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A B S T R A C T   

Supported metal catalysts often consist of metal sites ranging from nanoparticles to subnanometer clusters and 
single atoms. It remains a necessity to differentiate these sites to guide design of optimal catalysts. Here we report 
a simple method to assess the distribution of metal active sites in catalyst samples. The method takes the 
advantage of the structure sensitivity of styrene hydrogenation over titania supported platinum (Pt) catalysts 
with Pt aggregates varied from single atom to ~1.40 nm nanoparticles. The physicochemical properties were 
characterized by STEM, XPS, XANES, H2-TPR and CO-chemisorption measurements. The reactivity of Pt sites was 
quantified by styrene hydrogenation at ambient conditions. The nanometer-sized Pt clusters have significantly 
higher activity than Pt nanoparticles, sub-nanometer clusters or isolated single atoms. The relationship between 
activity and structural/electronic properties of Pt sites influenced by particle sizes was discussed. Similar rela
tionship was found in the carbon supported Pt catalysts.   

1. Introduction 

Supported noble metal catalysts are extensively used in the petro
chemical and pharmaceutical industries to facilitate chemical reaction 
processes. Due to the natural scarcity and high cost of noble metals, 
decreasing metal loadings by reducing particle sizes is desired in the 
heterogeneous catalysis field [1–3]. As a new frontier of this study, 
single atom catalysts achieving maximized metal dispersion and the 
potential of atomically-precise active sites are being actively pursued 
[4–7]. By transiting the metal active sites from nanoparticles to 
sub-nanometer clusters and then to single atoms, differences in the de
gree of metal atom aggregation and coordination structures in supported 
catalysts arise [8–10], which can influence their behavior in catalytic 
reactions. Therefore, it remains a necessity to identify and differentiate 
these metal sites and their functionalities, as supported metal catalysts 

often consist of a mixture of nanoparticles, sub-nanometer clusters 
and/or single atoms. 

Advanced characterization techniques have been used to study the 
structural and electronic properties of supported metal single atom, 
cluster and nanoparticle catalysts. For example, high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) 
detects metal particles down to the limit of atomically dispersed species. 
The metal atoms with different aggregation behavior and particle sizes 
within the support can be analyzed from this imaging technique 
[11–13]. X-ray absorption spectroscopy (XAS) probes the electronic 
state as well as coordination environment of metal catalysts [14]. X-ray 
absorption near-edge structure (XANES) measures the chemical state of 
elements of interest by measuring changes in absorption characteristics 
[15]. First- or even second-shell coordination environments of atoms of 
interest can be obtained with extended X-ray absorption fine structure 
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(EXAFS) spectroscopy [16]. Diffuse reflectance infrared Fourier trans
form spectroscopy of carbon monoxide (CO) adsorbate (CO-DRIFTS) is 
another commonly applied characterization technique for supported 
metal catalysts, which can provide information on local coordination 
environment, homogeneity, and reactivity of metal active species [17, 
18]. 

Catalytic reaction testing is a direct strategy used to examine the 
performances of supported metal catalysts in selected reaction condi
tions [19–22]. For example, single atom catalysts have high reactivity in 
CO oxidation [23,24] and high selectivity in the selective hydrogenation 
of acetylene groups [25,26], while nanoparticles showed opposite 
trends in both reactions. The metal clusters showed higher reactivity 
than the nanoparticles in ethylene hydrogenation [27]. However it has 
also been reported that the co-existence of single atoms and nano
particles yields the best activity in the hydrogenation of ketones and 
aldehydes [28]. It should be noted that a systematic comparison of the 
supported catalysts with a wide range of metal sizes consisting of 
nanoparticles, nanometer and sub-nanometer clusters, and single atoms 
has been rarely reported. 

In this work, we employed styrene hydrogenation to identify and 
differentiate the metal sites and their activities in supported catalysts 
with different metal particle sizes. The exemplary catalysts are titania 
(TiO2) supported platinum (Pt) made by a strong electrostatic adsorp
tion (SEA) approach. The average Pt particle sizes were varied from 
nanoparticles to sub-nanometer clusters and single atoms by decreasing 
the Pt loadings during the synthesis. With decreasing particle sizes, the 
Pt atom reactivity in the styrene hydrogenation reaction shows an 
increasing then decreasing trend, indicating structure sensitivity of the 
reaction. The physicochemical properties of the catalysts were analyzed 
by characterization techniques including HAADF-STEM, X-ray photo
electron spectroscopy (XPS), XANES, temperature programmed reduc
tion by hydrogen (i.e., H2-TPR) and carbon monoxide (CO) 
chemisorption. These properties were correlated to the catalytic activity 
of Pt/TiO2 catalysts in the styrene hydrogenation reaction. The rela
tionship among structural/electronic properties, reactivity and particle 
sizes of Pt aggregates was found to be applicable to the carbon supported 
Pt catalysts. 

2. Experimental 

2.1. Materials 

The titania support (anatase, 99.5% purity) was purchased from U.S. 
Research Nanomaterial. The Pt precursor, tetraammineplatinum(II) ni
trate (TAPN, >99.99% metal basis), was obtained from Alfa Aesar. The 
ammonia (NH4OH) solution (28–30 wt.%) were bought from VWR. 
Styrene (>99.5% purity) stabilized with 10 to 20 ppm 4-tert-butylcate
chol was purchased from Acros Organics. Deionized (DI) water was used 
in the work. 

