Unravelling the Effects of Layered Supports on Ru Nanoparticles for
Enhancing N:; Reduction in Photocatalytic Ammonia Synthesis

Huimin Liu !, Ping Wu [} ! Haitao Li ¥, Zibin Chen ), Lizhuo Wang ®!, Xin Zeng ¥, Yuxiang Zhu

[ Yijiao Jiang ¥, Xiaozhou Liao ), Brian S. Haynes [#, Jinhua Ye ", Catherine Stampfl ®*, Jun Huang
[a]*

[a] Laboratory for Catalysis Engineering, School of Chemical and Biomolecular Engineering, The
University of Sydney, Chemical Engineering Building JO1, Sydney, New South Wales 2006, Australia.
E-mail: Jun.huang@sydney.edu.au

[b] School of Physics, The University of Sydney, Sydney, New South Wales 2006, Australia
E-mail: Catherine.stampfl@sydney.edu.au

[c] School of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney,
Sydney, NSW 2006, Australia
[d] Department of Engineering, Macquarie University, Sydney, New South Wales 2109, Australia

[e] International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for
Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan



ABSTRACT:

Harnessing the vast supply of solar energy as the driving force to produce ammonia from abundant nitro-
gen gas and water is beneficial for both relieving energy demands and developing sustainable chemical
industry. Bulk carbon nitride (B-g-C3N4), exfoliated carbon nitride (E-g-C3Na4) and graphite (g-C) sup-
ported Ru-K catalysts, denoted as Ru-K/B-g-C3N4, Ru-K/E-g-C3N4 and Ru-K/g-C, respectively, with the
layered materials serving both as supports and light harvesters, were designed for photocatalytic ammonia
synthesis. It was discovered that, besides the light harvesting properties of the catalysts which played roles
in photocatalytic reactions, the structure of the supports influenced greatly the preferential locations of
Ru species, which further exerted effects on the N2 activation process and ultimately impacted the ammo-
nia production rate. The fine Ru nanoparticles uniformly and randomly dispersed on the monolayered E-
g-C3Na did not provide outstanding activity in ammonia photosynthesis; in contrast, Ru nanoparticles at
the step edges of bulk g-C3Na4 exhibited lower overall barriers for N2 activation and a much enhanced
photocatalytic ammonia synthesis rate due to the synergy effects between metal and support as confirmed
by density functional theory (DFT) calculations. The discovery of the relationship between reactivity and
support geometry in this study will be important in guiding the rational predesign of efficient photocata-

lysts.

KEYWORDS: Ammonia synthesis; layered support; Ru-based catalysts; Synergy effects between metal
and support; N2 activation



Introduction

Owing to its use in the fertilizer industry and in creating building blocks for the synthesis of vari-
ous pharmaceutical products, ammonia (NH3) is recognized as one of the mainstays in the modern world,
with 160 million tons of ammonia being synthesized per year !'"*). However, the industrialized Haber-
Bosch process suffers from a number of disadvantages, such as using high value-added clean energy Ha
and requiring harsh reaction conditions (temperatures: 400-500 °C and pressures: >60 bar) 51, In this
respect, it will be of great significance to develop a low-cost approach for ammonia synthesis, which

could be carried out under mild reaction conditions.

Photocatalytical reduction of nitrogen with water is a promising alternative route for ammonia synthesis.
On one hand, water, the cheapest and most abundant hydrogenated resource, has proven to be a favourable
substitute for H2 in ammonia synthesis in several pioneering studies [""*); and on the other hand, photore-
duction of nitrogen to ammonia using solar light is a sustainable and green ammonia synthesis route -1,
Several semiconductors, including bismuth oxyhalides, titanium dioxide and ultrafine BisO7Br, have been
used for photocatalytic ammonia production U-'!l. Nevertheless, the efficiencies of these photocatalysts
are still low. Therefore, it remains of great importance to develop a photocatalyst which could drive the

nitrogen reduction process efficiently.

