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Hydrogenated TiO, Nanoparticles Loaded with
Au Nanoclusters Demonstrating Largely Enhanced
Performance for Electrochemical Reduction of

Nitrogen to Ammonia

Hongmei Wang, Xing Cheng, Thomas Kups, Shaorui Sun, Ge Chen, Dong Wang,*

and Peter Schaaf

Pristine TiO,/Au (P-TiO,/Au) is modified by hydrogen plasma (H-TiO,/Au)

or hydrogen and oxygen plasma (H-O-TiO,/Au) treatment, and then used as
electrochemical catalysts for nitrogen reduction reaction (NRR). H-TiO,/Au
shows enhanced performance for the NRR process compared with both P-TiO,/
Au and H-O-TiO,/Au. After hydrogenation treatment, some disordered regions
on the surface of TiO, nanoparticles are formed, and a large number of oxygen
vacancies are incorporated into the TiO, crystalline structures. When the samples
are used as catalysts for electrochemical NRR, the yield of NH; of H-TiO,/Au is
about ten times compared to that of P-TiO,/Au and about three times that of
H-O-TiO,/Au, while the highest Faradaic efficiency of 2.7% is also obtained at the
potential of —0.1V for the H-TiO,/Au catalyst. The density functional theory
(DFT) calculation results confirm that H-TiO,/Au with oxygen vacancies and the
disordered surface layer is much preferred energetically for the NRR process. It
proves that enhanced adsorption of N, molecules on the catalyst and reduced
reaction barriers due to the presence of defects play an important role in

1. Introduction

Ammonia is one of the most popular
chemicals because it is not only a very
important source of nitrogen for agricul-
tural fertilizer, plastic, and textile industries
but also a clean energy carrier and a poten-
tial transportation fuel.l'! The reduction of
N, to produce NHj is a great way for N,
fixation because of the unlimited sources
of N, from the air. However, as we all know
that N, has extremely high bond energy
(about 940.95k] mol™?), the reduction of
N, to NH; is a kinetically complex and
energetically challenging multistep reac-
tion.!) Usually, ammonia is produced in
the industry by the Haber-Bosch (H-B)
process with Fe-based catalyst, which
usually required strict conditions of high

improving catalysts’ performances. The results show that the plasma hydro-
genation technique can be used as an efficient method to modify catalysts for

electrochemical NRR processes.
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temperature and high pressure.’! The large
energy consumption and CO, emission
of the H-B process impel researchers
to develop alternative approaches for
ammonia synthesis, for example, biological
methods,  plasma-induced  methods,
methods based on metal complexes, photocatalytic methods,
and electrochemical methods.[*! So far, numerous research work
has already been done to pursue a mild way for N, fixation, but
there are still many challenges, like expensive electrolytes,?
harsh reaction conditions,*¥ and low yields.®

The electrochemical reactions used for ammonia synthesis
have already attracted much attention because of several advan-
tages, for example, requiring mild conditions instead of high
temperature and pressure, enabling alternative energy sources,
and having appreciable energy efficiency. Also, it is an efficient
method that can save more than 20% of the energy consumption
compared to the conventional H-B process.”) At present, there
are many different catalysts that have already been synthesized
for the application of the electrochemical reduction of N, to
ammonia. First, transition metal oxides can be used for the elec-
trochemical nitrogen reduction reaction (NRR), but only several
electrocatalysts have been researched, including MoO;,®! Fe,05/
CNT,”! BiyV,011/Ce0,,'” and so on. Besides, conducting
polymers/metal-phthalocyanine complexes have been reported

