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Abstract 

In this paper, flame spray pyrolysis (FSP) is used to synthesize Pt/TiO 2 catalysts with surface-supported 

isolated Pt atoms through elaborate precursor/solvent formulation and flame temperature history control. It 
is a pivotal factor to this FSP process that there is a major distinction on saturated vapor pressure between 

two components (Pt species and Ti species), and thereby they exist as gas phase and particle phase at a 
certain temperature range, respectively. When the flame is quenched to ambient temperature with cold sheath 

gas, Pt species of gaseous PtO 2 (being in the vapor phase above 723 K) condense into deposition state on 

the surface of TiO 2 nanoparticles. Combined with X-ray photoelectron spectroscopy (XPS) analysis and 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) detection, we 
identify that Pt atoms are dispersed and anchored on the catalyst surface. Single-atom Pt dispersed Pt/TiO 2 
catalysts can be well achieved by controlling the loading at a very low level, which offers an effective way to 

maximize the atom economy for surface catalysis of scarce noble metals. In this work, considering that Pt 
as the best co-catalyst of hydrogen evolution, the FSP-made Pt/TiO 2 catalysts are tested in a photocatalysis 
water splitting system aiming to a simple and attractive means of renewable hydrogen production. The highest 
activity presents in 0.1Pt/TiO 2 with 0.1% molar ratio of Pt to Ti, reaching 108.5 times of the benchmark 

sample from commercial flame-made TiO 2 (P25). The high activity is attributed to the fact that the isolated 

Pt atom serves as the main active site for photocatalysis hydrogen evolution. Therefore, the performance 
and cost efficiency of catalysts are greatly improved by the FSP, mainly ascribed to engineering atomically 
dispersing Pt on the support surface. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Hydrogen has been considered as the most
romising of all the energy carriers because it could
rovide a clean sustainable energy route without
he exhaust emissions that arise from the com-
ustion of fossil or biomass fuels [1] . Among the
arious technologies available, photocatalytic wa-
er splitting shows an enduring attraction as a sim-
le means of renewable hydrogen production har-
essing natural sunlight and water, viable for long
ime to come [2] . The development of particulate
hotocatalysts driving water splitting efficiently has
 significant impact because such systems can be
pread on a large scale using inexpensive particle-
ater mixtures [3] . However, there are still many

hallenges in improving the energy conversion ef-
ciency, such as extending the wavelength range of 
bsorption photons, enhancing the reaction activ-
ty for hydrogen evolution, and reducing the cost of 
hotocatalyst materials [4] . 

Flame synthesis is widely used for solving high
erformance and high yields of materials prepa-
ation, in which process parameters can be ad-
usted to produce nanoparticles with varied crys-
allinity and morphology without post-treatments
5–7] . Especially, flame spray pyrolysis (FSP), de-
eloped in the last decades, is a versatile technique
n the family of flame synthesis because it offers
n contrast to conventional flame methods more
exibilities regarding material choice and design

8 , 9] . A well-known example of flame synthesized
iO 2 nanoparticles is Evonik-Degussa P25, which
as used as the main material or test benchmark

n numerous photocatalysis studies [10] . Since the
onda–Fujishima effect was discovered in 1972,
iO 2 has continuously attracted great interest with
 good application prospect because it is nontoxic,
bundant, cheap and thermochemical stable [11] .
owever, large band gap (3.0–3.2 eV) makes TiO 2 

nly have a light response in the ultraviolet region
f about 5% of solar energy, which limits its solar-
o-hydrogen (STH) energy conversion efficiency. In
rder to improve the STH efficiency by increasing
olar absorption, many TiO 2 modification methods
ave appeared, for example, metal ion doping, an-

on doping, semiconductor compound and so on
12] . 

