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Materials.
Chloroplatinic acid hexahydrate (H,PtClg - 6H,0), Potassium tetrachloropalladate(Il)
(K,PdCly), Nickel(I) nitrate hexahydrate (Ni(NOj), - 6H,0), and Cobalt(Il) chloride

hexahydrate (CoCl, - 6H,0) were purchased from Sigma-Aldrich (St. Louis, USA).

Preparation of the periodic 3D nanostructured epoxy template

An epoxy-based photoresist (PR) (SU-8, Microchem) with a thickness of ~ 10 um was spin-
coated at 3000 rpm for 30 sec on a SiO,/Si substrate which was treated by air plasma
(CUTEMP, Femtoscience) for 2 min under the conditions (flow rate of 45 sccm, pressure of
40 mTorr, and power of 60 W). The PR layer was soft baked at 65 °C for 30 min and 95 °C for
30 min in 2 steps. Then, the PR-coated substrate was softly contacted with a conformal poly-
dimethyl-siloxane (PDMS) phase mask that consisted of a square array of holes with a diameter
of ~480 nm, a depth of ~420 nm, and a periodicity of ~ 600 nm. After the process of proximity-
field nanopatterning (PnP) technique including conventional lithographic procedures (a post-
baking step with a 65 °C hot plate for 7 min, a developing step (SU-8 developer, Microchem),
a rinsing step with deionized water, and a drying process), a periodic 3D nanostructured epoxy

template was prepared.

Preparation of 3D TiO,

A thin TiO, layer (30, 50, and 70 nm) was conformally deposited on the pre-fabricated 3D
nanostructured epoxy template by atomic layer deposition (ALD) technique at 90 °C (Nexusbe
Co., Ltd) 3. Tetrakis-dimethyl-amido titanium (TDMAT) (UP Chemical) and distilled water
were selected as the precursor and reactant, respectively. Each ALD cycle consisted of a
sequential process of precursor dose (TDMAT 100 scem for 1 sec), purging (Ar 100 sccm for

30 sec), reactant dose (distilled water 100 sccm for 1 sec), and pursing (Ar 100 scem for 25
2



sec). The deposition rate was approximately 0.75 A per cycle. Then, the epoxy component of
the TiO,-coated polymeric template was selectively removed through thermal treatment in 2
steps: 350 °C for 5 hours at a heating rate of 2 °C min! and 500 °C for 2 hours at a heating rate

of 1 °C min’l.

Characterization

The structural feature of the 3D TiO, samples was characterized using field-emission scanning
electron microscopy (FESEM, Magellan 400, FEI Co.) operated at an accelerating voltage of
5-10 kV. The TEM analysis for inspecting the sharply cut cross-section of 3D TiO, was done
by carefully cracking the sample to avoid structural collapse. The absorbance measurements
were performed by using UV-VIS spectrophotometry (UV-2550, Shimadzu). The mass of 3D
TiO, was measured by using a Sartorius LE225D analytical balance. The scanning electron
microscopy (SEM, S-4800, Hitachi) was performed to observe a cross-sectional view of the
3D TiO2. The PE NPs were analyzed by the transmission electron microscopy with energy
dispersive spectrometry (EDS) mapping analysis (TEM, FIELD EMISSION GUN Tecnai G2
F20 X-TWIN). X-ray Diffraction (XRD) pattern for PE NPs was carried out using a Rigaku
D/MAX 2500PC at 4°/min scan rate with 1.5418 A radiation. An Electronic Paramagnetic
Resonance (EPR) spectrometer was performed to quantify difference of oxygen vacancy defect
between a pristine TiO, powder and an IPL-treated TiO, powder at 9217.7 MHz, 0.998 mW
power, 30 sec scan, and 400 G amplitude (JES-FA100, JEOL). The elemental composition of
the chemicals in PE NPs was explored by X-ray photoelectron spectroscopy (XPS, VersaProbe,

Ulvac-PHI) with monochromated Al Ka radiation (1486.6 eV).

Gas sensing measurement



Gold electrodes (100 nm thickness, 150 pm interspacing distance between two electrodes)
were deposited on the surface of 3D TiO,, Pt@TiO,, PtPd@TiO,, PtPANi@TiO,,
PtPdCo@TiO,, and PtPdNiCo@TiO, by using a thermal evaporation system in order to
evaluate the gas-sensing performance. The gas sensing properties were conducted on a gas
testing Micro probe system (MPS-CHH8C, NEXTRON, KOREA). Each electrode was directly
contacted on the Rh wire probe in the gas testing Micro probe system. Before the measurement,
the electrical properties of the gas sensor were saturated under 365 nm UV illumination (VL-
4LC, VILBER, FRANCE) in air gas for several hours. Subsequently, the target gases were
injected into the gas chamber system by controlling the gas flow through using an automated
mass flow controller (AFC 600, ATOVAC, KOREA): three repeating cycles of dry air for 20
min, and the target gases (NO,, NH;, C;Hg, H,S, C¢Hg, and C3H¢O balanced with air) for 10
min (1 cycle: 30 min) at a total flow of 1000 sccm. The resistance signals from the gas response
were measured by a multi-channel switching matrix (Keithly 3700A) ata 5 V DC bias using a
source meter (Keithley 2400).