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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for electrocatalytic NRR at ambient conditions.'"! Lastly, noble
metals, for example, Au,"? Ru,*¥ and Rh,™ based catalysts
show attractive activity for the NRR, but they are limited for wide
applications because of the high cost. What is more, a majority of
NRR research indicates very low Faradic efficiency (FE) of <1%
even at elevated temperature or pressure.”' Although it is
reported that notable FE of ~35% for NRR has already been
achieved, this requires additional input energy to sustain the
high temperature (200°C) and high pressure (>25 bar).'”
Another fact is that NRR proceeds at negative potentials, which
is similar to those required by the hydrogen evolution reaction
(HER). Thus, a problem is the unwanted HER reaction during
the NRR process. In this case, gold (Au) attracts the most atten-
tion as a good catalyst for NRR processes because of the low HER
activity of gold,"? which means gold has a high selectivity for
NRR. Bao and co-workers!"*! demonstrated that the electrochem-
ical reduction of N, to NH; at ambient conditions is indeed
possible by using tetrahexahedral gold (THH Au) nanorods as
an electrocatalytic catalyst, even without the aid of activating com-
plexes in the electrolyte. The reduction of product yield rates is
found to be as high as 1.648 and 0.102 pgh™' cm ™2 for NH; and
N,H4-H,0, respectively. In addition, preparing Au particles onto
oxide supports to obtain a composite catalyst system has been
proven to be a great method to get a cheap catalyst with consid-
erable catalytic performance. TiO, is often considered as suitable
support due to its low cost and high stabilities. Furthermore, an
oxygen vacancy is one of the most important defects which could
largely improve the catalyst’s electrochemistry performances for
NRR."® Hydrogenated black TiO, has drawn much attention
due to the improved performances for the applications in photo-
catalysts,'”! secondary batteries,"® and supercapacitors!*®!
because the improved performances are related to the formed
oxygen vacancies (or Ti*" species) and disordered surface layer
in the hydrogenated TiO,.

In addition, the interactions between metals and support
materials, especially the strong metal—support interaction
(SMSI), are widely proposed as a key factor in determining cata-
lytic performances toward important chemical reactions.*” The
SMSI changes the catalytic activity and selectivity of the metal
particles because it influences the electronic properties and
the morphology of metal particles (e.g., Au), and causes the
modification of metal particles with reduced supports (e.g.,
TiO,) generated by H, treatment at high temperature.*"
Besides, oxygen vacancies exert a strong influence on the
interaction of metal adatoms with the metal oxides surface.
Thus, we wonder how the hydrogen plasma treatment will
change the surface structure between TiO, support and Au
nanoparticles and the SMSI effect, and how the treatment will
influence the NRR performance.

In this work, which states results from the Ph.D. thesis of the
first author,*?! pristine TiO,/Au (P-TiO,/Au) was modified by
high power hydrogen plasma (H-TiO,/Au) as the electrochemi-
cal catalysts for the NRR. Also, for comparison, H-TiO,/Au was
further treated with O, plasma (H-O-TiO,/Au) for 5min in a
microwave plasma chamber with a power of 100W. The
P-TiO,/Au shows purple red color due to the plasmonic effect
of Au nanoclusters. After H, plasma treatment, the color
changed to blue-black, and the H-TiO,/Au shows a clearly
enhanced performance for the NRR process (yield of the NH;
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is about ten times higher), which is attributed to the formed
disordered surface layer and the oxygen vacancies. For H-O-
TiO,/Au, because of the oxygen process, the oxygen vacancies
were reduced, and electrochemistry performance is lower than
H-TiO,/Au but still higher than P-TiO,/Au. The density
functional theory (DFT) calculation confirms that the adsorption
of N, is enhanced for H-TiO,;/Au, and the reaction barrier is
reduced due to the presence of oxygen vacancies and surface
defects.

2. Results and Discussions

2.1. Characterizations and Discussions

The X-ray diffraction (XRD) patterns of samples are shown in
Figure Sla, Supporting Information. For all samples we could
find two different TiO, diffraction peaks: anatase TiO, marked
with “A” and rutile TiO, marked with “R.” The characteristic dif-
fraction peaks corresponding to anatase TiO, (101), (004), (200),
(105), (211), (204), (220), and (301) diffractions can be found at
20=25.28°, 37.80°, 48.05°, 53.89°, 55.06°, 62.69°, 70.31°, and
76.02° (PDF card 21-1272), respectively. However, the peaks
located at 260 =127.43°, 36.08°, 39.19°, 41.24°, 54.32°, 56.62°,
69.00°, and 76.53° could be attributed to (110), (101), (200),
(111), (211), (220), (301), and (202) diffraction of rutile TiO,
(PDF card 75-1754). And because the load of gold is very low,
only some small peaks are found at around 38.18°, 44.38°,
and 64.57° for the (111), (200), and (220) diffractions of gold
(PDF card 65-2870). Comparing the diffraction results before
and after hydrogenation, no obvious differences can be detected.