Recently, CuO x /TiO 2 photocatalysts were pre-
ared by a FSP method in our group, in which

attice doping and nanocluster modification of Cu
pecies on a TiO 2 substrate were simultaneously
ontrolled during the FSP process to promote
harges separation and induce visible-light absorp-
ion [13] . Although the H 2 production rate of the
ptimal sample consisting of 2 mol% Cu was ca .
2.1 times higher than that of the commercial P25
iO 2 , it still remains less than the samples loaded
ith noble metal Pt. As is well known, Pt is the most

fficient co-catalyst in photocatalytic hydrogen evo-
lution for H 

+ reduction and the combination of 
surface hydrogen atoms into molecular H 2 [14] , but
its high cost limits its wide application. Therefore,
it is desirable to develop photocatalysts that only
need minimal amounts of Pt to function and still
possess high activity. 

Downsizing noble metals from particles to clus-
ters or even single atoms offers an effective way to
maximize the atom utilization. Single-atom cata-
lysts (SACs) with atomically dispersed noble metal
loaded on substrates have attracted increasing re-
search interests, which provides the maximum atom
economy and ideal cost efficiency as well as results
in superior catalytic activity and/or high selectiv-
ity [15] . Xing et al. [16] identified that isolated Pt
atoms are active sites for hydrogen evolution in the
configuration of Pt/TiO 2 photocatalysts. Li et al.
[17] reported that the single-atom Pt as co-catalyst
anchored on g-C 3 N 4 with high dispersion and sta-
bility, can remarkably enhance the photocatalytic
H 2 evolution activity. 

Although diverse preparation methods of SACs
have been proposed, such as co-precipitation, co-
impregnation, photochemical strategy, atomic
layer deposition, these conventional chemical
methods are mainly used for fundamental stud-
ies and are generally subject to low yields and
time-consuming processes [18] . FSP has exhibited
great potential in one-step direct synthesis of Pd
subnano-clusters and even single-atoms supported
on TiO 2 with superior catalytic performance
[19 –21] . However, large research space still remains
in light of the fact that the choice of precursors,
the optimization of loading, the control of flame
atmosphere and high-temperature residence time
are crucial for improving their atom efficiency.
For instance, FSP can increase the threshold
of metal loading due to surface and bulk uni-
form mixing of component species at the atomic
level [13 , 22] , but for SACs applications, only
surface-supported atoms can effectually act as
active sites in heterogeneous catalysis. Therefore,
it is necessary to innovatively design and control
FSP process parameters according to updated
requirements. 

Here we use FSP method to prepare Pt/TiO 2
catalysts with ultralow Pt loading and remark-
able catalytic performance towards photocat-
alytic hydrogen production. The properties of 
the as-synthesized catalysts are researched by
X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), aberration-corrected high-
angle annular dark field scanning transmission
electron microscopy (AC 

–HAADF-STEM),
inductively coupled plasma-optical emission spec-
trometer (ICP-OES) and other characterization
methods. Moreover, the hydrogen production
activity is investigated in a photocatalytic test
system. These experimental results demonstrate
that atomically dispersed Pt on TiO 2 surface is
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Fig. 1. Schematic view of flame spray pyrolysis system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. 
Pt loading and corresponding precursor dosage of all 
seven Pt/TiO 2 catalysts. 

Sample Pt/Ti (mol%) C 10 H 14 O 4 Pt (mg) 

0Pt/TiO 2 0 0 
0.025Pt/TiO 2 0.025 3.0 
0.05Pt/TiO 2 0.050 6.0 
0.075Pt/TiO 2 0.075 9.0 
0.1Pt/TiO 2 0.100 12.0 
0.2Pt/TiO 2 0.200 24.0 
0.5Pt/TiO 2 0.500 60.0 
the most important cause of superior catalytic
activity and atom efficiency. Furthermore, a
possible mechanism about single-atom Pt dis-
persion and loading in the flame environment is
illustrated. 

