, due to maximized Pt surface segregation and Au-Pt interface area,
while selectivity clearly benefits from high loading of the plasmonic metal NPs,
i.e. large coverage of the titania support with plasmonic NPs.
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