To future reveal some more details of P-TiO,/Au after the
hydrogenation process, Raman spectroscopy is carried out to mea-
sure the changes of the obtained specimens, which was performed
in the range of 50-1000cm™', and the results are shown in
Figure S1b, Supporting Information. The observed Raman peaks
at 151.43, 202.81, 391.77, 515.85, and 632.32 cm ™' could be attrib-
uted to anatase TiO,. In addition, the peak at 151 cm ™' decreases
sharply after plasma treatment, which is the result of the disor-
dered surface layer and oxygen vacancies (OV) formation. The dis-
ordered surface layer decreases the quality of crystalline and
increases the full width at half maximum (FWHM) of the peak.
Furthermore, it is reported that the OV existence will lead to a
linear shift of the E; mode in the Raman signal. From our result,
a redshift of Raman peak is observed after hydrogen plasma treat-
ment (Figure S1b, Supporting Information, inset), indicating the
increase of OV concentration.”?! In general, there will be two
peaks at around 448 and 800 cm™' which will be attributed to
the rutile TiO,. But in our results, the peaks are not obvious
enough to be observed. What is more, there is not much informa-
tion about gold maybe because of the low loading of gold nano-
clusters. However, compared with the P-TiO,/Au sample, the
intensity of the peaks decreased a lot after the plasma treatment.

Figure 1a shows the UV-vis absorbance spectra of the P-TiO,/
Au, H-TiO,/Au, and H-O-TiO,/Au, it clearly shows that the
P-TiO,/Au has a typical absorption behavior associated with
the strong absorption in the UV range, and a big absorption peak
at the wavelength of 550nm due to the surface plasmon
resonance effect of gold nanoparticles.** From the inset figure,

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 1. a) UV-vis absorption spectra of the TiO,/Au samples (inset: photograph of all samples) and b) Tauc plots to obtain the bandgaps.

we know the original TiO,—Au is purple-red; after hydrogena-
tion, it changed to blue-black. And the black color turned a
bit lighter after the O, plasma process. After the hydrogen
plasma treatment, both H-TiO,/Au and H-O-TiO,/Au show very
little increased absorption in the UV range, and a largely
increased absorption in the whole visible region compared to
the P-TiO,/Au sample. We calculated the optical bandgap of
the TiO,/Au samples from a Tauc plot, shown in Figure 1b,
as a plot of the (ahv)* versus hv curves.

ahv = A(hv — Eg)™ (1)

Here, a is an absorption coefficient, A is a constant, hv is the
incident photon energy, E, is the optical band gap, and the m =2
for indirect transitions. The calculated bandgaps for the

P-TiO,-Au, H-TiO,/Au, and H-O-TiO,/Au are about 3.02,
2.85, and 2.82 eV, respectively. Obviously, after the plasma treat-
ment process, a decrease of the bandgap can be found, which
could be attributed to the deep-level defects (oxygen vacancies)
induced by the plasma treatment.””) When the materials were
used as catalysts for NRR reaction, the improved performances
are related to the formed oxygen vacancies (or Ti*" species) and
disordered surface layer in the hydrogenated TiO,.