2. Experimental 

2.1. Catalyst preparation by FSP 

The Pt/TiO 2 samples used in the experiments
are prepared using a laboratory scale FSP system
(NPS10, Tethis SpA) as shown in Fig. 1 . A pre-
cursor solution consists of 90 ml absolute ethanol
(C 2 H 6 O, Sinopharm Chemical Reagent) and 10 ml
of tetrabutyl titanate (C 16 H 36 O 4 Ti, Sinopharm
Chemical Reagent) for all cases, and a quantity of 
platinum acetylacetonate (C 10 H 14 O 4 Pt, Aladdin)
as a Pt precursor is dissolved in the mixed solu-
tion. We adjust parameters of the FSP process and
prepare seven photocatalyst samples with differ-
ent Pt loading concentration from 0 to 0.5 mol%
(Pt/Ti), denoted as r Pt/TiO 2 , where r is the percent
of atomic ratio of platinum to titanium. The de-
tailed precursor ratio and experimental parameters
are shown in Fig. 1 and Table 1 . 

When the FSP process starts, the precursor so-
lution is fed at a constant flow rate into a two-fluid
atomizing nozzle that uses pure oxygen as dis-
persion gas with high velocity to break the liquid
into fine droplets. Then, the mist of small droplets 
is ignited by a surrounding annular pilot flame 
(premixed CH 4 –O 2 ) to form a high temperature 
turbulent flame. The subsequent conversion of the 
metal salts to the metal oxides occurs upon the py- 
rolysis and oxidation reaction, and the metal oxide 
monomers further grow into nanoparticles after 
undergoing successive evolutions of nucleation, co- 
agulation, sintering and so on [7] . Afterwards, the 
aerosol flame is quenched to ambient temperature 
with cold sheath gas due to turbulent entrainment. 
Finally, the mature nanoparticles are collected 

as powder by a glass-microfiber filtration system 

above the burner. Note that the nanoparticle pro- 
duction is a complicated function of the process 
parameters such as material concentration profile, 
temperature field and flow field within the high tem- 
perature environment. Nowadays, a lack of in-situ 
measurement techniques amplifies the difficulties 
in detailed understanding of the FSP process [5 , 23] . 

2.2. Photocatalytic hydrogen production activity 
test 

Photocatalytic hydrogen production activity of 
the samples is tested using a water splitting H 2 pro- 
duction equipment (CEL-SPH2N, Beijing CEAu- 
light) with batch gas sampling valves and an online 
gas chromatography (TCD detector, 99.999% high- 
purity N 2 as carrier gas). The experimental system 

consists of a 300 W Xe lamp light source (CEL- 
HXF300, Beijing CEAu-light), a 250 mL quartz 
glass reactor, a gas circulation system and a vacuum 

system (consisting of glass pipelines and a vacuum 

pump). Schematic view of the hydrogen production 

system is shown in Fig. S1, Supporting Materials 
(SM), and a detailed description of experimental 
system and procedures can also be found in Section 

S1, SM. 

2.3. Instrument information of catalyst 
characterization 

2.3.1. Structure analysis 
A powder X-ray diffraction (XRD) pattern 

is recorded using a X-ray diffractometer (Em- 
prean, PANalytical) (Cu K α as the radiation 

source, λ = 0.1542 nm). The specific surface area 
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Fig. 2. Photocatalytic hydrogen production activity tests of different samples: (a) hydrogen production curve; (b) hydrogen 
evolution rate (12-h average). 
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Table 2 
Pt loading measured by ICP-OES. 

Sample 
Pt/Ti (mol%) Error 

(%) Designed Measured 
0.05Pt/TiO 2 0.050 0.059 18.0 
0.1Pt/TiO 2 0.100 0.108 8.0 
0.5Pt/TiO 2 0.500 0.588 17.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

f the sample is characterized in a physisorp-
ion apparatus (Micromeritics ASAP-2020) us-
ng the Brunauer–Emmett–Teller (BET) method.
he UV–visible diffuse-reflectance spectra (UV–
is DRS) of samples at 200–1000 nm are obtained
y a UV–Vis spectrophotometer (Lambda 35,
erkin Elmer). The nanoparticle size, morphology,
nd crystal phase are analyzed at a field-emission
ransmission electron microscope (FETEM) (Ta-
os F200X, FEI) with a resolution of 0.16 nm and
n acceleration voltage of 200 kV. The occurrence
tate of platinum species is analyzed by a spher-
cal aberration-corrected high-angle annular dark
eld scanning transmission electron microscope
AC 

–HAADF-STEM) (JEM-ARM200F, JEOL),
ith a STEM-HAADF resolution of 0.08 nm and
n acceleration voltage of 200 kV. 