2.2. Catalyst preparation 

The Pt/TiO2 catalysts with Pt concentrations ranging from 0.04 wt.% 
to 5.00 wt.% were prepared using the SEA method [18]. In a typical 
synthesis, 0.500 g of as-received TiO2 powder was dispersed in 50.00 mL 
of diluted NH4OH solution that was prepared by mixing 28–30 wt.% 
NH4OH and DI water with volume ratio of 1:3. 0.085 g of TAPN was 
dissolved in 5.00 mL of DI water in a glass vial to form the stock solution. 
Based on the desired Pt loading in the Pt/TiO2 catalyst, a certain amount 
of TAPN stock solution was added into a 25 mL of diluted NH4OH so
lution (volume ratio between 28–30 wt.% NH4OH and DI water = 1:3). 
The TAPN in NH4OH solution was then transferred into a syringe and 
was added into the TiO2 suspension using a syringe pump (Pump 11, 
Harvard Apparatus) at a rate of 2 mL/h. Afterwards, the mixture was 
placed in a convection oven (VWR Sheldon Manufacturing Model, 
1350GM Gravity Convection Oven) that was preheated to 343 K. After 

the sample had fully dried in the oven, it was calcined at 553 K (ramp 
rate of 5 K/min) for 4 h in a furnace (Thermo Scientific Lindberg/Blue 
M™ Multipurpose Box Furnaces). The air (Airgas, research grade) flow 
rate was kept at 50 mL/min during this calcination step. After the 
sample cooled down to room temperature, it was transferred into a 
tubular furnace for reduction at 523 K (ramp rate of 5 K/min) for 2 h. 
The gas atmosphere consisted of diluted H2 (5%H2/N2 mixture) at a flow 
rate 100 mL/min. The reduced sample was then stored in a desiccator 
prior to characterization and reaction tests. 

2.3. Catalyst characterization 

The Pt concentration in each Pt/TiO2 sample was determined by 
inductively coupled plasma optical emission spectroscopy (ICP-OES, 
Galbraith Laboratories). The crystal phase was determined by powder X- 
Ray diffraction (XRD) patterns recorded using a Bruker D8 Advance 
Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube, Cu Kα 
radiation with Ni β-filter). The morphologies of Pt/TiO2 catalysts with Pt 
concentrations of 2.00 wt.%, 4.00 wt.% and 5.00 wt.% were observed by 
STEM measurement with a Thermo Scientific (FEI) Titan Themis S/TEM 
operating in probe mode at 200 kV with HAADF detector using gun lens 
7 and spot size 7. For all other samples, HAADF-STEM imaging was 
conducted by a Hitachi HD2700C STEM operated at 200 kV and 
equipped with a probe aberration corrector (spatial resolution ~1 Å). 
The coordination status of Pt and Ti atoms in the catalysts was probed 
using a Versaprobe III by Physical Electronics Inc. (PHI) X-ray photo
electron spectrometer. Powders were deposited on carbon tape for 
sample immobilization in the chamber. X-rays were generated with a 
monochromated Al Kα anode at 25 W and a beam size of 100 μm. The 
chamber pressure during analysis was 5 × 10− 6 Pa or less. Surveys were 
performed with a pass energy of 224 eV for each sample, and higher 
resolution elemental scans were collected with pass energies of 55 eV; 
both had take-off angles of 45 degrees. A combination of an electron 
neutralizer and low energy Ar ion neutralizer was used to mitigate 
surface charging. 

The X-ray absorption fine structure spectroscopy (XAFS) measure
ments at the Pt L3 edge (~11560 keV) were performed on the Quick X- 
ray Absorption and Scattering (QAS) beamline at the National Syn
chrotron Light Source (NSLS) II, Brookhaven National Laboratory. XAFS 
data were collected in the fluorescence mode under ambient condition 
using a passivated implanted planar silicon (PIPS) detector. The in
tensity of the incident beam and the absorption of the Pt reference foil 
were measured with ionization chambers. Athena (0.9.26) software was 
used for processing XAS data. To obtain good signal to noise ratio all 
spectra was merged with 80 scans. Attenuated total reflection Fourier 
transform infrared (ATR-FTIR) spectrum of styrene adsorbate in the 
catalyst was recorded with a spectrophotometer (Thermo Nicolet 
NEXUS 670) in the range of 500–4000 cm− 1. Each sample was measured 
with 32 scans at an effective resolution of 2 cm− 1. 

2.4. H2-TPR and CO chemisorption measurements 

Temperature programed reduction of the Pt/TiO2 catalyst with H2 
reducing gas (H2-TPR) was carried out on a Quantachrome Autosorb iQ 
instrument. A thermal conductivity detector (TCD) was used to record 
the H2 consumption in the process. Prior to the measurement, each 
sample was subjected to a pre-treatment with 40 mL/min N2 flow 
(Airgas, Research grade) at 553 K for 2 h. After cooled to 323 K, the gas 
was switched to 40 mL/min 5%H2/N2 and the sample was heated to 
1173 K at 10 K/min ramp rate and kept at the final temperature for 10 
min. A cold trap was used to remove water produced throughout each 
experiment from the outlet stream to avoid interference with the TCD 
signal. The chemisorption of CO molecules on the catalyst was measured 
by pulse titration in the same equipment as the one used in H2-TPR. The 
catalyst was first treated in an Ar flow (50 mL/min) at 553 K for 4 h and 
then cooled down to 523 K. 5%H2/N2 at a flow rate of 50 mL min− 1 was 
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then introduced to reduce the catalyst for 1 h followed by Ar gas purge 
for 2 h. Afterwards, the sample was cooled down to 303 K in the Ar 
flowing gas. A series of CO pulses (50 uL in each pulse) were injected 
with an interval of 5 min until the amount of exit CO pulses reached a 
steady state value. The CO signal was recorded using a Prima BT Bench 
Top Process Mass Spectrometers (Thermo Fisher Scientific, winsford U. 
K. CW7 3GA). 

