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Abstract
Nanoparticles (NPs) of the well-known photocatalysts  TiO2 and ZnO each doped with noble metals (NM = Au, Pd, or Pt) were 
synthesized by applying a thermosynthetic method, and the catalytic activities of the resulting six samples were compared. 
After characterizing them by using high-resolution photoemission spectroscopy (HRPES), we evaluated the catalytic effects 
of the samples the oxidation of 4-aminothiophenol (4-ATP) by using HRPES under UV illumination and on the oxidation 
of 4-ATP in aqueous solution by taking electrochemistry measurements. In addition, we determined the rates of conversion 
of CO to  CO2 in the presence of these catalysts by using a residual gas analyzer under an ultra-high vacuum condition. As 
a result, we found a good positive correlation between the numbers of defect structures induced by the doped noble metals 
and the catalytic activity, and showed that Pd-TiO2 and Pt-ZnO NPs can act as efficient catalysts due to their relatively large 
number of defect structures and corresponding oxygen vacancies.
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1 Introduction

The metal oxides  TiO2 and ZnO have been known for sev-
eral decades to display effective catalytic activities and to 
be stable and inexpensive; they have therefore garnered 
significant attention and have been used in various applica-
tions such as solar cells, photocatalysis, and electrochemical 
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catalysis [1–6]. However, they have relatively wide band 
gaps  (Eg = 3.0 ~ 3.4 eV) and hence absorb only UV light 
[7–12]. Therefore, significant efforts have been applied 
toward narrowing their band gaps and further enhancing 
their catalytic activities, with these efforts including the dop-
ing of other elements [13]. Various dopants such as metals 
or anions have been studied in this regard, and noble metals 
in particular have, as dopants or co-catalysts, been shown to 
be very effective at enhancing the photocatalytic activities 
of  TiO2 and ZnO nanoparticles (NPs) but with the drawback 
of being expensive. Metal oxides doped with noble metals 
are nevertheless very good for systematic model studies of 
catalytic reactions because they themselves can act as good 
catalysts [14–17]. Hence, comparing the catalytic activities 
among them, it is easy and clear to confirm the changes of 
catalytic reactions depending on outside efforts (noble metal 
doping).

For these purposes, we inserted noble metals (Au, Pd, or 
Pt) as dopants into  TiO2 and ZnO NPs and found the doping 
to significantly enhance their catalytic performances. We 
successfully fabricated the corresponding six noble-metal-
doped metal oxide (NM-MO) NPs, i.e., Au-TiO2, Pd-TiO2, 
Pt-TiO2, Au-ZnO, Pd-ZnO, and Pt-ZnO, using a thermos-
ynthetic process (see Sect. 2). We first compared their elec-
tronic properties by using high-resolution photoemission 
spectroscopy (HRPES). And then we assessed their cata-
lytic capacities by using them to oxidize 4-aminothiophenol 
(4-ATP) under ultra-high vacuum (UHV) conditions with 
365-nm-wavelength UV light illumination by using HRPES 
and monitoring the resulting changes in their cyclic voltam-
mograms (CVs) in the solution phase, as well as by using 
them to catalyze the conversion of CO to  CO2 and monitor-
ing this conversion using mass spectroscopy. Through the 
spectral analyses, we found the catalytic properties of the 
Pd-TiO2 and Pt-ZnO NPs to be better than those of the Au-
TiO2, Pd-TiO2, Au-ZnO, or Pd-ZnO NPs. We attributed this 
difference to PdO (or PtO) formed on the NP surfaces mak-
ing more defect structures on the  TiO2 or ZnO NPs and then 
increasing the rate of the photocatalytic reactions.