The high-resolution transmission electron microscopy
(HRTEM) images of the three samples are shown in Figure 2.
Gold particles with an average size of 20 nm were observed
for all samples. By comparing the transmission electron micros-
copy (TEM) photographs, we see some differences on the surface
of Au particles and TiO, after plasma treatment. From Figure 2c,
we can see that the Au metal particle shown clear particle

Figure 2. HRTEM images of a) b) H-TiO,/Au; c) P-TiO,/Au and d) H-O-TiO/Au.
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boundaries, while after hydrogen plasma treatment, the bound-
aries become a bit blurry (Figure 2a,b), which is because of the
interaction between the support and the metal.*") This difference
could influence the charge transfer from the substrate to the
metal adatoms which may be facilitated via the formation of
metal-Ti bonding.”® When the sample was oxidized by the
O, plasma a bit, the disordered surface layer was slightly
decreased (Figure 2d), and the influences of the plasma treat-
ment for the samples are obvious. Figure S2, Supporting
Information shows the energy-dispersive X-ray spectrometry
(EDS) patterns of P-TiO,/Au, H-TiO,/Au, and H-O-TiO,/Au,
Ti, O, and Au elements could be found for all samples.

The X-ray photoelectron spectroscopy (XPS) spectra of the
samples are analyzed to get more detailed information of the sur-
face element composition and valency. From the full spectrum
(Figure S3, Supporting Information), Ti, O, and Au elements
can be found. And there is almost no big difference between before
and after the hydrogenation process. The high-resolution spectra of
Ti 2p is shown in Figure 3a; there are two prominent peaks located
at around 458 and 464 eV, corresponding to the binding energies of
the Ti 2p;/, and Ti 2py; to the Ti*" of the TiO,.*”! From the spec-
tra, we can find that after the hydrogenation process, the peaks of
Ti 2p showed a small shift to a higher energy position compared to
the pristine sample due to the formation of disordered surface layer

(a) ,
2
=
3 464.31
2
s P-TiO,/Au
2
£ 464.62
3
N H-TiO,/Au
464.43 /1
I
5 H-O-TiO,/Au
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470 468 466 464 462 460 458 456 454 452
Binding Energy (eV)
(b)

P-TiO,/Au
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94 92 90 88 8 84 8 80 78 76
Binding Energy (eV)
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and oxygen vacancies.””” The shift in H-TiO,/Au sample is larger
than that in H-O-TiO,/Au sample, confirming that the amount of
oxygen vacancies is reduced by the oxygen plasma treatment.

As shown in Figure 3b, there are two peaks centered at about
83 and 86 eV for Au 4f spectra, which are attributed to Au 4f7/2
and Au 4f5/2, respectively. After hydrogenation, a light shift to
higher binding energy was shown, which could be influenced by
the support oxygen vacancies on the surface. And then the high-
resolution spectra of O 1s are shown in Figure 3c; there is a peak
at =529 eV, which is due to the metallic oxides Ti—O bond and
attributed to the binding energy of O*~ in the TiO, lattice. Then
for all samples, a weak peak was shown at around 531 eV, and
these peaks are consistent with the adsorbed OH™ on the surface
of Ti0,.*® We can find a similar situation with Ti 2p spectra,
H-TiO,/Au shown higher binding energy than the original
one because the hydrogenated sample has much more OH spe-
cies than others. Table S1, Supporting Information, shows the
contents of elements O, Ti, and Au in all three samples. The
Au contents are the same for these three samples, and the ratios
of O:Ti are decreased from 2.05 to 2.03 after hydrogen plasma
treatment, indicating the little reduction of oxygen atom number,
and then increased to 2.08 after the oxygen plasma treatment.

The number of defects (oxygen vacancies) can be character-
ized with electron paramagnetic resonance (EPR) measurement

(©) 40k

‘ P-TIO,/Au
30K - 015 s2974f) 2

20k

0 1 1 1 |: L 1
40k -
3904 H-TiO/Au

30k
20k -

10k -
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o 1 1 1 il 1 1
40k 1
H-O-TiO,/Au

30k
20k -
10k |

0 1
538 536 534 532 530 528 526 524
Binding Energy (eV)

Figure 3. XPS spectra of a) Ti 2p, b) Au 4f, and c) O Ts of P-TiO,/Au, H-TiO,/Au, and H-O-TiO,/Au.
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Figure 4. a) The EPR spectra of all the samples; b) Fourier transform (FT) of the Au L3-edge of X-ray absorption spectra.