.3.2. Component analysis 
The X-ray photoelectron spectroscopy (XPS)

f the sample is tested on the X-ray photoelec-
ron spectrometer (ESCALAB 250Xi, Thermo
isher), setting the calibration peak position of 
1s to 284.8 eV to correct the binding energy
f the element. Pt loadings are determined by
n inductively coupled plasma-optical emission
pectrometer (ICP-OES) (ICAP 7200, Thermo
isher). Temperature programmed desorption test
f H 2 (H 2 -TPD) is performed on a chemisorption
nalyzer (AutoChem II-2920, Micromeritics) to
xplore the interaction between Pt and TiO 2 , and
he experimental process and analysis are detailed
n Section S2, SM. 

. Results and discussion 

.1. Photocatalytic hydrogen production 
erformance 

The as-synthesized samples and the benchmark
ample P25 TiO 2 (Evonik–Degussa) are subjected
to photocatalytic hydrogen production activity test.
It can be seen from Fig. 2 (a) that the activity of 
Pt-loaded TiO 2 is greatly improved compared with
P25 and hydrogen produces steadily as a function
of time. In Fig. 2 (b), the hydrogen evolution rate
(HER) first increases and then decreases with the
increase of the loading amount. It can be noted
that the sample 0.1Pt/TiO 2 has the highest pho-
tocatalytic activity, and the HER is measured to
be 552.39 μmol/h, which is 107.5 times more than
that of P25 (5.09 μmol/h). The activity of the FSP-
synthesized pure TiO 2 (0Pt/TiO 2 with HER of ∼
5.81 μmol/h) is similar to that of P25, which veri-
fies from the side that the loading of Pt is the im-
portant reason for the increase in activity. Movie
S1 also demonstrates that many conspicuous hy-
drogen bubbles are readily released in the reaction
solution of 0.1Pt/TiO 2 . In addition, Pt/TiO 2 sam-
ples are compared with our previous CuO x /TiO 2
samples [13] . Under the same test conditions, the
HER is 112.6 μmol/h for CuTi-2 (with Cu content
of 2 mol%) as the best one in CuO x /TiO 2 catalysts,
which reaches only 20.4% of 0.1Pt/TiO 2 . 

Furthermore, to evaluate the photocatalytic ac-
tivity stemming from Pt loading, the apparent
turnover frequency (TOF) was estimated by the
equation: TOF = C H 2 / ( N Pt D ) . Here the number of 
hydrogen turnovers C H 2 (mol H 2 g −1 h 

−1 ) is cal-
culated from the hydrogen production rate, the Pt
loading N Pt (mol g −1 ) is determined from the ICP-
OES measurements (the results of three typical
samples are shown in Table 2 ), the Pt dispersion D
uses the ideal dispersion assumption, D = 1. Note
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Fig. 3. TOFs of 0.05Pt/TiO 2 , 0.1Pt/TiO 2 , 0.5Pt/TiO 2 , 
and compared with two Pt-loaded TiO 2 photocatalysts 
reported in literatures [25 , 26] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. XRD patterns of the samples. 
that because of the extremely low Pt loading in
Pt/TiO 2 samples, the metal dispersion measured by
the usual chemisorption techniques are not satis-
factory [24] , and thereby we fail to measure the Pt
dispersion and instead use the ideal dispersion to
estimate the number of active sites, which actually
underestimates the TOF values. 

In Fig. 3 , TOF varies from 822 H 2 /h to 56.3
H 2 /h with decrease over 93% among the three typi-
cal samples, which implies that the utilization of Pt
reduces with the increase of Pt loading. We calcu-
late the apparent TOF using ideal dispersion D = 1,
assuming that all Pt can expose on the surface as ac-
tive sites. In fact, the high Pt loading is conducive to
forming large Pt clusters in which part of Pt inside
the clusters cannot contribute to hydrogen evolu-
tion, thus dragging down the TOF value. Under the
same test conditions, compared with two Pt/TiO 2
samples (0.16 mol% Pt and 0.41 mol% Pt loaded
by photodeposition method) that are the best per-
forming Pt/TiO 2 photocatalyst in Refs. [25 , 26] , the
TOFs of 0.1Pt/TiO 2 and 0.5Pt/TiO 2 are approxi-
mately 4 and 3 times more than them, respectively,
with similar Pt loading. 