2.5. Styrene hydrogenation 

Styrene hydrogenation was used to test the catalytic activity of 
synthesized Pt/TiO2 catalysts. Fig. S1 in the Supporting Information 
shows the experimental setup. In the reaction, 9.00 mL ethanol and 
0.050 g catalyst were added into a 50 mL three-neck flask in sequence. 
The resultant catalyst suspension was sealed in the flask by septa and 
sonicated for 20 s using an ultrasonic bath (Fisher Scientific FS60). The 
flask was then placed in a water bath that was preheated to 303 K. A 
magnetic stirring bar (stirred at 350 rpm) was used to mix the suspen
sion. The center neck of the flask was connected to a condenser. The 
septum in the right neck was pushed through with a syringe needle to 
deliver the H2 gas (50 mL/min, Airgas Ultra High Purity 99.9%) to purge 
the flask and supply H2 for the reaction. After purging for 30 min, the 
styrene solution (0.053 g styrene in 1.00 mL ethanol) was injected into 
the reactor from the left neck. This moment was recorded as the starting 
time of the reaction. Reaction mixture was sampled by a syringe 
equipped with a needle from the left neck of the reactor. After filtering 
out the solid catalyst particles by syringe filter, the sampled solution was 
analyzed using a gas chromatography (Agilent 7890A) equipped with a 
methylsiloxane capillary column (HP-1, 50.0 m  × 320  μm  × 0.52  μm) 
and a flame ionization detector (FID). Under the tested conditions, sty
rene did not have any conversion in the reactor either in the absence of 
any catalyst or in the presence of TiO2 support. 

The influence of mass transfer limitations on the measured reaction 
rate data were purposely excluded. Since the catalyst support is 
nonporous, internal mass transfer limitation is not expected to exist. For 
the external mass transfer limitation, we eliminated it by running the 
reaction at high stirring speed. As shown in Fig. S5a in the supporting 
information, the conversion increased with increasing the stirring speed 
when the stirring speed was low. After the stirring speed was higher than 
300 rpm, the conversion was kept constant. All the reaction data pre
sented in the manuscript were collected at 350 rpm, so the external mass 
transfer limitation was absent. To test the catalyst deactivation, we 
recycled the catalyst from reaction mixture by centrifugation. After
wards, the catalyst was dried in a vacuum oven overnight, and then used 
for the next cycle of reaction test. As shown in Fig. S5b, the recycled 
catalyst showed comparable conversions to that of the fresh catalyst, 
indicating the absence of deactivation in our studied reaction condi
tions. Eq. (1) was used to calculate the turnover frequency of Pt sites 
(TOF(Pt), mol s− 1 [mol Pt]− 1), where r is the measured reaction rate (mol 
s− 1), NPt is the quantity of Pt atoms [mol Pt] in each catalyst, and D is the 
Pt dispersion (%) determined by the CO chemisorption method. 

TOF(Pt) = r
/
(NPt ∗D) (Eq. 1)  

3. Results and discussion 

3.1. XRD and STEM analyses of Pt/TiO2 catalysts with different Pt 
loadings 

The as-prepared Pt/TiO2 catalysts with Pt concentrations in the 
range of 0.04 wt.% - 5.00 wt.% were firstly characterized by XRD to 
understand their crystalline structures. Fig. 1 shows that the XRD peaks 
of the TiO2 support are characteristic of anatase phase (JCPDS #75- 
1537). The average crystalline size is 7.87 nm, calculated from the 
Scherrer equation using the peak width at half the maximum intensity of 
the TiO2 (004) diffraction peak. After the SEA synthesis process, the TiO2 

support maintained the anatase phase, as confirmed by the identical 
XRD patterns of Pt/TiO2 samples as that of the TiO2 support. The 
broadening in peak width at each diffraction peak indicates that the 
crystalline size of TiO2 support was reduced, which could be caused by 
the corrosive NH4OH media in the SEA process. The same calculation 
from the Scherrer equation showed that the average particle size is 6.88 
nm, a 12.60% decrease compared to the TiO2 support prior to exposure 
to the basic solution. The particle sizes evaluated from the XRD data are 
comparable to those measured by TEM images. As shown in Fig. S2a, b, 
the average particle sizes of TiO2 prior to and after the SEA process were 
6.72 and 6.60 nm, respectively. The surface area of the TiO2 particles 
(Fig. S2c, d) increased from 185 to 228 m2/g, accordingly, after the 
exposure to the basic NH4OH solution. 

It should be noted that all the Pt/TiO2 samples with Pt concentra
tions of 0.04–5.00 wt.% have almost identical TiO2 particle sizes, indi
cating the consistency of the synthesis process across different Pt/TiO2 
samples. The XRD patterns of Pt/TiO2 with Pt concentrations lower than 
2.00 wt.% were not shown, since they are identical to those of the 2.00 
wt.% Pt/TiO2 sample. The diffraction peak associated with Pt species 
was not observed until the Pt concentration was increased to 4.00 wt.%. 
As shown in the XRD patterns of 4.00 wt.% and 5.00 wt.% Pt/TiO2 
samples, the peak at 2θ = 40◦ is assigned to Pt (111) diffraction, sug
gesting Pt nanoparticles are formed in these two samples. For all other 
Pt/TiO2 samples, the Pt structures are too small to detect in the XRD 
measurement due to low Pt loading. It should be noted that the 
elemental composition analysis from ICP-OES shows that no Pt was lost 
during the SEA process; the Pt concentration in each sample remains 
nearly the same as the nominal loading used in the catalyst synthesis 
process (Table S1). 