2  Experimental

2.1  Preparation of Precursor Solutions

We prepared each precursor solution by using a one-pot syn-
thesis. The desired amounts of the noble metal (NM) dopants 
were added in the form  PtCl2 (99%),  PdCl2 (98%),  AuCl3 
(98%) and expressed as mole fractions with respect to  TiO2 or 
ZnO [NM/(NM + TiO2) or NM/(NM + ZnO)]. All substances 
were purchased from Sigma-Aldrich. The precursor solutions 
were stirred for ten minutes. 4-Aminothiophenol (4-ATP, 
Sigma-Aldrich, 97%), and Nafion (Sigma-Aldrich, 5 wt% in a 

low-molecular-weight aliphatic alcohol and water) were pur-
chased from Sigma-Aldrich. Phosphate-buffered saline (PBS) 
tablets were purchased from Gibco.

2.2  Preparation of Noble‑Metal‑Doped  TiO2 or ZnO 
NPs

Tetramethylammonium hydroxide (TMAOH) (1.2 g) was 
diluted with double-distilled water (DDW, 22.25 g). Tita-
nium isopropoxide (TTIP, 3.52 g) was diluted with isopro-
panol (3.5 g). Both of these solutions were stirred separately 
for 10 min. The TTIP solution was added dropwise to the 
TMAOH solution at room temperature, and this addition 
resulted in the appearance of white  TiO2. A solution of 
10 mM Zn(CH3COO)2·2H2O (Junsei, 99%) in 1-propanol 
(Sigma-Aldrich, 99.7%) was heated on an oil bath at 100 °C 
for 10 min. And then, this seed solution containing 25 mM 
Zn(NO3)·6H2O (Junsei, 96%), 25 mM hexamethylenetet-
ramine (Sigma-Aldrich, 99%), and 4 g/L polyethyleneimine 
(Sigma-Aldrich, branched,  MW ~ 25,000) was placed in a 
Teflon-lined autoclave in an oven at 180 °C for 7 h to per-
form the hydrothermal syntheses. And then, the desired 
amounts (3 wt%) of the noble metal dopants  (PtCl2,  PdCl2, 
 AuCl3) were added to each synthetic gel solution in an oil 
bath at 80 °C with stirring. After approximately 10 min, the 
synthetic gel solution became transparent. The solutions 
were transferred to Teflon-lined autoclaves and then sealed 
and heated at 220 °C for 7 h in a convection oven. The result-
ing NM-TiO2 and NM-ZnO (Au-TiO2, Pd-TiO2, Pt-TiO2, Au-
ZnO, Pd-ZnO, and Pt-ZnO) were filtered and washed with 
DDW to remove any residue.

2.3  Oxidation Reactions

4-Aminothiophenol (4-ATP, Sigma-Aldrich, 99.9%) was 
purified using turbo pumping to remove impurities. Then, a 
direct dozer controlled by means of a variable leak valve was 
used to dose the purified 4-ATP onto the NM-TiO2 or NM-
ZnO NPs. The pressure of the chamber was  10−6 torr dur-
ing the dosing. Various amounts of 4-ATP, between 0 ~ 180 
Langmuir (L), were made to be exposed to the six samples 
by applying various dosing times from 0 ~ 180 s. We irradi-
ated the system containing 4-ATP and molecular oxygen 
with UV light (λ = 365 nm, VL-4. LC Tube 1  × 4-Watt, Vil-
ber Loumat) to increase the rates of the catalytic reactions.

2.4  Fabrication of NM‑TiO2 
and NM‑ZnO‑Nafion‑Modified GCEs 
and Electrochemical Measurements of 4‑ATP 
Oxidation

The electrochemical oxidation of 4-ATP was investigated 
using glassy carbon electrodes (GCEs) modified with 
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NM-TiO2 or NM-ZnO NPs. For each NM, a mass of 4.0 mg 
of NM-TiO2 or NM-ZnO was dispersed into 1.0 ml of dis-
tilled water containing 50 µl Nafion, and then mixed by using 
an ultrasonic processor for 10 min to obtain a homogeneous 
NM-TiO2 or NM-ZnO-Nafion mixture. Then, a volume of 
20 µl of the mixture was placed on a GCE, and was dried at 
75 °C in a pre-heated oven for 30 min. A cyclic voltammo-
gram (CV) of 10 mM 4-ATP in PBS was obtained for each 
NM-TiO2- or NM-ZnO-Nafion-modified GCE.

