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Exploration of active sites of ethyl alcohol electro-
oxidation on porous gold nanoparticles with
enhanced Raman spectroscopy
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Novel porous gold nanospheres are prepared by calcination of the gold—urea complexes. The enhanced
Raman spectra of ethanol catalyzed by different doses of porous gold nanospheres are measured with
a 532 nm laser as the excitation source, and an enhanced charge coupled device served in spectral
detection and microscopic imaging. The electrochemical experiments show that the catalytic oxidation
products of ethanol with porous gold nanoparticles are acetaldehyde, acetic acid, and water, which
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1. Introduction

Noble metal catalysts with high catalytic activity and selectivity,
as well as high temperature tolerance, chemical stability and
other comprehensive excellent properties, in petrochemical,
pharmaceutical, pesticide, food, environmental protection,
energy, electronics and other fields occupy an extremely
important position. With the increasing demands of various
industries and decreasing natural resources, we need efficient
and environmentally friendly catalytic methods.* The suitably
prepared gold-based catalyst has strong catalytic activity.>* In
the past few decades, Au has been developed as a potential
catalyst in a variety of chemical reactions,* including selective
oxidation,”” selective hydrogenation,®'® carbonylation,"**
cyclization," ™ and three-component coupling reactions."”
The catalytic ability of gold was greatly influenced by micro-
scopic appearance.”® However, a large number of experiments
and studies show that the catalytic ability of noble metal cata-
lysts is not only based on the influence of structure, but also
based on the selective binding of related sites with organic
compounds.*

At present, the detection methods of selective binding
between catalysts and organic compounds are TEM, XAS, MS
and so on.?>** However, there are few studies on the detection
of related sites by enhanced Raman spectroscopy. Therefore, it
is still meaningful to develop an enhanced Raman spectroscopy
method to detect the related catalytic site. Herein, we report
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further proved that the porous gold nanoparticles can activate the —CH, of ethanol.

that the sites of ethanol catalyzed oxidation by porous Au
nanospheres were investigated by enhanced Raman spectros-
copy. The porous Au nanospheres are prepared by calcining the
complex of chloroauric acid urea. The effects of different doses
of porous Au nanospheres were investigated by using anhy-
drous ethanol enhanced Raman spectrum. After removing the
influence of surface plasmon resonance properties of porous Au
nanospheres, the actual enhanced Raman spectra of anhydrous
ethanol were obtained. The results showed that the optimal
dosage of porous Au nanospheres was 0.08 mg mL ™" and the
catalytic site for ethanol oxidation was -CH,.

2. Experimental
2.1 Materials

HAuCl,-3H,0, 0.05 pm alumina polishing powder, Nafion (5%),
potassium ferricyanide, potassium chloride was purchased
from Aladdin (Shanghai, China). Urea and ethanol were
purchased from Shantou Xilong and Tianjin Fuchen. All
aqueous solutions were prepared by deionized water (18.25 MQ
cm).

2.2 Characterizations

Transmission electron microscope (TEM) images were captured
using a transmission electron microscope (S-4800, Japan). The
Q-switched YAG laser (Indi-10) from American Spectral Physics
Corporation was used for laser irradiation. The laser beam was
focused using a neutral density filter and a quartz converging
lens with a focal length of 100 mm. An imaging lens with a focal
length of 70 mm and an optical fiber probe were used to collect
the laser signal. The two-dimensional electric translation table
was used to move the experimental samples at a precise speed
to ensure the sampling quantity and randomness. Sampling
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and analysis were performed using grating spectrometer, ICCD
and computer. Raman spectroscopy of anhydrous ethanol was
detected by self-assembled Raman spectrometer and electro-
chemical detection of porous Au nanospheres was carried out
by electrochemical workstation (CHI660E, Shanghai Chenhua
Instrument). Renishaw inVia with a laser wavelength of 532 nm
was used for electrochemical enhanced Raman instrument test
various substances in the preparation process are dispersed by
ultrasonic cleaner.

2.3 Synthesis of porous Au nanospheres

At room temperature, 0.2 g urea was dissolved in 10 mL of
deionized water. When completely dissolved, add 1 mL
chloroauric acid and stir at 100 °C for 5 min (400 RPM). The
prepared mixture was transferred to a dry round-bottom flask
with a condensing device and placed in a 100 °C oil bath for
reflux for 12 min. After the reaction was completed, the water
and alcohol were washed twice, respectively, and dispersed
with 1 mL ethanol. Put in the oven at 180 °C for 7 min. The
solution turned from yellow to purple after drying and cooling,
and then porous gold nanospheres were obtained. Wash with
deionized water and ethanol three times respectively, and
store for later use.