To understand sizes of Pt atom aggregates in the TiO2 support, 
HAADF-STEM images were collected, with representative ones shown in 
Fig. 2. For the 0.04 wt.% Pt/TiO2 sample, Pt stays as single atoms, as 
reported previously [18,29]. When the Pt concentration was increased 
to 0.12 wt.% (Fig. 2a), single atoms and nanoclusters coexist on the TiO2 
support, but the density of Pt nanoclusters was very low. The continual 
increase in Pt concentrations to 0.25 wt.% (Fig. 2b) increased the den
sity of nanoclusters, but the cluster size did not show any obvious 
change. In the 0.50 wt.% and 1.00 wt.% Pt/TiO2 samples (Fig. 2c, d), 
more Pt clusters are observed, some with slightly larger sizes, as indi
cated by the circled regions in the images. The further increase in Pt 
concentration to 2.00 wt.% (Fig. 2e) leads to an increase in density of 

Fig. 1. XRD patterns of TiO2 supported Pt metal catalysts with Pt concentra
tions varied from 2.00–5.00 wt.%. The XRD data of TiO2 support is included for 
comparison purpose. 
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larger Pt clusters, and the sizes of these clusters also increased. We 
further increased the Pt concentrations to 4.00 wt.% (Fig. 2f) and 5.00 
wt.% (Fig. 2g), and both samples showed a high density of large Pt 
clusters, where some are connected to form even larger particles, as 
indicated by the red arrows in both images. 

The Pt particle size distribution histogram of each Pt/TiO2 sample 
was analyzed using statistical analysis of the STEM images. Fig. 3a–g 
show the particle size data obtained for the samples with Pt concen
trations from 0.12 wt.% to 5.00 wt.% in sequence. Due to the resolution 
cutoff (~0.40 nm) of the STEM instrument, the single atoms and dimers 
were not included in the size distribution analysis. From direct 
morphology visualization of the STEM images in Fig. 2, samples with Pt 

loadings of 0.12 wt.% and 0.25 wt.% have average sizes of 0.72 and 
0.75 nm (Fig. 3a, b), respectively. The majority of Pt particles are less 
than 1.00 nm, which are denoted as sub-nanometer clusters. The in
crease in Pt loadings to 0.50 and 1.00 wt.% increased the average par
ticle sizes to 1.06 nm and 1.08 nm, respectively, in Fig. 3c, d. The 
predominant particle sizes in these two samples are close to one nano
meter. We defined them as nanometer clusters. For the samples with 
even higher Pt loadings (i.e., 2.00 wt.%, 4.00 wt.% and 5.00 wt.% in 
Fig. 3e–g), the average particle size increased monotonically with Pt 
loadings to 1.28, 1.32 and 1.46 nm in sequence. Most of the Pt atoms in 
these three samples aggregate into nanoparticles, as the dominant par
ticle sizes are above 1.00 nanometer. 

The quantity of Pt atoms in the states of single atoms, sub-nanometer 
clusters, nanometer clusters and nanoparticles in the Pt/TiO2 samples 
were further evaluated from the particle size histograms and total Pt 
loadings (refer to Section S3 for details). Table 1 summarizes the 
calculated results. Due to strong metal-support interaction (SMSI) be
tween Pt and TiO2 support [30], Pt clusters adapt different geometry 
than the typical hexagonal close-packed cluster on the TiO2 surface [31, 
32]. In fact, the structure of sub-nanometer and nanometer Pt clusters 
was assumed to be planar, as reported previously [29,33]. In this work, 
the geometry of Pt clusters is calculated based on the work from Zhou 
et al. [34], in which Pt atoms stay as raft-like, 2-dimensional islands 
instead of 3-dimensional clusters. For Pt nanoparticles (i.e., larger than 
1 nm), Pt reveals a more metallic property, therefore the prediction of Pt 
nanoparticles with half-octahedrons from Teo and Sloane [35] was 
adapted. The deduction of Pt atom quantities in the Pt clusters and 
nanoparticles from the total Pt loading provided the quantity of Pt single 
atoms. The percentage of Pt single atoms decreases with increasing Pt 
loading in the Pt/TiO2 samples. When Pt content is lower than 0.50 wt. 
%, majority of Pt atoms stay as isolated single atoms. In 0.50 wt.% and 
1.00 wt.% Pt/TiO2 samples, a small percentage of Pt single atoms 
co-exist with nanometer clusters. In the samples with Pt content above 
1.00 wt.%, nearly all Pt atoms agglomerate into clusters and 
nanoparticles. 

3.2. XPS and XANES analyses of Pt/TiO2 catalysts with different Pt 
loadings 

XPS measurements were performed to study the electronic properties 
of TiO2 supported Pt catalysts. In the XPS spectra, the Ti3s line has a 
satellite peak present in the 70–80 eV binding energy range, overlapping 
with the Pt 4f XPS spectra, which should be subtracted to obtain precise 
Pt4f peaks [36]. For this purpose, the XPS spectrum of pure TiO2 support 
was recorded under the same measurement conditions. After the in
tensity of the background line is normalized by the Ti3s line recorded for 
the Pt/TiO2 catalysts and pure TiO2 support, we subtracted the contri
bution of the lines from the TiO2 support within the Pt4f XPS peak region 
in our analysis. Fig. 4 shows the XPS spectra of Pt 4f regions scanned for 
Pt loading from 0.12 wt.% to 5.00 wt.%. The Pt 4f7/2 peak shifts from 
72.53 eV of 0.12 wt.% Pt/TiO2 sample to 71.07 eV for the 5.00 wt.% 
sample, which predominately contains Pt nanoparticles. The peak shift 
to lower binding energy is attributed to the size and bond geometry 
change of Pt aggregates on the TiO2 support. Due to the charge transfer 
to the support, isolated Pt single atoms on metal oxide have been re
ported to be cationic [5]. Similarly, small Pt clusters appear to be 
electron deficient because of the intimate interaction between their 
two-dimensional flat structure and the support [33,34]. With increasing 
Pt concentrations, Pt atoms start to form three-dimensional structures 
[37] where the top layer does not have direct interaction with support. 
Therefore, the sample shows metallic Pt properties. With increasing Pt 
loadings in Pt/TiO2 samples, the Pt aggregate sizes increase as 
confirmed by structural properties in Figs. 2 and 3 above, and thus the Pt 
species transitions from cationic into metallic species. 