2.5  Characterization

High-resolution photoemission spectroscopy (HRPES) 
experiments were performed at the 8A1 beamline of the 
Pohang Accelerator Laboratory (PAL), which was equipped 
with an electron analyzer (PHI-3057). The electrochemical 
experiments were performed by using a CHI620E potentio-
stat (CH Instruments, Austin, TX) with a three-electrode 
cell placed in a Faraday cage. A GCE with a diameter of 
2 mm was used as the working electrode, a Pt wire with a 
diameter of 1 mm was used as the counter electrode, and 
the reference electrode was Hg/HgO (1 M KOH). In addi-
tion, the rate of the oxidative conversion of CO to  CO2 was 
acquired by using a Hiden RC 301 mass spectrometer (mass 
range ~ 300 amu).

3  Results and Discussion

Core-level spectra of the Au-TiO2, Pd-TiO2, and Pt-TiO2 NPs 
(Fig. 1a, from top to bottom) were acquired to determine 
their electronic properties, which would be expected to be 
closely correlated with their catalytic activities. All three 
noble metal (NM)-TiO2 NPs yielded two distinctive sets of 
HRPES features: Ti 2p3/2 features at 459.3 eV  (Ti4+) and 
457.9 eV  (Ti3+) and O 1s features at 530.5 eV (O1;  TiO2) 
and ~ 529.5 eV (O2;  Au3+-,  Pd2+-, and  Pt2+-induced peaks) 
due to the doped metals (Au, Pd, and Pt). Additionally, 
these doped noble metals also yielded two distinct peaks 
each: Au 4f7/2 peaks at 84.0 eV  (Au0) and 87.9 eV  (Au3+), 
Pd 3d5/2 peaks at 335.7 eV  (Pt0) and 336.5 eV  (Pd2+), and 
Pt 4f7/2 peaks at 72.6 eV  (Pt0) and 73.8 eV  (Pt2+) [18–24]. 
 TiO2  (Ti3+) defect structures were previously reported to be 
closely related to catalytic activity [25, 26]. Hence, based on 
the observed intensity of the  Ti3+ peak of the Pd-TiO2 NPs 
being greater than those of the Au- or Pt-TiO2 NPs, and also 
based on the intensity of its  O2 (PdO peak) being greater 
as well (see the middle panel of Fig. 1a), we predicted the 
catalytic activity of the Pd-TiO2 NPs to be greater than those 
of other two NM-TiO2 NPs. In other word, the  Ti3+ defect 
structure has also been shown, because of charge compensa-
tion, to be related to oxygen vacancy states in  TiO2 as these 

removed oxygen atoms from  TiO2 have been suggested to 
be used to form PdO [27].

Core-level spectra of the NM-ZnO NPs were also 
acquired (Fig. 1b, from top to bottom). Each of the three 
NM-ZnO NPs also yielded two distinctive sets of features: 
Zn 3p3/2 features at 90.1 eV  (Zn2+) and 89.4 eV  (Zn+) and 
O 1s features at 531.9 eV (O3; ZnO) and 529.5 eV (O4; 
 Au3+-,  Pd2+-, and  Pt2+-induced peaks) due to the doped met-
als (Au, Pd, and Pt) [28, 29]. Additionally, these doped noble 
metals also yielded two distinct peaks; Au 4f7/2 at 84.0 eV 
 (Au0) and 85.4 eV  (Au3+), Pd 3d5/2 at 335.7 eV  (Pd0) and 
336.5 eV  (Pd2+), and Pt 4f7/2 at 72.6 eV  (Pt0) and 73.8 eV 
 (Pt2+) [18–24]. In particular, the O 1s peak at 531.9 eV  (O3) 
indicated the presence of oxygen defects in the ZnO NPs. 
Hence, we also expected the catalytic activity of the Pt-ZnO 
NPs to be greater than the activities of the Au-ZnO and Pd-
ZnO NPs, as the intensity of the oxygen defect peak result-
ing from the Pt-ZnO NPs was markedly higher than those 
of the Au-ZnO and Pd-ZnO NPs, as shown in Fig. 1b. In 
order to compare the amounts of defect structures in the six 
samples, the ratios of the intensities of the main and defect 
structure Ti and Zn peaks were calculated. These ratios for 
Au-TiO2, Pd-TiO2, Pt-TiO2, Au-ZnO, Pd-ZnO and Pt-ZnO 
were calculated to be 0.098, 0.207, 0.140, 0.149, 0.239 and 
0.407, respectively. That is, Pd-TiO2 and Pt-ZnO showed 
the most defect structures. Based on these results, we took 
electrochemistry (EC) measurements and performed photo-
catalytic reactions for the six different samples to compare 
their catalytic activities.