To study the effect of Pt loading on the op-
tical properties of catalysts, UV–Vis analysis is
performed (details in Section S3, SM). As shown
in Fig. S2a, there is no significant visible-light
response almost, and the visible light absorbance
is marginally enhanced when the Pt loading is
0.5 mol%. In Fig. S2b, the Pt-free TiO 2 has a
band gap of about 3.20 eV, consistent with known
experimental values. Other three Pt/TiO 2 samples
have band gaps of 3.19 eV, 3.16 eV, and 3.07 eV,
respectively. This indicates that the effect of Pt
loading on the absorption of visible light is very
limited, at least not an important aspect. As
for previous CuO x /TiO 2 photocayalysts, we had
realized that Cu species improved charge sepa- 
ration and extended spectral response by lattice 
doping and cluster modification [13] . It would be 
reasonable to consider that the functional princi- 
ples of the two catalysts of Pt/TiO 2 and CuO x /TiO 2 
are different. To understand why Pt/TiO 2 photo- 
catalyst with ultralow Pt loading possesses higher 
hydrogen production activity, we perform further 
characterization and analysis. 

3.2. Catalysts characterization 

The XRD patterns show the crystal structure 
and phase composition of the samples with four 
different Pt loadings (In Fig. 4 ). According to the 
diffraction peak, most of the TiO 2 is anatase phase 
with mainly crystal face (101), only a small amount 
is rutile phase with mainly crystal face (110). No 

diffraction peak of Pt or Pt oxides is found po- 
tentially due to the ultra-low content of Pt and a 
highly dispersed state. The content ratio of anatase 
and rutile in the sample is calculated according to 

Ref. [27] (details in Section S3, SM), which is ba- 
sically constant, except that the rutile content of 
0.5Pt/TiO 2 increases slightly. It suggests that Pt has 
little effect on the crystal phase composition of 
TiO 2 at very low loading. 

Furthermore, FETEM is used for observing 
the microstructure of representative samples. For 
0.1Pt/TiO 2 , a high resolution transmission electron 

microscopy (HRTEM) image ( Fig. 5 (a)) indicates 
that the particles mainly contain anatase (101) and 

rutile (110) with diameter in the order of 10 nm, 
consistent with BET specific surface area analysis 
(Fig. S3). AC 

–HAADF-STEM with sub-angstrom 

resolution is used to identify the nature of platinum 

species for two typical samples 0.1Pt/TiO 2 and 

0.5Pt/TiO 2 . For 0.1Pt/TiO 2 , isolated heavy atom Pt 
with bright contrast can be discerned on the surface 
of TiO 2 nanocrystals ( Fig. 5 (b)), and correspond- 
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Fig. 5. Microstructure characterization of sample 0.1Pt/TiO 2 (a)–(e) and 0.5Pt/TiO 2 ( Ⅰ )–( Ⅳ ): (a) HRTEM; (b) and (I) 
AC 

–HAADF-STEM; (c)–(e) and (II)–(IV) EDS element mapping. 
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ng energy-dispersive X-ray spectroscopy (EDS)
learly shows the elemental mapping of Pt, Ti and
 ( Fig. 5 (c)–(e)). Additionally, 0.5Pt/TiO 2 sample

omprises both Pt single atoms and Pt nanocrystals
bserved in Fig. 5 ( Ⅰ )–( Ⅳ ). Therefore, it would be
easonable to think that as the Pt loading increases,
he surplus Pt atoms tend to form large metal clus-
ers covering up the dispersed Pt atoms. 