2.4 Electrochemical catalysis of ethanol

The glassy carbon electrode is used as the working electrode,
the saturated calomel as the reference electrode and the
platinum wire as the counter electrode. The cyclic voltammetry
of the solution was measured at a scanning rate of 150 mV s~ "
in a potential window of —0.2 to 1.0 V at room temperature.
Firstly, the working electrode was polished with a chamois
abrasive plate with 0.05 pm Al,O; polishing powder. The pol-
ished electrode was placed in a glass bottle with 1 mmol per L
potassium ferric cyanide and 0.1 mol per L KClI solution for CV
(Cyclic Voltammetry) curve. Only when the potential difference
between reduction peak and oxidation peak was less than
80 mV, the working electrode met the use standard. The KOH
ethanol solution of 3/4 glassware is added into a clean glass-
ware and sealed, then the glassware is filled with nitrogen for
30 minutes before standby. 0.336 mL H,O, 0.644 mL DMF, 20
pL Nafion solution and 1 mg porous Au nanospheres were
added into a 1.5 mL centrifuge tube and ultrasonized for
30 min. Then, the drops are dried on a dry electrode and
placed in the glassware of the prepared solution described
above for testing.

Fig.1 Raman device diagram.
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2.5 Assembly of enhanced Raman device

The Raman device of this experiment was shown in the Fig. 1,
which was mainly composed of laser light source, ablation light
path and signal collection light path, sampling control system,
spectrum detection system and other parts.

The Q-switched YAG (indi-10) nanosecond laser with 532 nm
output was used as the ablation laser source. The repetition rate
is 10 Hz, the pulse width is 8 ns and the single pulse energy is
more than 1.5 m]. The output energy of the laser can be
continuously adjusted by the light barrier or neutral density
filter. The laser energy can be accurately measured by the laser
energy meter and the single pulse energy stability is maintained
within 3%. After passing through the neutral density filter F, the
laser beam was converged into the liquid in the cuvette by
a quartz converging lens L1 with a focal length of 100 mm. The
converging lens was placed on a two-dimensional precision
adjusting frame to precisely control the distance from the
converging lens to the center of the cuvette.

In the direction perpendicular to the ablation laser beam,
the plasma emission spectrum signal generated by laser abla-
tion of the solution in the cuvette was imaged on the input
window of the optical fiber probe through the imaging lens L2
with a focal length of 70 mm and the optical fiber output end is
connected with the incident slit port of the spectrometer. The
sample sampling system of this experiment was made of quartz
cuvette bonded on the two-dimensional electric translation
table, which can control the quartz cuvette to move at an
accurate speed on the two-dimensional translation table. The
translation speed is controlled by computer software. The
minimum step speed of the electric translation table is
0.0025 mm s ', which ensures that each pulse laser beam is
incident on different points on the target surface. Spectral
detection system was mainly composed of optical fiber probe,
spectrometer, ICCD and computer.

The optical fiber was used to transmit the plasma emission
spectral signal to the spectrometer. The aperture of the optical
fiber probe is 0.6 mm, the length of the optical fiber is 1.2 m,
and the spectral response range is 200-1000 nm.

The spectrometer mainly completes the spectroscopic func-
tion of the plasma emission spectrum. The grating spectrom-
eter was used in this experiment, with a grating constant of
1200 L mm ™", a focal length of 300 mm, a resolution of 0.05 nm
and a slit width of 10 m.

Enhanced charge-coupled devices are mainly used in
detection spectroscopy and microscopic imaging, especially in
the measurement of weak transient optical signals. The ICCD
used in this experiment, with an effective pixel of 1024 x 1024,
belongs to the optical fiber coupled microchannel plate image
intensifier (Gen II intensifier), with a maximum shutter width
of 2 ns. ICCD works in the external trigger state, which is
triggered synchronously by the external trigger output of
Nd:YAG laser Q-switch. The ICCD gate delay, gate width, ICCD
gain, burst times and other spectrum acquisition parameters
were controlled by the acquisition and analysis software in the
computer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.6 Enhanced Raman of anhydrous ethanol

At room temperature, 5.000 mL absolute ethanol was accurately
measured and immediately put into the enhanced Raman
device. The Raman device was used to scan the anhydrous
ethanol solution at a scanning position of 500-650 nm. The
enhanced Raman data at this time was recorded by a two-
dimensional translation platform for multi-position scanning.
So, the average value of the enhanced Raman data was ob-
tained. Then, 100 pL porous Au nanospheres with a concentra-
tion of 0.5 mg mL ™" were added every 2 min. After the reaction
for 1 min, the instantaneous enhanced Raman data at this time
was recorded and the average value was calculated.

The catalytic sites of ethanol oxidation by porous Au nano-
spheres and the appropriate catalytic measurement were
determined by 11 repeated experiments.