which is sensitive to the unpaired electrons. Figure 4a shows the
EPR spectra of the samples. The big peak for the three samples
centered at g=2.004 is attributed to the surface Ti*""7%*) and
single O, radical trapped by O, adsorbed at oxygen vacancy.*”!
The H-TiO,/Au sample showed the highest intensity of the EPR
signal, while the intensity of H-O-TiO,/Au decreased a bit
compared with the P-TiO,/Au and H-TiO,/Au. It means the
oxygen vacancy is reduced after the oxidation process. And it
is clear that the high-power hydrogen plasma treatment is an
efficient method to introduce Ti*>" species and oxygen vacancies
on the material surface.

To study the local electronic structure of the Au particles as well
as the interaction with the TiO, support, the spectra of X-ray
absorption spectroscopy (XAS) of the samples are carried out
and displayed in Figure 4b. XAS shows the short-range local struc-
ture of gold in the materials, which would be supporting informa-
tion for future DFT simulation. We could find an obvious Au-O
shell (R=1.5A)®Y for H-TiO,/Au and H-O-TiO,/Au, and the
P-TiO,/Au also shows an Au-O shell, but the intensity is weaker
than the plasma-treated materials. Compared with the other sam-
ples, H-O-TiO,/Au shows a new Au-O shell (R = 2.02 A), which
could be attributed to the oxygen plasma treatment. And the main
gold structure is Au-Au (R = 2.45 and 2.98 A) according to the Au
foil spectrum. The sample did not show any kinds of new H-bonds
after hydrogen plasma treatment, but the electronic atmosphere of
the Au was changed, which could attribute to the metal-support
interactions between Au particles and TiO, supporting materials
(discussed in the changes of TEM images).

2.2. Electrochemical NRR Performance

All three TiO,/Au composites as the catalyst for electrochemical
NRR were tested. TiO,/Au catalyst was used as cathodic catalysts,
and NRR is initiated at different potentials versus reversible
hydrogen electrode (RHE) under N, saturation at room temper-
ature and atmospheric pressure. During this experiment, N, gas
is supplied in a feed gas stream to the cathode, where protons
transported through the electrolyte (pH =1 HCI aqueous solu-
tion) reacted with N, to produce NH; and all the electrochemistry

Energy Technol. 2022, 10, 2200085 2200085 (5 of 9)

reaction time is 1 h. The determination of the produced ammo-
nia was carried out by the indophenol blue method with some
modifications. Figure S4, Supporting Information shows the
absorption spectra of the resulted electrolytes in the presence
of an indophenol indicator. From Figure S4a, Supporting
Information, we could see that the absorption intensity becomes
higher when the H-TiO,/Au sample serves as the catalysts com-
pare to P-TiO,/Au and H-O-TiO,/Au. Figure S4b, Supporting
Information, shows that the highest absorption intensity is
achieved when an applied potential of —0.1V versus RHE
is used. According to the absorption, the calculated NH;
yield and the corresponding FEs at different potentials are
shown in Figure 5. Figure 5a shows that when the reaction
voltage is at —0.1V versus RHE, the catalysts have the best
activities for NRRs. The yield of H-TiO,/Au is about
0.19 pmol h. ™ mg_,, %, while after a light oxygen plasma-treated
process, the yield of H-O-TiO,/Au decreased to about
0.07 pmol h.™* mg., ; it means after the oxidizing process, with
the decreasing of the disordered surfaces, the activity of the cata-
lyst decreased a lot. While the pristine sample (P-TiO,/Au) with-
out any modifications has the lowest NH; yield, just around
0.02 pmolh. ' mg.,.~, it was just about one-ninth that of
H-TiO,/Au catalyst. When the work potential was changed from
—0.1to —0.2, —0.3, and —0.4 V respectively, the production rate
of NHj3 decreased a lot for all three samples, which could be
attributed to the competitive adsorption of N, and hydrogen spe-
cies on the electrode surface.'? As the catalytic potential moves
below —0.1 V versus RHE, the HER will become the primary pro-
cess in this catalytic system,*? which is the main reason for a
super low NHj3 production with a lower potential. Especially at
the potentials such as —0.3 and —0.4V, the pristine TiO,/Au
(P-TiO,/Au) did not show any activity for the NH; production,
while the modified sample still worked well somehow but with
a much lower production rate of NH;. Figure 5b is the FE of the
catalysts for NRR, and the highest FE of 2.7% is obtained for
H-TiO,/Au at —0.1V, while the H-O-TiO,/Au just has a FE of
about 0.9% at —0.1V. For the original sample, P-TiO,/Au only
has a FE of around 0.4%. The FE at -0.1V is improved for
approximately six times higher after the hydrogen plasma
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Figure 5. a) Yield rate of NH; with different catalysts at different potentials under room temperature and ambient pressure; b) FE at each given potential.
c) Free energy changes of the diagram and alternating hydriding pathway for NRR process of H-TiO,/Au and P-TiO,/Au; d) relative free energy and
alternating hydriding pathway for NRR process of H-TiO,—Au and P-TiO,—Au (lines are only to guide the eye).