A quantitative analysis of cationic and metallic Pt sites in each Pt/ 
TiO2 sample was attempted by deconvoluting the Pt 4f7/2 spectrum into 

Fig. 2. HAADF-STEM images of Pt/TiO2 catalysts with Pt concentration of (a) 
0.12 wt.%, (b) 0.25 wt.%, (c) 0.50 wt.%, (d) 1.00 wt.%, (e) 2.00 wt.%, (f) 4.00 
wt.% and (g) 5.00 wt.%, respectively. Pt single atoms, clusters and nano
particles are indicated by orange arrow, red circle and red arrow, respectively. 
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Fig. 3. Particle size distribution of Pt/TiO2 catalysts with various Pt concentration of (a) 0.12 wt.%, (b) 0.25 wt.%, (c) 0.50 wt.%, (d) 1.00 wt.%, (e) 2.00 wt.%, (f) 
4.00 wt.%, and (g) 5.00 wt.%, respectively. ~50 and ~150 particles were counted in (a)-(b) and (c)-(g) respectively. (The vertical red dash line in each figure is used 
to guide the particle population centered around 1 nm). 
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Pt2+ and Pt0 peaks (details enclosed in Section S2.3). The peak area ratio 
of each deconvoluted peak based on the total area of both peaks is used 
to indicate the relative quantity of cationic Pt species. As summarized in 
Table S2, the Pt2+ percentage decreases from 100% in the 0.04 wt.% Pt/ 
TiO2 sample that contains solely isolated Pt single atoms to 23.78% in 
the 5.00 wt.% Pt/TiO2 sample. Ex-situ XANES characterization on pre- 
reduced sample in Fig. 5 also confirmed this conclusion. The oxidation 
state of Pt metal can be quantitively represented by white line intensity 
[38]. The overall oxidation state of TiO2 supported Pt samples lies in 
between the Pt foil (Pt(0)) and PtO2 (Pt(IV)) references. The white line 
intensity drops with increasing Pt loading from 0.25 wt.% to 1.00 wt.%, 
which indicates the overall oxidation state of Pt species decreases with 
increasing particle size. 

3.3. Reduction and dispersion of Pt species in Pt/TiO2 catalysts 

To study the reducibility of Pt at different aggregate sizes on TiO2 
support, H2-TPR was carried out on the Pt/TiO2 samples with Pt con
centration was varied from 0.04 to 5.00 wt.%. As shown in Fig. 6, three 

major H2-TPR peaks centered at different temperatures were observed in 
each sample. The first peak located at ~400 K is associated with the 
reduction of the PtOx complex to metallic Pt [39]. The second H2 con
sumption peak at ~640 K appears as the largest one among these three 
peaks, which can be ascribed to the reduction of TiO2 surface oxygen 
facilitated by activated hydrogen spillover from Pt [40,41], while the 
last one at ~940 K is due to the reduction of bulk oxygen of the TiO2 
support [42]. The position of the first reduction peak shifts to lower 
temperatures with increased Pt loadings in the catalysts, which should 
be caused by the different Pt aggregation state. For example, the 
reduction of Pt single atoms in the 0.04 wt.% Pt/TiO2 sample happened 
at ~435 K. This reduction peak shifted to ~410 K for Pt sub-nanometer 
clusters in 0.12 and 0.25 wt.% Pt/TiO2, ~400 K for Pt nanometer 
clusters in 0.50 and 1.00 wt.% Pt/TiO2, and then ~360 K for Pt nano
particles in Pt/TiO2 catalysts with loadings above 1.00 wt.%. The 
stronger interaction between Pt single atoms and the support adds dif
ficulty on H2 activation on single atoms, and thus shifts the peak to 
slightly higher reduction temperature. The intensity of this low tem
perature H2-TPR peak increases with increasing Pt content in these 
Pt/TiO2 samples. 

The chemisorption of CO molecules was used to measure the Pt 
species accessible to reactants in the Pt/TiO2 catalysts [18,43]. By 
assuming one CO molecule adsorbs onto one Pt site [44], the number of 

Table 1 
Activity analysis of Pt sites in isolate single atoms or aggregated nanoclusters and nanoparticles in Pt/TiO2 catalysts in styrene hydrogenation reaction.  

Catalyst (denoted by Pt 
loading, wt.%) 

Pt aggregation 
state a 

Pt concentration ([μmol 
Pt] g¡1) b 

fPt -SA 

(%) c 
TOF(Pt) (mol s¡1 [mol 
Pt]¡1) d 

TOF(Pt-SA) (mol s¡1 

[mol Pt]¡1) e 
TOFPt-x) (mol s¡1 

[mol Pt]¡1) f 

0.04 single atom 2.05 100.0 0.0056 0.0056 - 
0.12 subnanometer 

cluster 
6.15 70.5 0.023 0.0056 0.0636 

0.25 12.8 65.7 0.020 0.0056 0.0480 
0.50 nanometer cluster 25.6 11.7 0.267 0.0056 0.302 
1.00 51.3 2.9 0.460 0.0056 0.474 
2.00 nanoparticle 103 0.0 0.446 - 0.446 
4.00 205 0.0 0.364 - 0.364 
5.00 256 0.0 0.290 - 0.290  

a Defined from particle histogram data in Fig. 3. 
b Calculated from Pt loading in each sample. 
c Calculated by ratio of single atom quantity to Pt loading quantity. 
d Calculated from Eq. (1). 
e Evaluated from 0.04 wt.% Pt/TiO2 and applied to other catalysts that contain both Pt single atoms and aggregates. 
f Calculated from Eq. (2) by assuming the catalyst contains a mixture of Pt single atoms and Pt single-form aggregates. 