For the photocatalytic ammonia synthesis process, the cleavage of strongly bonded N=N bond (945 kJ
mol ™) is the rate determining step [!>!%]. Previous research has revealed that high photocatalytic nitrogen
reduction activities and ammonia synthesis capacities could be achieved by introducing transition metals,
such as Fe or Ru, to semiconductors for promoting the N=N cleavage process ['>2!]. In comparison to Fe,
Ru is more favourable for N=N activation because it requires relatively mild reaction conditions ['>"'®) and
high catalytic activities can be achieved by adding alkali or alkaline earth metals, such as K or Ba, as
promoters.

It has been widely reported that the architecture and interaction between supports and metal nanoparticles

(22-25] For pho-

could significantly influence the activities of metal nanoparticles in the catalytic reactions
tocatalytic ammonia synthesis via N2 fixation, although several studies have been carried out over
Ru/semiconductor catalysts [2°2%], to the best of our knowledge, there have been no reports on investigat-
ing the structural effects of the semiconductor support on the photocatalytic performance. Therefore, it is
important to investigate this unexplored area, since its success will definitely contribute new knowledge

and foster the development of the targeted research area.


https://en.wikipedia.org/wiki/Pharmaceuticals

Two dimensional semiconductors have been widely used as supports of photocatalysts in the form of
either their bulk particles or exfoliated monolayers, with monolayered supports generally being consid-

30321 Among the numerous two dimen-

ered to contribute higher activities than their bulk counterparts !
sional semiconductors, graphitic carbon nitride (g-C3Na) is attracting significant attention and has been
extensively investigated in the area of photocatalysis because of its remarkable light harvesting capacity
in the visible light region [**3%], Further, g-C3N4, including both bulk g-C3N4 (B-g-C3Na) and exfoliated
g-C3N4 (E-g-C3N4), has proven to be capable of activating nitrogen with light irradiation [*6*1, In the
present study, both bulk and exfoliated forms were adopted as supports for Ru-based catalysts for photo-
catalytic ammonia production. In addition, commercial graphite (g-C), a material with a layered structure
similar to that of B-g-C3N4 but with a very different response to light irradiation, was employed as a
reference support. The physicochemical and photoelectrical properties of the supports and catalysts were
characterized in detail to establish the relationship between reactivity and support/catalyst geometry with

the assistance of theoretical simulations, which will be important in guiding the rational predesign of

efficient photocatalysts for ammonia synthesis.
Experiment
Catalyst preparation

Urea, iso-propanol, KNO3, RuCl; and g-C were commercial from Sigma-Aldrich and used as received.
Bulk carbon nitride (B-g-C3Na4) was prepared by thermally decomposing urea at 550 °C for 4 h (%), E-g-
C3N4 was synthesized by exfoliating B-g-C3Na4 by the ultrasonic method *!. Typically, 100 mg B-g-C3N4
was dispersed in 100 mL iso-propanol, and sonicated for 10 h. The suspension was subsequently centri-
fuged at 5000 rpm and 22000 rpm, respectively, to remove the un-exfoliated B-g-C3Na4. The precipitate
was then dried at 80 °C to obtain E-g-CsNa.

Catalysts Ru-K/B-g-C3N4, Ru-K/E-g-C3N4 and Ru-K/g-C were prepared via incipient wetness impregna-
tion method in consecutive steps, firstly with KNO3 followed by RuCls solution. In the study, the theo-
retical loadings of K and Ru were controlled as 5.0 wt% and 2.0 wt%, respectively. Before characteriza-
tion and reaction evaluation, the catalysts were calcined in 5% H2/Ar at 400 °C for 4 h to remove Cl

residue and reduce Ru to the metallic state.
Catalyst characterization

The crystalline structures of the catalysts were analysed by an X-ray diffractometer (XRD, SIEMENS
D5000) using Cu Ka radiation (wavelength of 0.1542 nm). The surface area, average pore size, and total
pore volume of the samples were determined by measuring the N2 adsorption-desorption isotherms on an