XPS is used to investigate the chemical states
f Pt on the surface of the catalysts. The high-
esolution Pt 4f XPS spectra of samples are shown
n Fig. 6 . We can see that there are three chemical
tates of Pt element (Pt 4 + , Pt 2 + , Pt 0 ) in each sam-
le, most in the form of high oxidation state Pt 4 +

nd barely a small amount of Pt 0 . Moreover, as
he Pt loading increases, the proportion of Pt 4 +

educes, but the contents of Pt 2 + and Pt 0 increase.
he presence of Pt 0 is attributed to Pt metal clus-

ers while the oxidation state Pt is originated most
robably from a strong metal-support interaction
SMSI) between Pt and the TiO 2 support [28] .
specially for single-atom Pt dispersed on TiO 2 

urface, it is more conducive to forming a high
xidation state. Xing et al. [16] demonstrated
hrough experiments and theoretical calculations
hat the single atomic Pt in the oxidation state
n the surface of TiO 2 was the main active site
f photocatalytic hydrogen evolution, while the
etal Pt cluster nanoparticles on photocatalytic

ydrogen production had little contribution to
he activity. On the other side, the atomic ratios
f Pt to Ti for the three samples are 0.46 mol%,
.71 mol%, 2.70 mol% derived from XPS spectrum
nalysis (Fig. S4), respectively, which are far more
han that of ICP-OES results in Table 2 . Thereby,
e can infer that Pt species are mainly enriched on

he surface of TiO 2 nanoparticles. 
The experimental results of H 2 -TPD (details

n Section S2) also reveal the SMSI between Pt
nd TiO 2 based on reverse hydrogen spillover [28] .
igure 7 shows that the desorption peak of hydro-
en on the Pt-loaded TiO 2 is higher, and the desorp-
tion temperature of hydrogen is lowered. This indi-
cates that in the adsorption process of hydrogen,
the presence of Pt can promote the dissociation of 
H 2 and the transfer of H 

+ to TiO 2 , thereby increas-
ing the adsorption amount of hydrogen; in the des-
orption process, the presence of Pt promotes the
reverse hydrogen spillover from TiO 2 to Pt, thereby
increasing the desorption amount of H 2 and lower-
ing the desorption temperature. That is, in the pho-
tocatalytic hydrogen production reaction, H 

+ can
be more easily transferred to the Pt atoms, accept-
ing photoelectrons from TiO 2 to form adsorbed
H atoms, and combine each other to form hydro-
gen molecules and then desorb from the catalyst
surface. Therefore, we can speculate that the exis-
tence of Pt promotes the separation of electron-
hole pairs, but also accelerates hydrogen transfer to
Pt to form hydrogen molecules due to the reverse
hydrogen spillover, thereby improving the hydrogen
production activity. 

3.3. Single-atom Pt dispersion and loading in flame 

As mentioned above, intrinsic activity im-
provement of Pt/TiO 2 results from isolated and
efficiently-utilized Pt atoms on the surface of TiO 2
nanoparticle. Therefore, FSP offers a facile route
to synthesize SACs in one step compared with
other existing methods that generally involve time-
consuming and expensive processes such as co-
precipitation, further impregnation, drying, and
annealing. Since temperature is a critical parame-
ter for synthesis and stability of SACs, it is very im-
portant to investigate temperature history of FSP
that has an unique in-situ calcination process. Con-
sequently, the axial temperature is measured by
a B-type (Pt/30%Rh–Pt/6%Rh) fine-wire thermo-
couple (details in Section S4) in pure ethanol spray
flame because the combustion enthalpy of the pre-
cursor mixture was found to be reasonably similar
[29 , 30] . The measured temperatures are corrected
afterward for radiation loss according to Ref. [31] .
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Fig. 6. XPS of Pt element in Pt/TiO 2 samples: (a) 0.05Pt/TiO 2 ; (b) 0.1Pt/TiO 2 ; (c) 0.5Pt/TiO 2 ; (d) atomic ratio of three 
chemical states vs . Pt loading. 

Fig. 7. H 2 -TPD curves of 0.1Pt/TiO 2 and pure TiO 2 . 