Fig. 4. XPS spectra of Pt 4f of Pt/TiO2 samples with Pt concentration in the 
range of 0.04 wt.%-5.00 wt.%. The spectra were calibrated with O1s of anatase 
TiO2 at 530.0 eV. (80% Lorentzian-Gaussian peak deconvolution was done 
using XPSPEAK41). 

Fig. 5. XANES spectra of 0.25 wt.% and 1.00 wt.% Pt/TiO2 samples. The 
XANES spectra of Pt foil and PtO2 are included as reference. 
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exposed Pt atoms on the catalyst samples and percentages of Pt disper
sion (D) can be evaluated. As shown in Fig. 6b, the Pt dispersion in 0.04 
wt.% Pt/TiO2 is nearly 100%, consistent with the atomically dispersed 
nature of single atoms. The Pt dispersion on 0.12 wt.% and 0.25 wt.% 
Pt/TiO2 samples are 72% and 74%, respectively. When Pt loading was 
increased to 0.50 wt.%, the dispersion dropped to 58%. As a further 
increase in Pt loading from 1.00 wt.%, 2.00 wt.%, 4.00 wt.% to 5.00 wt. 
%, the dispersion decreased to 38%, 30%, 28% and 22% in sequence. 
The CO-chemisorption data indicates different degree of accessibility of 
Pt sites on Pt/TiO2 catalysts with different Pt loadings. 

3.4. Styrene hydrogenation over Pt/TiO2 catalysts with different Pt 
loadings 

As a structure sensitive reaction, styrene hydrogenation has been 

used to discriminate carbon supported metal catalysts with sub- 
nanometer sizes [45,46]. In this study, we used this reaction to study 
metal oxide (i.e., TiO2) supported Pt species with sizes spanning from 
single atoms, clusters and nanoparticles. We would like to note that all 
the catalysts were calcined at 553 K in an air flow followed by reduction 
at 523 K in 5% H2/N2 flow prior to the catalysis tests. The effect of SMSI 
causing encapsulation of Pt species was not expected to influence the 
catalytic measurements, because SMSI overlayer formation happens at 
harsher reduction conditions than those explored here, such as ~673 K 
for metal particles [47] and ~873 K for single atoms [30,48]. All the 
activity differences measured in the reaction should be directly corre
lated to the Pt aggregation state that resulted from the SEA synthesis. 

Fig. 7a shows the styrene conversions over all the Pt/TiO2 samples. 
The increase in Pt content in the catalysts led to a monotonic increase in 
styrene conversion. The Pt single atom catalyst (0.04 wt.% Pt/TiO2) had 
a conversion of ~0.04%, while the Pt nanoparticles in 5.00 wt.% Pt/ 
TiO2 reached 42.0% conversion. The turnover frequencies (TOF) of 
these catalysts were extracted from reaction data that the styrene con
version was controlled below 20%. The TOF of these catalysts showed a 
volcano-shaped trend (Fig. 7b). The 1.00 wt.% Pt/TiO2 showed the peak 
reactivity, in comparison to the samples that have lower or higher Pt 
concentrations. In particular, 0.04 wt.% Pt/TiO2 sample has a TOF of 
5.60 mmol s− 1 [mol Pt]− 1, ~82-fold lower than that of 1.00 wt.% Pt/ 
TiO2. When Pt loadings were increased to 0.12 and 0.25 wt.%, the TOFs 
were, respectively, increased to 23.09 and 19.73 mmol s− 1 [mol Pt]− 1. A 
significant increase in TOF was observed for the 0.50 wt.% Pt/TiO2 
sample, reaching 266.75 mmol s− 1 [mol Pt]− 1. Above 1.00 wt.% Pt 
loadings, the TOF decreases slowly with increasing Pt content in the Pt/ 
TiO2 samples. The reactivity of Pt atoms in the catalysts follow the order 
of nanometer clusters > nanoparticle > sub-nanometer clusters > single 
atoms. We would like to note that ethylbenzene was the only observed 
product in the reaction. Therefore, the measured TOFs were solely 
attributed to the hydrogenation activity of the Pt active sites in the 
catalysts. 

The activity of each category of Pt aggregates (i.e., single atom, sub- 
nanometer cluster, nanometer cluster and nanoparticle) in the Pt/TiO2 
catalysts was further analyzed by referring to the quantity of isolated Pt 
atoms and aggregated atoms (Table 1), and the measured overall TOFs 
in the catalysts. Eq. (2) below was used for the calculation, 

r = TOF(SA) ∗ NPt− SA + TOF(x) ∗ N(Pt− x) (Eq. 2)  

where r is the measured reaction rate (mol s− 1), TOF(SA) is the turnover 
frequency (mol s− 1 [mol Pt]− 1) of Pt single atoms, NPt-SA is the quantity 
of Pt single atoms ([mol Pt] g− 1) obtained from the product of per
centage of single atoms (fPt -SA) and catalyst usage quantity (g), TOF(x) is 
the turnover frequency (mol s− 1 [mol Pt]− 1) of Pt atoms in the aggre
gates (i.e., clusters or nanoparticles), and NPt-x is the quantity of active Pt 
atoms (mol g− 1) in these aggregates and calculated by the multiplication 
of (1- fPt -SA), catalyst quantity (g) and Pt dispersion (D). For sub- 
nanometer clusters, nanometer clusters and nanoparticles, “x” is deno
ted by “sub-C”, “nano-C” and “NP”, respectively. The reactivity of Pt 
single atoms was obtained from 0.04 wt.% Pt/TiO2 samples that were 
prepared by our group as well as in the Christopher [18] and Vlachos 
[29] groups. These samples have been characterized to exclusively 
contain Pt single atoms. In 0.12 wt.% and 0.25 wt.% Pt/TiO2 samples, Pt 
single atoms and sub-nanometer clusters coexist. Under the assumption 
that Pt sites in each category of Pt atom aggregates independently 
contribute to the reaction, the sub-nanometer Pt clusters have the 
reactivity of 55.8 mmol s− 1 [mol Pt]− 1, ~10 times higher than the Pt 
single atoms. Similar calculations by using Eq. (2) were conducted to 
solve for the reactivity of nanometer Pt clusters in 0.50 wt.% and 1.00 
wt.% Pt/TiO2 samples, which showed TOF of 302 and 474 mmol s− 1 