CVs were obtained from a PBS solution containing 
10 mM 4-ATP at a bare GCEs and those modified with the 
NM-TiO2 or ZnO-Nafion catalysts, with each system irradi-
ated with 365 nm wavelength UV light (Fig. 2). A sluggish 
oxidation current of 1.8 µA was observed at the bare GCE. 
This sluggishness was due to the intrinsically slow oxidation 
of 4-ATP (not shown here). In contrast, the currents associ-
ated with the oxidation of 4-ATP were 6.7 (± 0.5) and 7.1 
(± 0.6) µA when using the GCEs modified with the Pd-TiO2 
and Pt-ZnO NPs, respectively (not shown here), significantly 
greater (i.e., 3.72 and 3.94 times greater) than that for the 
bare GCE. The currents generated when using the Au-TiO2, 
Pt-TiO2, Au-ZnO, and Pd-ZnO NPs, however, were only 3.1 
(± 0.3), 5.4 (± 0.4), 2.8 (± 0.3), and 5.7 (± 0.4) µA, respec-
tively (not shown here), which were slightly (1.72, 3.00, 
1.55, and 3.17 times) but not significantly greater than that 
for the bare electrode. These results revealed the importance 
of the type of noble metal doped into the  TiO2 and ZnO NPs 
for catalyzing oxidation reactions, even when using 3 wt% 
of the doped noble metals, and specifically indicated the Pd-
TiO2 and Pt-ZnO NPs to be good catalysts for the oxidation 
of 4-ATP. Further investigations involving the optimization 
of the conditions are needed in order to selectively and sen-
sitively detect 4-ATP using Pd-TiO2 and Pt-ZnO NPs.
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A standard test for catalysts of oxidation is the conversion 
of CO to  CO2. Hence, we monitored the oxidation of CO to 
 CO2 in the presence of the six samples by using a mass spec-
trometer for various NP annealing temperatures in the range 
300–550 K under UV irradiation. As shown in Fig. 3, we 
measured the rates of conversion of CO to  CO2 for the six 
samples at various substrate temperatures (300, 400, 450, and 
550 K). Pd-TiO2, and Pt-ZnO NPs showed higher rates of con-
version of CO to  CO2 than did the other NPs, consistent with 
the EC. Two interesting points emerged from the CO oxidation 
measurements. First, the concentration of  CO2 produced was 
dependent on the initial concentration of CO even though the 
oxygen carriers on the NM-TiO2 and NM-ZnO NPs can assist 
CO oxidation. Second, the conversion of CO to  CO2 occurred 
stably in the range of 300 to 450 K, as shown in Fig. 3. Above 
450 K, this conversion rate decreased significantly and did not 
vary with temperature. And CO oxidation did not occur on any 
of the six samples above 550 K because the sample anneal-
ing temperature was high enough to decompose the molecules 

(CO and  O2)—that is, the conversion of CO to  CO2 and the 
decomposition of these molecules may have occurred at the 
same time. Hence, above 600 K, the conversion rate appeared 
to be a negative.