treatment, which leads to the formation of many oxygen vacan-
cies and disordered surface layers of TiO, nanoparticles. Another
thing that should be noted is that with the increase of the reaction
potentials from —0.4 to —0.1V, the FE increases faster than the
yield rate of NH;. That is because of the involved competitive
reaction of hydrogen evolution. This is still a burning problem
for high-performance NRR catalysts.

For practical application, the durability of the catalysts for
improved NRR is critical. To determine the stability, chronoam-
perometric tests were conducted. Figure S5, Supporting
Information, shows the chronoamperometry results of the three
samples at different potentials. All of three samples show a very
good NRR stability for the duration of 3600 s because of the high
stability of TiO,. The samples with plasma treatment show quite
similar current density and both of them are much higher than
the pristine sample. This means that the hydrogen plasma
treatment process improved the electrochemical performances
of theTiO,/Au nanoparticles a lot and the reaction current is
considerably enhanced.

For the mechanism of the NRR process, the present work is
similar to another research work from Bao and co-workers.*!
They explained the mechanism of the NRR as an associative
alternating pathway®?: first, N, is much easier to be absorbed
on the surface of gold particles because of the positive charge
status, and the N,—Au bond will be formed. Second, the active

Energy Technol. 2022, 10, 2200085 2200085 (5 of 9)

protons in the electrolyte will be active to form an N—H bond to
break the N =N triple bond. Finally, hydrogenation of the N, is
carried out by adding H atoms one by one from the electrolyte
and an electron from the electrode surface. The whole reaction
process is described in Figure S6, Supporting Information. In
this case, NHj is the major nitride of the electrochemical reaction
process, and it means that the TiO,/Au catalyst has a great selec-
tivity for producing NH; than other nitride productions.
According to the characterization results of TEM, UV-vis,
XPS, and EPR, we would say that the oxygen vacancies and dis-
ordered surface layer exist after the hydrogen plasma treatment.

Thus, the question arises of how the oxygen defects could
affect the performance of the sample as an electrochemical
reduction reactions catalyst. To further determine the NRR
mechanism, DFT was used to analyze the catalyst’s proces-
ses.'“*¥ The free energy changes (AG) and relative free energy
of the elementary reactions are established in Figure 5c,d. From
Figure 5¢, for the first step, the AG of N, adsorption on the H-
TiO,/Au is lower than that on the P-TiO,/Au; it means the first
step of the NRR reaction is easier with H-TiO,/Au due to better
adsorption of N,, which is the effect from the existence of oxygen
vacancy. Then, according to the calculation results (Figure 5d),
the formation of the —NNH intermediate (step 2 in the figure)
is the rate-determining step of the whole NRR process, and the
relative G of H-TiO,/Au is lower than P-TiO,/Au at this step; it
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makes the reaction to be preferred to happen. From this step on,
all the step reactions of H-TiO,/Au are exothermic reactions,
while the fourth step of P-TiO,/Au (from —NHNHH + 3/
2 x H, to —-NHHNHH + H,) is an endothermic reaction, which
needs more energy to let the reaction happen. Therefore, it is
concluded that the NRR reaction on H-TiO,/Au is enhanced dra-
matically compared to P-TiO,/Au. The DFG calculation results
indicate that the enhanced NRR performance is contributed from
the improved adsorption of N, and reduced reaction barrier by
the formed oxygen vacancies and disordered surface layer.
Figure S7, Supporting Information, shows the structures of each
reaction step on Au of the H-TiO,/Au catalysts for the NRR pro-
cess. The hydriding pathway to produce NHj is clearly illustrated
in the picture.