[mol Pt]− 1, respectively. The Pt nanoparticles in 2.00 wt.%, 4.00 wt.% 
and 5.00 wt.% Pt/TiO2 catalysts had the TOFs of 446, 364, and 290 
mmol s− 1 [mol Pt]− 1 in sequence in the reaction. The TOF of Pt single 

Fig. 6. H2-TPR profiles (a) and Pt dispersions (b) of Pt/TiO2 catalysts with 
various Pt concentrations (0.04 wt.%-1.00 wt.%). 
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atoms is ~87 fold lower than that of the nanometer clusters. 
Hydrogenation of unsaturated bonds in olefins has been traditionally 

categorized as a structurally-insensitive reaction because the reactivity 
does not change with metal particle sizes in the typical range of 1.5–10 
nm [27,49–51]. The advent of new catalyst synthesis techniques that 
produce metal catalysts with sizes of < 1.0 nm recently challenged this 
conception. For example, the carbon nanotube supported Pt catalysts 
prepared by atomic layer deposition (ALD) showed that the metal 
reactivity in styrene hydrogenation changes with Pt particle sizes pre
pared from different ALD cycles.44 Similarly, the Pt clusters prepared 
from the platinum thiolate complexes on Ketjenblack support showed 
the clusters containing 10 Pt atoms had the maximum reactivity in 
styrene hydrogenation.43 A surface science experiment (i.e., under 
ultra-high vacuum (UHV) and 150 K condition) studied ethylene hy
drogenation on MgO supported Ptn clusters (n = 8 to 15, size is smaller 
than 1 nm). The results showed that the onset for the hydrogenation 
reaction happened at Pt10 clusters and a maximum rate yielded at Pt13 
clusters [27]. The significant reactivity differences among Pt single 
atoms, clusters and nanoparticles, and appearance of the maximum 
reactivity in the 1.00 wt.% Pt/TiO2 catalyst that was prepared by the 
SEA synthesis approach in this study seems to be consistent with these 
previous studies. It should be noted that the predominant Pt cluster sizes 
in 1.00 wt.% Pt/TiO2 is ~1.1 nm, about 0.3 nm larger than the 
Pt/carbon catalysts43,44 showing the maximum reactivity. This differ
ence could be caused by different supports, as TiO2 is traditionally 
viewed as a material capable of providing stronger interaction with the 
supported metal species [52,53]. In comparison to the ethylene hydro
genation over Pt/MgO catalyst conducted at UHV and low temperature 
condition [27], we worked with metal oxide supported Pt catalysts at 
more realistic catalysis conditions. The earlier studies only examined 
reactivity of Pt clusters [27,45]. while we compared the reactivity of Pt 
sites ranging from single atoms to clusters and to nanoparticles 
systematically. 

3.5. Relationship between activity and physiochemical properties of Pt/ 
TiO2 catalysts 

The mechanism of structure sensitivity of supported Pt clusters in 
styrene hydrogenation has not been resolved. Hypothetically, it can be 
attributed to the electronic and structural properties of supported Pt 
clusters that have metastable fluxional structures [43,44]. For supported 
metal catalysts, the electronic and structural properties, and the 

correlation between these two properties (or one of them) and the 
catalyst activity have been discussed in several reports [54–56]. The 
electronic property often refers to: (i) the quantum size effect of metal 
nanoclusters compared to the bulk metal and (ii) charge transfer be
tween the support and metal. The structural property is often linked to 
the topology of the active sites (e.g., local shot-range structure con
taining several atoms or a long-range structure that forms the crystal 
planes). In our study, given the small sizes of Pt aggregates (i.e., average 
size less than 1.50 nm, which does not form crystalline plane yet), we 
considered the electronic property as the charge transfer between the 
support and metal site and the structural property as the atom topology 
in the Pt aggregates. The electronic property is thus linked to the Pt atom 
coordination environment that is reflected by Pt oxidation state that can 
be determined from the XPS measurements. The theoretical studies 
showed that a structural transition happens from (quasi-) 
two-dimensional small clusters to rigid pyramidal clusters with an 
increasing number of Pt atoms in the catalyst, in which the Pt atoms at 
the vertices of the pyramidal clusters are electron-rich and can activate 
carbon double bonds effectively [43]. The experimental evidence for 
such structural transition is still lacking due to the current instrumen
tation limitation. This structure change from one to another, anyhow, is 
related to the Pt aggregate size. 

Here we used the percentages of Pt2+ species (derived from XPS 
analyses) and particle sizes (determined from the HAADF-STEM images) 
of Pt aggregates to represent the electronic and structural properties of 
Pt/TiO2 catalysts in the study. As shown in Fig. 8a, the percentage of 
cationic Pt species decreases with increasing Pt content in the catalysts. 
Opposite to this trend, the Pt particle size monotonically increases with 
increasing Pt loading. The intersection of the two plots in Fig. 8a seems 
to coincide with the peak reactivity of the Pt/TiO2 catalysts (i.e., 0.50 
wt.% Pt/TiO2 and 1.00 wt.% Pt/TiO2 samples) in the hydrogenation of 
styrene (Fig. 8b). For clarity, the intersection region of the plots in 
Fig. 8a and peak reactivity in Fig. 8b were highlighted by green oval 
frames. Similar phenomenon was observed in the carbon supported Pt 
catalysts, as illustrated in Fig. S6 in the Supporting Information. 