Through the analysis, we found that the Pd-TiO2 and Pt-
ZnO NPs showed catalytic activities better than those of the 
other four systems (Au-TiO2, Pt-TiO2, Au-ZnO, and Pd-ZnO 
NPs). Moreover, for the Pd-TiO2 NPs, the analysis provided 
important information about the formation of PdO [27], and 
indicated that the the Ti–O–Ti bond was weak, which facili-
tated breaking of the Ti–O bond and resulting in the formation 
of oxygen vacancies [30–32]. This result revealed the presence 
of  Ti3+ cations and the formation of oxygen vacancies, which 
were related to the subsequent formation of PtO according to 
Eq. 1.

(1)Ti
4+

− O − Ti
4+

+ Pd → Ti
3+

−□ − Ti
3+

+ PdO.

Fig. 1  HRPES results for the 3 wt% noble metals doped in  TiO2 (a) 
and ZnO NPs (b). a top: O 1s, Ti 2p, and Au 4f of Au-TiO2, middle: 
O 1s, Ti 2p, and Pd 3d of Pd-TiO2, bottom: O 1s, Ti 2p, and Pt 4f of 

Pt-TiO2. b top: O 1s, Zn 3p, and Au 4f of Au-ZnO, middle: O 1s, Zn 
3p, and Pd 3d of Pd-ZnO, bottom: O 1s, Zn 3p, and Pt 4f of Pt-ZnO 
NPs
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The results for the Pt-ZnO NPs indicated that the forma-
tion of  Zn+ defect structures and the corresponding oxygen 
vacancies followed Eq. 2.

Therefore, we can confidently conclude the Pd-TiO2 (or 
Pt-ZnO) NPs to be a critical factor in the formation of  Ti3+ 
defects (or  Zn+ defects) and PdO (PtO) particles due to their 

(2)Zn
2+

− O − Zn
2+

+ Pt → Zn
+
−□ − Zn

+
+ PtO.

provide appropriate surfaces for these formations. Many 
previous studies have demonstrated that defect structures 
and related oxygen vacancies can contribute to improved 
photocatalytic activity with metal oxide NPs [33, 34]. The 
photocatalytic activities of Pd-TiO2 and Pt-ZnO NPs can be 
improved by increasing their light absorption, decreasing 
their photogenerated electron–hole recombination rates, and 
increasing the rates of their catalytic reactions with charge 
carriers on their surfaces, and the introduction of defect 
structures have been reported to increase their activity. That 
is, surface defects  (Ti3+ or  Zn+ species) and oxygen vacan-
cies can trap electrons or holes to reduce the electron–hole 
recombination rate, and holes with prolonged life-times can 
be utilized to increase the efficiency of the catalytic oxida-
tion reaction. We thus conclude the high catalytic oxidation 
efficiencies of Pd-TiO2 and Pt-ZnO NPs to be due to this 
increased population of defect structures and of PdO (or 
PtO) on their surfaces.

4  Conclusions

We have demonstrated the formation of PdO and  Ti3+ (or 
PtO and  Zn+) on the surfaces of Pd-TiO2 (or Pt-ZnO) NPs 
and an enhancement of photo-oxidation reactions on these 
nanoparticle surfaces as a result of the presence of these spe-
cies. These surfaces were shown using EC to act as enhanced 
catalysts to facilitate the oxidation of 4-ATP. As a result, we 

Fig. 2  CVs (at a scan rate of 50 mV/s) of 0.01 M 4-ATP in PBS at bare GCEs (black lines) and at GCEs modified with 3 wt% Au-TiO2, Pd-TiO2, 
Pt-TiO2, Au-ZnO, Pd-ZnO, and Pt-ZnO (red lines)

Fig. 3  The variations with substrate temperature in the rates of con-
version of CO to  CO2 gas on Au-TiO2, Pd-TiO2, Pt-TiO2, Au-ZnO, 
Pd-ZnO, and Pt-ZnO NPs
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confirmed a good positive correlation between the numbers 
of defect structures induced by the doped noble metals and 
the catalytic activity, and conclude that, of the six candidate 
samples, Pd-TiO2 and Pt-ZnO NPs can act as particularly 
efficient catalysts due to their relatively large number of 
defect structures and corresponding oxygen vacancies.
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