3. Conclusion

A hydrogenated blue-black TiO,/Au (H-TiO,/Au) composite is
obtained with a plasma treatment process. The plasma-treated
materials show an enhanced light absorption in the visible region
due to the formation of many oxygen vacancies in the TiO, nano-
particles. In addition, a disordered surface layer with a very shin
thickness (<1 nm) is also formed. The H-TiO,/Au sample shows
clearly enhanced performance for the electrochemical NRR for
NH; production. The production rate of NH; of blue-black H-
TiO,/Au is around 10 times that of the original sample, while
the highest FE of 2.7% is obtained at the potential of —0.1V.
The DFT calculation results confirm that the plasma-treated mate-
rial with oxygen vacancies and disordered surface layer has better
adsorption of N, and reduced reaction barrier for the NRR process.

4. Experimental Section

Samples Preparation: The pristine TiO,/Au (P-TiO,/Au, gold nanoclus-
ters supported by P25 TiO, nanoparticles, Au load: ~2wt%) was
purchased from Particular GmbH (Germany) and used without any
purification. P-TiO,—Au powder (100 mg) was dispersed into 30 mL etha-
nol under an ultrasonic condition to get a homogenous ink and then drop-
casted onto a 6 in. Si wafer. The drop-casted wafer was transferred into the
inductively coupled plasma chamber (Plasmalab 100 ICP-CVD, Oxford
Instruments) for plasma-enhanced hydrogenation treatment. Before
hydrogenation, the chamber must be cleaned to make sure the process’s
reproducibility. Then, the H, plasma treatment was performed at 300 °C
for 0.5h. The ICP power was 3000W, the chamber pressure was
26.5-28.3 mTorr, and the H, flow rate was 50 sccm. After this treatment,
hydrogenated TiO,/Au (H-TiO,/Au) were obtained and scratched from Si
wafer for further investigations. For comparison, H-TiO,/Au was further
treated with O, plasma for 5 min in a microwave plasma chamber (TePla
O, plasma setup) with a power of 100 W. The obtained H-O-TiO,/Au and
the P-TiO,/Au were used as the control samples for the investigations.

Characterizations: The crystalline structure of the nanoparticles was
characterized by XRD (SIEMENS D5000) using Cu Ko radiation. The sam-
ples were characterized by using TEM (Tecnai F20), where also EDS was
carried out. The optical absorption in the range from UV to the visible
wavelength was measured by a diffuse reflectance accessory of a
UV-vis spectrometer (Cary 5000 UV-vis—NIR). The XPS analysis was per-
formed by a spectrometer (Kratos Axis Ultra XPS) with monochromatized
Al Ka radiation and an energy resolution of 0.48 eV. Raman spectroscopy
was performed with a Renishaw In-Via System utilizing a 514.5nm
incident radiation and a 50x aperture (N.A.=0.75), resulting in an
~2 pm diameter sampling cross section. EPR spectra were recorded at
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the temperature of 77 K using a Bruker BioSpin CW X-band (9.5 GHz)
spectrometer ELEXYS E500. Au Llll-edge extended X-ray absorption fine
structure (EXAFS) data were acquired at the TW1B beamline of the
Beijing Synchrotron Radiation Facility, China. The electron beam energy
of the storage ring was 2.5 GeV with a stored current of 200 mA. Au foil
was used as a reference sample and data were obtained in transmission
mode, while data for the TiO,/Au catalysts were acquired in fluorescence
mode. The data were processed and analyzed using the Demeter 0.9.25
software package.

