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Controlling the nucleation and growth process of noble metal on surface of catalyst supports is one of the most
eﬀective strategies to improve the catalytic performance of supported noble metal catalysts. In the present study,
a novel and green route was developed to in-situ load platinum (Pt) onto tin oxide (SnO2) nanocrystals. Initially,
nonstoichiometric SnOx colloidal nanoparticles (NPs) with high reactivity were facilely prepared by laser ablation of a metallic Sn target in deionized water. During the subsequent aging process, the PtCl42− ions react
with these SnOx NPs, which gradually evolved into stoichiometric SnO2. The obtained ultraﬁne Pt NPs together
with large amounts of Pt clusters and single atoms were uniformly dispersed on the surface of SnO2 nanocrystals.
For hydrogenation of 4-nitrophenol (4-NP), these Pt/SnO2 nanocomposites (NCs) show a signiﬁcantly higher
value of mass-normalized rate constant (k/m, 0.557 s−1 mg−1) than that of most reported Pt-based catalysts,
revealing remarkable catalytic activity. Also, no obvious deactivation was detected after seven successive cycles,
indicating excellent catalytic stability of the Pt/SnO2 catalysts.

1. Introduction
Noble metal (Au, Ag, Pt, and Pd) catalysts have attracted signiﬁcant
attention due to their superior performance as heterogeneous catalysts
in numerous liquid-phase catalytic processes [1–4]. Signiﬁcantly, one
can adjust the catalytic property of noble metal nanostructures and thus
improve their performance in a variety of application ﬁelds by controlling their morphology, composition, and size [5–7]. However, for
preparing noble metal catalysts with speciﬁc morphology, composition,
and size, diﬀerent kinds of surfactants were commonly introduced
during the synthetic process. These organic macromolecules could be
strongly adsorbed on the surface of catalysts, resulting in severe decline
of their catalytic performance [8]. It is well known that the catalytic
activity of noble metal catalysts is strongly dependent on the size of
noble metal. In general, down-sizing of noble metal catalysts can lead to
a larger surface-to-volume ratio and large amounts of corner and edge
atoms, resulting in a rapid increase of catalytic activity. Thus, how to
prepare noble metal catalysts with tens of atoms or even single atom
has become a burgeoning theme in catalysis ﬁeld [9–11]. Also, this
strategy is beneﬁcial to maximize the atom utilization of noble metal,

thus reduce the manufacturing cost of catalysts.
However, during the process of catalytic reaction, small-sized noble
metal catalysts always aggregate to larger ones due to their high surface
area and surface energy, which could easily lead to deactivation or loss
of catalytic activity. To address these inherent drawback, signiﬁcant
eﬀorts have been devoted to load highly active noble metal catalysts on
special catalyst supports [12]. Many metal oxides, such as CeO2, SnO2,
TiO2, and Fe2O3, have been employed as eﬃcient catalyst supports
according to their advantages of low cost, high chemical durability, and
morphological diversity [13–16]. Importantly, the stability of catalysts
could be signiﬁcantly improved via the strong interaction between
noble metal and metal oxides [9,17]. Impregnation method was always
employed to load noble metal onto the surface of metal oxides [18,19].
But the procedure of this synthetic method is still too complicated,
especially a heat treatment with high temperature was essential. In
addition, the technique of laser ablation in liquids (LAL) is a top-down
method to prepare noble metal NPs with small size and clean surface
[20–23]. These noble metal NPs can be uniformly loaded on the surface
of metal oxides [24–26]. However, the catalytic activity of these composite catalysts is still lower than that of atomic-scale noble metal
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Fig. 1. Schematic for synthesis process of Pt/SnO2 NCs.

performed on a FEI Talos F200X instrument. The TEM specimen was
prepared by dispersing products in ethanol to form a suspension, which
was then dropped onto a carbon-coated Cu grid after ultrasonic treatment.

catalysts. Therefore, it is expected that a facile and eﬃcient route can
be designed to prepare metal oxide supported noble metal catalysts
with higher catalytic activity and more excellent stability.
During the recent years, our group have been devoting to study the
activity and reactivity of LAL-induced colloidal NPs. By logically utilizing the features of these colloidal NPs, diﬀerent kinds of nanostructures were constructed [27–29]. In the present study, beneﬁting
from the high reactivity of LAL-induced SnOx colloidal NPs, ultraﬁne Pt
NPs along with large amounts of Pt clusters and single atoms were insitu loaded on the surface of SnO2 nanocrystals. This Pt/SnO2 NCs
displayed not only superior catalytic activity, but also good durability
for catalytic hydrogenation of 4-NP in presence of excess NaBH4. By
using Pt/SnO2 NCs as catalysts, the process of converting 4-NP to 4-AP
was very simple and eﬃcient, which may be further applied to the
hydrogenation of other aromatic nitro compounds.