In order to evaluate the sensor performances, the sensitivity value (%) was calculated as

follows.

R,-R

0
Sensitivity (%) = ‘ ‘I x 100

0
R, is the initial resistance and Ra is the resistance value changed after sensing materials
reacted with target gas under UV illumination. The sensor performance was evaluated by

averaging the sensor sensitivity of three repeated measurements.

Photocatalytic performance test
Before the pollutant degradation experiments, TiO,, PtPd@TiO, and PtPdNiCo@TiO, on
Si0, substrate were fabricated with a size of 1 x 1 cm (1 ¢cm?) and then the sample was placed
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in a plastic dish. After adding 3mL of the MB solution in deionized water (10-> M) to the plastic
dish with the sample, the portable UV light source (VL-4LC, VILBER, FRANCE) was placed
on top of the plastic dish and UV light (wavelength of 365 nm) was irradiated with a intensity
of 1.2 mW/cm?. Each MB solution (2 mL) was taken after the exposing times of 1, 3, and 5
hours and investigated by measuring the absorbance in the range from 250 to 700 nm with a
UV-Visible spectroscopy (UV-2550, SHIMADZU, JAPAN).

The Photocatalytic performance of PE NPs@3D TiO, was evaluated by calculating the
decomposition ratio of methylene blue (MB) under UV illumination (MB initial concentration:
10~ mM). The 3D TiO, samples were placed into the 6 well plastic dish and each MB solution
of 3 ml was added. The UV exposure time to the samples in MB solution was controlled up to
5 hours. After the exposure, the MB solutions were collected and their optical properties in the
range of 200 — 600 nm were measured by using a UV-vis spectroscopy (UV-2550,
Shimadzu, Kyoto, Japan). The absorbance peaks at 550 nm were measured for evaluating
the photocatalytic efficiency based on the following equation where C, is the initial
concentration of MB solution and C; is the decomposed MB concentration from UV

illumination.

c
Photocatalytic ef ficiency = C—t
0

Collectively, the MB photocatalytic performance of the samples was evaluated by averaging

the photocatalytic efficiency of 3 repeated experiments.



30 nm TiO, shell 50 nm TiO, shell 70 nm TiO, shell

Fig. S1. Cross-sectional view SEM images (a) and top-view SEM images of 3D TiO, shell
and wall-thickness with (b) 30 nm, (¢) 50 nm, and (d) 70 nm by controlling ALD deposition
cycles.
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Fig. S2. Size distribution of PtPdNi nanoparticles with 4.03 = 1.01 nm as averaged from the
total particles.
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Fig. S3. Point EDS analysis for qualifying coexistence of quaternary alloys (PtPdNiCo) on 3D
thin-shell TiO, (a) STEM image for the quaternary nanoparticles. (b) Weight and atomic
percentage of each atom from the alloys on the 3D TiO, shell.
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Fig. S4. O 1s peak of the bare TiO; in the XPS spectrum.
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Fig S5. XPS spectrum of urinary (Pt) nanoparticles on 3D TiO; shell. (a) O 1s peak, (b) Ti 2p

peak, and (c) Pt 4f peak
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Fig. S6. XPS spectrum of binary (PtPd) nanoparticles on 3D TiO; shell. (a) Ti 2p peak, (b) O
Is peak, (c) Pt 4f peak, and (d) Pd 3d peak.
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Fig. S7. XPS spectrum of ternary (PtPdNi) nanoparticles on 3D TiO, shell. (a) Ti 2p peak, (b)
O 1s peak, (c) Pt 4f peak, (d) Pd 3d peak, and (e) Ni 2p peak.
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Fig. S8. XPS spectrum of ternary (PtPdCo) nanoparticles on 3D TiO, shell. (a) Ti 2P peak, (b)
O 1s peak, (c) Pt 4f peak, (d) Pd 3d peak, and (e) Co 2p peak.
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Fig. S9. Comparison of the ratio of O/O% and existence of Pt** and Pt*" in polyelemental
nanoparticles as raising the number of elements. (a) unary, (b) binary, (c) ternary and (d)
quaternary phase in the XPS spectrum.
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Fig. S10. Simulation for finite element modeling on 3D TiO, structure. Comparison of E-field
intensity distribution when penetrating light source to 3D TiO, shell (30, 50, and 70 nm) with
multi-wavelength (300, 365, and 1000 nm).
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Fig. S12. Photoactivated, chemoresistive gas sensing results of PE NPs@3D TiO,. (a) Digital
image of experimental setup with UV irradiation system. (b) Response transients of 3D TiO,
(black), PtPd@TiO, (red) and PtPdNiCo@Ti0O; (blue) to UV illumination on/off at 5 V. (c)
Calculated responses of 3D TiO,, PtPd@TiO,, and PtPdNiCo@TiO, to different gases: NO,