2.7 Electrochemistry enhanced Raman of anhydrous
ethanol

At room temperature, 5 mL of anhydrous ethanol was accurately
measured, placed in the instrument and given a potential of
—0.2 to 1 V. 0.5 mL of anhydrous ethanol was sampled for
testing 10 seconds later, and 0.5 mL of anhydrous ethanol was
added into the instrument. 0.4 mg of the prepared porous gold
nanospheres were added into the anhydrous ethanol. 10 s later,
a second sample was taken for detection, and 0.5 mL of anhy-
drous ethanol was also added. 75 mL 0.5 M NaOH was added to
the mixture solution, and the third sampling test was conducted
two minutes after the reaction. In order to avoid error, each
sample is tested five times.

3. Results and discussion

3.1 Preparation and characterization of porous gold
nanospheres

As shown in Fig. 2a and b, the products synthesized by chloride
acid and urea were characterized by SEM and TEM, corre-
sponding images exhibited the gold-urea complex with

Fig.2 SEM (a) and TEM (b) images of the gold—urea complex, low (c)
and high (d) magnification TEM images of porous Au nanospheres.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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uniform size of 80 nm was successfully prepared. Subsequently,
when the gold-urea complex was burned at 180 °C, Au nano-
spheres with porous structure were obtained (Fig. 2c). In addi-
tion, high-magnification TEM image in Fig. 2d clearly show that
such porous Au nanospheres consist of many nanoparticles
with average size of 8 nm.

The chemical properties of porous gold nanospheres were
studied by X-ray photoelectron spectroscopy (XPS). As shown in
Fig. 3, the Au 4f XPS spectrum of porous gold nanospheres
shows two strong peaks at 84.38 eV and 88.98 eV, assigned to Au
4f,, and Au 4f;, respectively. However, the XPS spectra of
unfired gold-urea complex contain Au 4f,,, Au 4fs,, Au®" 4f,,
and Au®" 4f;, peaks. This result indicates that the formation of
multi-empty gold nanospheres are metallic Au rather than Au®".

3.2 Catalysis of anhydrous ethanol with porous gold
nanospheres

The enhanced Raman spectrum obtained by scanning the
anhydrous ethanol solution was shown in Fig. 4. The abscissa
wave number in Fig. 4 was obtained according to the following
formula, where A; = 532 nm.

As shown in Fig. 4, there are nine obvious Raman peaks
respectively located at 888 cm ™', 1054 cm ', 1102 cm
1283 cm™?, 1458 cm ™}, 2884 cm ™Y, 2928 em ™! and 2976 cm ™.
The characteristic peak of 888 cm ™" is generated by the in-plane
contraction of C-C-0O; the characteristic bimodal C-C-O at
1054 cm ' and 1102 cm ' is produced by out-of-plane
contraction; the characteristic peak of 1283 cm ™' is produced
by C-O-H bending vibration; the Raman peak of 1458 cm ™! is
caused by the asymmetric deformation of -CHj;; the Raman
peaks of 2884 cm ™', 2928 cm ™" and 2976 cm ™' are generated by
the symmetric stretching vibration of -CH, and -CHj, the
asymmetric stretching vibration of -CH, and the asymmetric
stretching vibration of ~-CH;.*® The Raman spectra of anhydrous
ethanol at the excitation wavelength of 532 nm are basically
consistent with those recorded in the literature. Therefore,
subsequent results have certain credibility. Because of the
surface plasmon resonance characteristics, the porous gold

Intensity (a.u.)

T T T
88 90 92 94

o 8
Binding Energy (eV)

T
82

Fig. 3 Au 4f XPS spectrum of the as-prepared porous gold
nanospheres.
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Fig. 4 Enhanced Raman spectra obtained by repeated addition of
porous Au nanospheres for 10 times.

nanospheres can absorb the excitation light of the irradiated
samples, which actually reduces the internal excitation light
intensity of the irradiated samples and the Raman spectrum
peak intensity of anhydrous ethanol. Therefore, with the
increase of the amount of porous gold nanospheres, the Raman
peak strength showed a decreasing trend (as shown in group 5-
11 of Fig. 4). However, it is find that only when the amount of
porous Au nanospheres increases to a certain extent, the char-
acteristic Raman signal begins to decrease. When a small
amount is added, the characteristic Raman signal of ethanol is
gradually enhanced, especially at 2750-3000 cm ™~ wavenumber
(as shown in group 0-4 of Fig. 4).