2.3. Evaluation of catalytic performance
The catalytic hydrogenation of 4-NP was carried out in a standard
quarter cuvette at room temperature. In a typical process, 0.2 mL catalysts suspension was added to the reaction solution containing 2 mL 4NP aqueous solution (0.2 mM) and 0.2 mL fresh NaBH4 solution
(0.1 M). The UV–vis absorption spectra of the reaction solution was
recorded at constant time interval by using an ultraviolet–visible
(UV–vis) spectrophotometer (Shimadzu UV−2550). The absorption
intensity at featured wavelength of 400 nm was used to estimate the
conversion eﬃciency of 4-NP. The weight of Pt and SnO2 in 0.2 mL
catalysts suspension was 7.84 × 10−3 and 4.55 × 10−2 mg, respectively, which was calculated by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) tests. Furthermore, the catalytic stability of as-prepared Pt/SnO2 catalysts was measured by the following
method. Once the ﬁrst cycle is over, 20 μL 4-NP aqueous solution
(20 mM) was added into the reaction solution, which can ensure the
amount of 4-NP in the reaction solution is same with the ﬁrst cycle, and
the concentration of 4-NP and NaBH4 was also very close to the beginning. After 120 s, UV–vis absorption spectra of the reaction solution
was recorded. This process was repeated for six times in the present
study.

2. Experimental
2.1. LAL-assisted fabrication of Pt/SnO2 NCs
The schematic for synthesis process of Pt/SnO2 NCs was shown in
Fig. 1. By ﬁxing a polished Sn metal target (99.99% in purity) in a
vessel ﬁlled with 15 mL deionized water, the rotating target was ablated
for 10 min by a fundamental Nd:YAG laser (1064 nm) with 10 Hz pulse
repetition rate, 10 ns pulse duration, and 100 mJ per pulse laser energy.
The obtained fresh SnOx colloidal solution was mixed with 0.2 mL
Na2PtCl4 solution (10 mM), and then placed inside a dark chamber.
After aging treatment for three days at room temperature, the black
precipitates were collected by centrifugation and washed with deionized water for several times. The detailed characterization of LAL-induced SnOx colloidal NPs can be found in our previous report [30].

3. Results and discussion
As shown in Fig. S1a, the ﬁnal products were consist of many small
NPs. The EDS spectrum (Fig. S1b) indicates that the products contain
Pt, Sn, and O elements. The mass ratio of Pt was about 16.03%, which
value was close to the ICP-AES result (14.70%). Fig. S2 presents the
typical TEM and HAADF-STEM images of as-prepared Pt/SnO2 NCs. The
crystalline lattice fringes with d-spacing of 0.336 and 0.228 nm can be
respectively assigned to the (1 1 0) and (2 0 0) planes of SnO2 nanocrystals, which are well consistent with the XRD analysis (Fig. S4). Also,
the d-spacing value of 0.228 nm is matched with the (1 1 1) plane of
face-centered cubic Pt. In Fig. 2, the crystalline Pt NPs, Pt clusters, and
Pt single atoms were respectively marked with circles, squares, and
triangles. These three kinds of Pt were all uniformly dispersed on the
surface of SnO2 nanocrystals. The size distribution of SnO2 and Pt were
both calculated from more than 200 individuals randomly selected in
several TEM or STEM images. SnO2 NPs (Fig. S3a) present an average
size of 4.8 ( ± 0.6) nm. Except for Pt single atoms, the size of Pt clusters

2.2. Characterization
The morphology of products was investigated by using a Hitachi
scanning electron microscopy (Hitachi SU8020). The phase structure
was analyzed by an X-ray diﬀraction (XRD) with a Cu-Kα radiated
(λ = 1.5419 Å) Philips X’Pert system. An X-ray photoelectron spectroscopy (XPS) system (Thermo ESCALAB 250) was used to analyze the
valence state of chemical elements in as-prepared products.
Transmission electron microscopy (TEM) and high-angle annular darkﬁeld scanning transmission electron microscopy (HAADF-STEM)
images were acquired on a probe aberration-corrected JEOL ARM-200F
ﬁeld-emission transmission electron microscope operating at an accelerating voltage of 200 kV. Scanning transmission electron microscopyelectron dispersive X-ray spectroscopy (STEM-EDS) analyses were
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Fig. 2. Typical HAADF-STEM images of as-prepared Pt/SnO2 NCs.

Fig. 3. (a) STEM-EDS elemental mapping of as-prepared Pt/SnO2 NCs. EDS spectra recorded from (b) area 1, (c) area 2, and (d) area 3.