(left), C3H¢O (center) and H,S (right) as a function of controlled concentrations of 10, 20 and
50 ppm under UV illumination at 5 V.
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Fig. S13. TiO, thickness-dependent chemoresistive response towards NO, gas molecules.
Chemoresistive response to NO, gas molecules (a) 50 ppm (b) 20 ppm (c) 10 ppm as a function
of 3D TiO, shell thickness
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Fig. S14. Gas response curves using six different gases. Gas sensing test with 3D TiO,,
Pt@TiO,, PtPd@TiO,, PtPdANi@TiO,, PtPdCo@TiO,, and PtPdNiCo@TiO, toward 10 ppm
of (a) NO,, (b) NH3, (¢) C;7Hs, (d) H,S, (¢) CsHg and (f) C3HgO.
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Fig. S16. Schematic diagram of the gas sensor measurement system for detection against toxic
gases under UV irradiation (365 nm wavelength).

A gas sensing system (Micro Probe system, MPS-CHHS8C, NEXTRON, KOREA) with a
controller system of UV exposure was prepared. The gas sensing tests were carried out in the
gas chamber system under ambient conditions. Air gas was used as a carrier gas to dilute the
concentration of analytes (NO,, NH3, C;Hg, H,S, C¢Hg and CsH¢O) and purged the gas sensing
chamber for sensing cycle repetition using a mass flow controller (AFC 600, ATOVAC, Korea)
for a flow rate of 1000 sccm constantly. The UV illumination system (Vilber Lourmat, 6W,
365 wavelength) was placed on the top of the gas chamber system (A=365 nm and power
reaching on the sensor ~ 1.17 mW). The sensor device was placed into a sample holder and
stabilized with applied 5 V using Keithley 2612B instrument) in an Air-gas for several hours
under UV illumination. After stabilization, the gas sensor test was performed by switching the
diluted target gas to 10, 20, and 50 ppm for 10 min, and air gas for 20 min in three times repeat.
Reading of the measured sensor data and controlling of gas flow were systematically conducted
by using KI2600S-3706A-GMC1200 Multi-channel measurement software (I.V solution,
KOREA). In addition, the three cycles of UV turn-on for 5 min and off for 10 min were studied
for the UV response tests.
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Fig. S17. Calibration data of Methylene blue concentration in UV analysis. (a) a photograph of
MB solutions as a function of the concentration. (b) UV-vis spectra from (a). (c) a curve fitting
data for calibration of MB concentration.
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Fig. S18. Time-dependent absorbance change of methylene blue (MB) solutions with no
sample under darkness (black), 3D TiO, (red), PtPd@TiO, (blue), PtPANicO@TiO, (green)
under UV exposure for a) 1 hour and b) 3 hours.
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Catalyst type

Light source (Power)

Irradiation
time

Sample size

Weight

C/Cy

REE SIS

Sb-doped TiO, Xe light (0.8 W/cm?) ~ 1 hour - 0.05¢g 98.2% 4
Degu.ssa P25 Commermal UV light (1 mW/cm?) 5 hours - - 82% 3
Ti0, nanoparticles
Powder -
type Cu, Zn tetracarboxy- TiO,
phthalocyanines sensitized Visible light (90 mW) 2 hours - Powder | ~40% 6
TiO, (0.1-0.6 )
Ti0O, pretreated with NaOH Xe light (300 W) 2 hours - 20 mg ~ 82% 7
TiO,-coated Anodisc UV light (1.5 mW/cm?) ~4hours |02cm X 02 cm - ~38% 8
Nanotube membrane
ag’(;e Anodized TiO, nanotube Xe light (150 W) 5 hours 1.0cm X 1.0 cm - ~ 80% ?
Curcumin modified TiO Visible light (18 W) 3hours | 1.5cm X 2.5cm - ~23% 10
nanotube
TiO, thin film UV light (1 mW/cm?) Shours |2.0cm X 2.5cm - 24% 4
g-C3N4/TiO, films Visible light (64 mW/cm?) 3hours |2.0cm X 5.0cm - ~ 65% 1
3D Ag/TiO, nanocomposite Xe light (153 mW) 2.5hours |3.0cm X 3.0 cm - 79.8% 12
Undoped TiO, film UV light (1.5 mW/cm?) 3hours |1.0cm X 2.0cm - ~ 28% 3
N-doped TiO; film UV light (1.5 mW/cm?) 3hours | 1.0cm X 2.0cm - ~29% 3
' 3D Undoped TiO; film UV light (1.5 mW/cm?) 3hours | 1.0cm X 2.0 cm - ~ 65% 3
Film 3D N-doped TiO, film UV light (1.5 mW/cm?) 3hours [1.0cm X 2.0cm - ~61% 3
type
Graphene quantum dot
(GQD) decorated 3D TiO, UV light (1.5 mW/cm?) 4hours [2.5cm X 2.5cm - 60% 13
film
Graphene quantum dot
(GQD) decorated 3D TiO, Visible light (5.5 mW/cm?) 4hours [2.5cm X 2.5cm - 55% 13
film
PtPdNiCo@3D TiO, UV light (1.2 mW/cm?) Shours |1.0cm X 1.0cm| 0.18 mg 72% This work

Table S1. MB degradation performances in other literatures
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