Since the same amount of porous Au nanospheres was added
each time, the peak intensity of the porous Au nanospheres is
reduced by the same latitude. As shown in Fig. 5a, the peak
intensity of local characteristic Raman peak increased before
the third addition of porous Au nanospheres, indicating that
the chemical bond interaction between porous Au nanospheres
and anhydrous ethanol at this time was greater than the
intensity of its absorption of excitation light. At the 3rd to 5th
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Fig. 5 (a) Local Raman spectra with a wavenumber of 2884 cm™,

2928 cm™! and 2976 cm™. (b) The influence of surface plasmon
resonance characteristics of porous Au nanospheres on Raman
intensity. (c) Enhanced Raman intensities at various peak locations of
anhydrous ethanol. (d) Electrochemical-enhanced Raman spectros-
copy of ethanol.
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time, the peak intensity of the characteristic Raman peak tends
to be stable, which means that the chemical bond interaction
between the porous Au nanospheres and anhydrous ethanol at
this time tends to be close to the intensity of its absorption of
excited light. When added to 6th to 7th, the peak intensity of the
local characteristic Raman peak decreases and the decline is
more and more large, which indicates that the chemical bond
interaction between the porous Au nanospheres and anhydrous
ethanol is less than its absorption intensity of excitation light at
this time.

However, when added to 8 times, the peak intensity of local
characteristic Raman peak decreased significantly and the
decreasing range tended to be stable. It indicates that the
interaction of chemical bond between the porous Au nano-
spheres and anhydrous ethanol is far less than the intensity of
absorption and excitation light, so the catalytic efficiency is
close to saturation. Fig. 5b is a linear fitting based on the 8th to
11th Raman intensity data, which shows that the Raman
intensity of these four points has a good linear relationship.
Therefore, it can be concluded that when the dosage of porous
Au nanospheres is 0.4 mg, the catalytic efficiency tends to be
saturated. Fig. 5c is the compensated Raman peak intensity
scatter diagram. It can be clearly observed in Fig. 5c that the
porous Au nanospheres have a significant enhancement effect
on 2930 cm~ ' Raman peak, that is, under the action of porous
Au nanospheres, the -CH, asymmetric stretching vibration of
anhydrous ethanol is more active. Electrochemical enhanced
Raman (Fig. 5d) results showed that a new peak appeared at
1379 cm ™' under a certain potential, which was the in-plane
bending vibration of methylene C-H.

With the addition of porous gold nanospheres, the peak
intensity increases. When anhydrous ethanol was catalyzed, the
new peak gradually disappeared. It can be concluded that the
increase of Raman peak strength after the addition of porous
gold nanospheres is not caused by the Raman strength of gold,
but by the interaction of chemical bonds between porous gold
nanospheres and anhydrous ethanol. Therefore, under the
action of porous gold nanospheres, the C-H of anhydrous
ethanol will be more active and more prone to fracture.
Consequently, the C-H bond of -CH, is more easily broken in
the process of catalytic oxidation of anhydrous ethanol, which
promotes the process of catalytic oxidation.

As shown in Fig. 6a, the oxidation peak appears at 0.279 V
and the peak current is —3.6 x 10> A; the reduction peak
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Fig.6 (a) CV and (b) i—t curves of ethanol solution catalyzed by porous

Au nanoparticles.
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appears at 0.102 V and the peak current is 1.8 x 10> A. The
effective area of the electrode is calculated according to
Randles-Sevcik formula:

311
iy = (2.69 x 10°)n24D2y2C

A is the effective area of the electrode, cm?; D is the diffusion
coefficient of the reactants, cm® s™%; n is the electron transfer
number of the electrode reaction, v is the scanning rate Vs, C
is the concentration of the reactants, mol s ° and i, is the peak
current, A. Thus, the activation area of the electrode is 0.1725
cm?®. The reversibility of electrode reaction is good. In addition,
as shown in Fig. 6b, when the constant potential was applied to
the electrode material for a long time, the current value ob-
tained is relatively stable, indicating that the material has good
stability.

The OH ™ ions in the alkaline medium adsorbed on the gold
electrode and became the active center of the reaction. When
the potential is less than 0.6, the ethanol molecules are adsor-
bed on the active center and oxidized to form CH;CH,O and
H,0; at the potential is more than 0.8, CH;CH,O was also
adsorbed on the electrode and further oxidized to CH;COOH
with the formation of H,O. In summary, in alkaline environ-
ment, the ~-OH group adsorbed on the electrode surface is the
active center and the adsorption of -OH group on the electrode
surface promotes the dissociation of C-H in ethanol-methylene,
inducing the formation of water. Therefore, the porous Au
nanospheres as a catalyst has good catalytic performance for the
catalytic oxidation of ethanol.

4. Conclusions

In summary, enhanced Raman spectroscopy showed that the
active sites of ethanol after porous Au nanospheres was -CH,,
which enhanced the activity of C-H in -CH,. In electrochemical
experiments, the active site on the electrode promotes the
dissociation of C-H in ethanol-methylene to form water.
Therefore, when the porous Au nanospheres are used as cata-
lyst, the catalytic oxidation reaction of ethanol is easier to occur,
and the oxidation decomposition of ethanol is accelerated,
which has a better catalytic performance.
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