Whereas, other two peaks characteristic of Pt2+ are located at 72.9 eV
and 76.2 eV [31,32]. The percentage of Pt2+ was about 76.2%, indicating that the chemical state of element Pt is mainly +2 valance.
The catalytic reduction of 4-NP to 4-AP in presence of excess NaBH4
is one of the most widely used model reactions to assess the catalytic
performance of noble metal catalysts, which triggers the reaction by
relaying electrons from the donor (BH4−) to acceptor (4-NP) upon the
adsorption of both reactants on the surface of catalysts [33]. As shown
in Fig. 5a, the absorption spectra of 4-NP aqueous solution shows a
strong absorption peak at 317 nm. With the addition of NaBH4, this
absorption peak shifts to 400 nm along with a color change from light
yellow to bright yellow (Fig. S5), which attributes to the formation of 4nitrophenolate ions [34]. After 30 min, almost no decrease of the absorption peak at 400 nm and no color change of the solution was observed (Fig. S6), indicating that 4-NP cannot be reduced to 4-AP only in
presence of NaBH4. In addition, when the pure SnO2 was added to the
4-NP and NaBH4 mixed solution, the intensity of absorption peak at
400 nm almost did not change even after 15 min (Fig. S7), suggesting
the SnO2 support was almost inactive for the reduction reaction.
However, after the Pt/SnO2 catalysts were added into the reaction

and NPs (Fig. S3b) was in the range of 0.3–1.5 nm.
The results of STEM-EDS elemental mapping shown in Fig. 3a further conﬁrmed the uniform dispersion of Pt on the surface of SnO2
supports. Fig. 3b, c, and d display the EDS spectra recording from different areas of obtained products. As depicted in Fig. 3b, no obvious
peak assigned to element Pt or Sn was observed in the spectra, which
area (area 1) was selected near the edge of products, indicating high
resolution of the spectra acquisition system. In Fig. 2c, a strong peak
assigned to element Pt was found due to the Pt particle in area 2. Area 3
was chosen from the products without any Pt particles, its corresponding spectra show a weak peak assigned to element Pt and a strong
one assigned to element Sn, indicating that smaller Pt were dispersed in
this area. These results further conﬁrmed the existence of Pt clusters
and single atoms in as-prepared products.
XPS technique was employed to study the chemical state of asprepared Pt/SnO2 NCs. As shown in Fig. 4a, the binding energy at
487.1 eV and 495.5 eV indicate that the chemical state of element Sn in
as-prepared products is Sn4+ [17,30]. In the XPS spectra of Pt 4f
(Fig. 4b), the peaks at binding energy of 71.6 eV and 74.9 eV are assigned to Pt0, indicating the presence of metallic Pt NPs in products.
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Fig. 4. (a) Sn 3d and (b) Pt 4f XPS spectra of Pt/SnO2 NCs.

Fig. 5. (a) UV–vis absorption spectra of 4-NP solution before and after the addition of NaBH4. (b) UV–vis absorption spectra of 4-NP + NaBH4 solution versus
reaction time in presence of as-prepared Pt/SnO2 catalysts; Inset is the optic image of solution before and after the catalytic reaction.
Table 1
Comparison of the catalytic activity of Pt-based catalysts for catalytic hydrogenation of 4-NP.

Fig. 6. The plot of ln(At/A0) versus reaction time for catalytic hydrogenation of
4-NP in presence of as-prepared Pt/SnO2 catalysts. The relevant data were
calculated from the time-dependent UV–vis absorption spectra shown in Fig.
S8.

Catalyst

k (×10−3 s−1)

k/m
(10−2 s−1 mg−1)

References

Pt nanoﬂowers
PtAu nanocubes
Pt55Pd38Bi7 nanowires
PtNi NPs
PtPd NPs
Fe2O3-Pt@La2O3-Pt
Pt/mesoporous CeO2
Pt/mesoporous Co3O4CeO2
Pt NPs/mesoporous carbon
Pt NPs/3D mesoporous
carbon
Fe3O4@polydopamine-Pt
PtNi nanosnowﬂakes/rGO
Pt/SnO2

0.78
1.33
4.3
1.93
0.53
6.32
6.03
11.3

0.78
3.33
28.7
48.3
13.1
1.26
4.02
7.53

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[41]

3.17
11

11.1
1.1

[42]
[43]

2.3
2.17
29.7

7.19
4.34
55.7

[44]
[45]
This work

indicating that 4-NP was completely converted into 4-AP within 120 s.
Since the initial concentration of NaBH4 solution is much higher
than that of 4-NP, the reaction rate can be assumed to a constant during
the whole catalytic process. The kinetic rate constant of 4-NP reduction
was calculated using the pseudo-ﬁrst-order kinetic equation: ln(At/
A0) = −kt, where At and A0 are the absorbance values at the certain

solution, the intensity of the absorption peak at 400 nm decreased rapidly, along with an increasing of the intensity of a newly emerged peak
at around 300 nm, which related to the obtained products (4-AP).
Meanwhile, the color of solution became colorless (inset of Fig. 5b),
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