 

 

 

Fig. 8. Effect of temperature on the formation of surface- 
loaded atomically dispersed Pt/TiO 2 nanoparticles. 
Note that due to excessive temperature below 6 cm
height above the burner (HAB), which exceeds the
measurement upper limit of B-type thermocouple,
we fail to obtain the temperature at the lower region 

of HAB. 
In Fig. 8 , experimental temperature profiles of 

the ethanol spray flame are presented, where three 
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ifferent zones in upper flame can be distinguished
ith the temperature varying. Ethanol sprays

trongly burn accompanying a lot of exotherm
nder pure oxygen assistance, resulting in the

ormation of the high-temperature zone, in which
he organometallic precursors tetrabutyl titanate
ill decompose, nucleate and grow to form con-
ensed phase in the form of TiO 2 particles (solid
r melting) due to its very low saturated vapor
ressure (the local temperature almost within the
ange of the melting point ( ca. 2150 K) and boil-
ng point ( ca. 3000 K) of TiO 2 ) [32] . Whereas Pt
pecies are known to exist as gaseous PtO 2 un-
er conditions of high temperature and oxidizing
tmosphere [33] . This means that the two metal
pecies separated and formed different states when
ndergoing the high temperature oxidation. Subse-
uently, a rapidly decaying on temperature in the
uenching zone due to heat dissipation is provided
y turbulent entrainment sheath gas. When temper-
ture drops below 723 K [34] , PtO 2 condenses from
apor to deposition phase in the form of isolated Pt
tom dispersing on the surface of TiO 2 nanopar-
icles, consistent with the earlier AC 

–HAADF-
TEM image ( Fig. 5 (b)) and XPS analysis about
urface enrichment of Pt. However, a high Pt load-
ng is conducive to growing into large Pt clusters
ver their dispersion, as observed in 0.5Pt/TiO 2 
ample in Fig. 5 ( Ⅰ ). At the same time, the sheath
as Ar reduces temperature and the oxygen par-
ial pressure in the flame downstream and makes
he reversible reaction PtO 2 ↔ Pt + O 2 shift to the
ight. These different Pt-species vapors condense
nd deposit on TiO 2 , forming Pt in different ox-
dation states shown in XPS analysis. Moreover,
wing to the SMSI effect based on XPS and H 2 -
PD analysis, the Pt atoms are anchored on TiO 2

o obtain very good stability. Eventually, it can
ield an atomically dispersed catalyst at the low-
emperature zone, as illustrated in insets of Fig. 8 .
he key to the whole synthesis process is summa-

ized as high-temperature thermal separation and
ow-temperature surface deposition depending on
emperature history. 

. Conclusions 

Surface atomically dispersed Pt/TiO 2 catalysts
re successfully synthesized by the FSP method
hat considers precursor choice and temperature
istory control, which exhibit extremely high activ-

ty and atom utilization for photocatalytic hydro-
en production. Under ultra-low loading, Pt pref-
rentially presents in the single-atomic oxidation
tate, which is the main active site for photocat-
lytic hydrogen evolution. For hydrogen produc-
ion efficiency, the optimal Pt/TiO 2 catalyst with 0.1
ol% Pt greatly exceeds other reported Pt-loaded
iO 2 samples with similar content. This is a no-

able improvement for photocatalytic water split-
ting to hydrogen. FSP opens a door for synthesiz-
ing high-efficiency nanomaterials and has a great
potential to reduce the high cost of noble metal
catalysts. A feasible criteria of materials formula-
tion aiming to produce surface single-atom cata-
lysts, is the difference in the temperature onsets
of species nucleation or condensation, generally
relying on their saturated vapor pressure. In this
work, based on the fact that the boiling point of 
TiO 2 is about 3000 K and the sublimation point of 
PtO 2 is about 723 K in an oxidizing atmosphere,
it can be inferred that there is a tremendous dif-
ference in temperature ranges of the two species
nucleation/condensation. Although precursors in
solution are uniformly mixed on the atomic level
at the start of FSP, an usual temperature history
of "going up and then down" that is caused by
combustion and quenching provides the process
of high-temperature thermal separation and low-
temperature surface deposition. Therefore, FSP of-
fers a superior route in surface atomical engineer-
ing to tune the properties of supported catalysts. 
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