Styrene hydrogenation has been recognized to involve the surface 
reaction of co-adsorbed π-bonded ethenyl groups in styrene and disso
ciated hydrogen [57]. To verify the structural effects on styrene 
adsorption on the catalyst, ATR-FTIR measurement was carried out on 
the Pt/TiO2 catalysts before and after the styrene chemisorption. As 
shown in Fig. 9a, adsorption on Pt single atoms in 0.04 wt.% Pt/TiO2 
and Pt sub-nanometer clusters in 0.12 wt.% Pt/TiO2 showed similar 

Fig. 7. Styrene conversion (a) and TOF of Pt atoms (b) in styrene hydrogenation over Pt/TiO2 catalysts with various Pt concentrations (0.04 wt.%-5.00 wt.%). 
(reaction condition: 303 K, 1 atm pressure, 50 mg catalyst and 0.5 mmol styrene in 10 mL ethanol. Reaction time was 5 min in (a) and conversion of < 20% was used 
for TOF calculation in (b)). 
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spectra to that of the TiO2 support, in which the adsorption of styrene 
was barely noticeable. In samples containing Pt nanometer clusters and 
nanoparticles (e.g., 0.50 wt.% and 5.00 wt.% Pt/TiO2), two peaks (1545 
and 1420 cm− 1) associated with aromatic C=C bending were observed, 
indicating the chemisorption of styrene on the samples with larger Pt 
aggregate sizes. To study hydrogenation property of the Pt/TiO2 cata
lysts [58], H2-TPR of Fe2O3 in the presence of Pt/TiO2 catalyst was 
measured. As shown in Fig. 9b, two major peaks at ~643 K and ~893 K 
were detected in the H2-TPR profiles, which can be assigned to the 
reduction of Fe2O3 to FeO and then to Fe, respectively [59]. The H2-TPR 
peaks from the reduction of Pt/TiO2 catalyst were negligible compared 
to that of Fe2O3 due to the latter’s high reducibility. The reduction peaks 
in the physical mixture of Fe2O3 and 0.04 wt.% Pt/TiO2 or Fe2O3 and 
0.12 wt.% Pt/TiO2 stayed at the similar positions, while both peaks 
moved slightly to lower temperatures when the nanometer Pt clusters in 
0.50 wt.% Pt/TiO2 and nanoparticles in 5.00 wt.% Pt/TiO2 exist. The 
data in Fig. 9 suggest the Pt sites with larger aggregation sizes are more 
effective in enabling the styrene hydrogenation. This conclusion seems 
to conflict with the highest reactivity achieved in Pt/TiO2 catalysts with 
medium Pt loadings (i.e., 0.50 wt.% and 1.00 wt.%), as described in 

Section 3.4 above. The synergetic effect in the Pt nanometer cluster 
catalysts might cause the high reactivity. The synergism between noble 
metal single atoms and nanoparticles has been reported to have the 
ability to boost the hydrogenation activity of supported metal catalysts 
[28,60]. Pt single atoms and nanometer clusters coexist in the 0.50 and 
1.00 wt.% Pt/TiO2 catalysts. As the H2-TPR results indicate hydrogen 
dissociation preferably happens on metallic nanometer cluster and the 
activated H atom would spillover towards Pt single atom site to facilitate 
the hydrogenation of styrene. Whereas on Pt/TiO2 catalysts with lower 
or higher Pt loadings, due to the presence of dominant forms of single 
atoms or large nanoparticles there was trivial synergetic effect, which 
did not result in high hydrogenation reactivity. 

4. Conclusions 

In summary, the TiO2 supported Pt catalysts with different Pt 
aggregate sizes, i.e., single atoms, sub-nanometer clusters, nanometer 
clusters and nanoparticles, were prepared by varying Pt loadings on the 
support using the SEA synthesis process. The structural, electronic, and 
catalytic properties of these catalysts were studied by a combination of 

Fig. 8. (a) Structural (indicated by particle size) and electronic (denoted by cationic Pt percentage) properties of Pt/TiO2 catalysts versus Pt loadings; (b) TOFs versus 
Pt loadings of Pt/TiO2 catalysts. 

Fig. 9. (a) FTIR of Pt/TiO2 catalysts with various Pt concentrations (0.04 wt.%-1.00 wt.%) before (dotted line) and after (solid line) styrene chemisorption. (b) H2- 
TPR of mixture of Fe2O3 and Pt/TiO2 catalysts with various Pt concentrations (0.04 wt.%-5.00 wt.%). 
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physicochemical property characterization and styrene hydrogenation 
reaction. The reactivity of Pt active sites in the form of isolated single 
atoms is very low. The reactivity increases gently when Pt active sites 
exist in the sub-nanometer clusters. A significant reactivity increase was 
observed on the Pt sites in the nanometer clusters. The Pt sites in the 
nanoparticles showed a slightly decreasing reactivity with increasing Pt 
particle size in the nanometer scale. The significant variation in reac
tivity over the Pt sites in single atoms, sub-nanometer and nanometer 
clusters reflects the structure sensitivity of metastable fluxional cata
lysts. The maximum reactivity was observed in the Pt/TiO2 catalyst, in 
which the predominant Pt cluster size is ~1.1 nm. The physicochemical 
property characterization showed that the percentage of cationic Pt sites 
decreases with increasing Pt loadings, while the Pt particle sizes showed 
an opposite trend. The intersection position of the two plots, i.e., Pt2+

percentage versus Pt loading and Pt particle size versus Pt loading, co
incides with the Pt/TiO2 catalysts that have the maximum reactivity. A 
similar phenomenon was observed in the carbon supported Pt catalysts. 
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