Cathode Preparation: Typically, 4 mg samples and 5 pL of Nafion
solution were dispersed in 100 pL ethanol and 100 pL ultrapure water
by sonicating for 30 min to form a homogeneous ink. Then the ink was
loaded onto a carbon paper (Toray 090) with an area of 2 x 2 cm and dried
under vacuum at room temperature overnight.

NRR  Electrochemical Measurements: The N, reduction reaction
electrochemical measurements were carried out with an electrochemical
workstation using a three-electrode configuration with TiO,/Au working
electrode, Pt foil counter electrode, and Ag/AgCl (saturated KCl electrolyte)
reference electrode, respectively. The electrolyte is 0.1 M HCl with N; satu-
rated for 30 min before the test. The reference electrode was calibrated on a
RHE. The calibration was performed in the high purity hydrogen
saturated electrolyte with Pt foils as both working electrode and counter
electrode in 0.1 M HCl electrolyte. Cyclic voltammetry tests were run at a
scan rate of 0.5 mV s, and the average value of the two potentials at which
the H; oxidation/evolution curves crossed at | = 0 was taken to be the ther-
modynamic potential for the hydrogen electrode reactions. Thus, in 0.1 m
HCl, E (RHE) = E (Ag/AgCl/saturated KCl) + 0.28 V in this work.

Determination of Ammonia: First, 2 mL of solution was removed from
the electrochemical reaction vessel, and subsequently, 2mL 1T m NaOH
solution containing 5wt% salicylic acid and 5wt% sodium citrate, fol-
lowed by the addition of 1 mL of 0.05 M NaClO and 0.2 mL of an aqueous
solution of 1wt% CsFeNgNa,O (sodium nitroferricyanide). After 2h at
room temperature, the absorption spectrum was measured using an
UV-vis spectrophotometer. The formation of indophenol blue was deter-
mined using absorbance at a wavelength of 655 nm. The concentration—
absorbance curves were calibrated using standard ammonia chloride
solutions, which contained the same concentrations of HCl as used in
the electrolysis experiments. And then we used the UV-vis spectrum of
every sample and the fitting calibration curve to calculate the amount
of ammonia that was produced during the NRR process.

FE: The FE for NRR was defined as the quantity of electric charge used
for synthesizing ammonia divided the total charge passed through the
electrodes during the electrolysis. The total amount of NH; produced
was measured using colorimetric methods. Assuming three electrons
were needed to produce one NHs molecule, the FE can be calculated
as follows: Faradaic efficiency =3 F X cyps X V/(17 X Q), where F is
the Faraday constant and Q is the elementary charge. The rate of ammonia
formation was calculated using the following equation

nrs = (Enms X V) /(E x m) )

where cyp3 is the measured NH;3 concentration, V is the volume of
electrolyte, t is the reduction reaction time, and m is the catalyst mass.

Calculation Method: The first-principal calculations were performed
with the Vienna Ab initio Simulation Package (VASP). The ion—electron
interactions were treated with the projected-augmented wave (PAW)
method. The exchange—correlation interactions were calculated with the
PBE scheme. The energy cutoff was set to 400 eV, and the self-consistent
convergence was set at criteria of 0.0001 eV atom ™. The spin polarization
was considered in the calculation.

The Norskov's computational hydrogen electrode (CHE) method was
applied to calculate the reaction free energy (AG) for NRRs. In the method,
with the standard conditions (pH =0, p =1 bar, T =298 K), the AG of the
reaction

A+ H fe — AR 3)

could be calculated from the reaction
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A 4+ 1/2H, — AH", e, )
AG = G(AH")-G(1/2H,)-G(A*) + eU’ (5)

Here, U is the electrode potential versus SHE, and in alkaline condition,
the formula between U’ and U is U’ = U + 0.059*(pH).
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