Autosorb IQ-C system. The light absorption properties of the catalysts were carried out over a UV-visible



spectroscopy (Shimadzu, UV-3800 Plus). The morphology of the supports and catalysts were character-
ized by transmission electron microscopy (TEM, JEOL 3000). The actual contents of Ru and K over the
catalysts, as well as the leaching of Ru and K over the catalysts during reaction evaluation, were analysed
by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Varian 720-ES). The photocur-
rents of the supports and catalysts were measured on a CHI electrochemical analyser using a standard

three-electrode mode with 0.5 M Na2SOs solution as the electrolyte.
Catalyst evaluation

The catalytic performance for the ammonia synthesis reaction was carried out in a 100 mL Teflon-lined,
quartz-windowed autoclave. 3.0 mg of the catalyst was dispersed into 15.0 mL deionized water, with 1.0
mL methanol serving as the sacrificial agent. The autoclave was exchanged by 2.0 bar N2 ten times to
remove inside residual air and then refilled by 2.0 bar N2. The reaction was maintained for several hours
with stiring and light irradiation (PE300 Xe lamp). The amount of ammonia production was identified by
the indophenol blue method. As reference, the catalytic performance of Ru-K/B-g-C3N4 and Ru-K/E-g-
C3Na4 for the hydrogen evolution reaction were also carried out, with the procedure the same as the one

for the ammonia synthesis process, except that Ar, instead of N2, was used.

Theoretical calculations

Spin-polarized density functional theory (DFT) calculations were performed using the VASP software.!*>

431 The generalized gradient approximation of Perdew, Burke and Ernzerhof (PBE)!**! was used for the
exchange-correlation functional. The kinetic energy cut-offs were well tested to yield good convergence
of the total energy, where 500 eV was used for all calculations. To correctly describe the strong van der
Waals interactions between the neighboring g-C3Na4 layers, the DFT-D3 approach of Grimme was ap-
plied.*! A Monkhorst-Pack grid was used and the mesh of k-points (3x3x1 for E-g-C3N4 and 1x3x1 for
B-g-C3N4) was well tested for the structure relaxation and the total energy calculations. The climbing
image nudged elastic band (CINEB) method was used for transition-state searches and barrier height de-
termination.[*®) Residual forces were within 0.02 eV/A for geometry optimizations and 0.03 eV/A for

transition-state location.

The calculated lattice constants of bulk g-C3Ns are a=b=7.13A and ¢=3.245A, in good agreement with
the previous theoretical calculations (a=b=7.178 A, ¢=3.297 A"l and a=b=7.11 A, ¢=3.19 A*®)). The
adsorption energy was defined as Eabs=FEtotal - Especies - Esub, Where Etotal, Esub and Especies are the total energy

of the whole system, the clean support surface, and reaction gas or metal cluster in vacuum, respectively.

Calculation of the size of [Ru(H20)s]*>*



The precursors in solution exist as [Ru(H20)s]**. [Ru(H20)s]*" is octahedral, with a Ru-O bond length of
0.214 nm*, so the diameter size of [Ru(H20)s]** would be at least 0.42 nm (0.428nm=2x0.214 nm).

Results and discussion

The XRD pattern of commercial g-C revealed the representative diffraction peak for carbon based
materials at 27.3 ° (Figure 1a) °!l. As-prepared B-g-C3N4 and E-g-C3N4 exhibited the typical diffraction
feature of g-C3Na4 at 13.9 ° and 27.8 ° (Figure 1a), with the two peaks resulting from the graphite structure

33391 The successful exfoliation of E-g-C3Na4 was confirmed by com-

and tri-s-triazine units, respectively |
paring its properties with its precursor B-g-C3Na. As shown in Table 1 and Figure S1, the surface area
is increased from 35.3 to 88.0 m? g’!. The light absorption edge of E-g-C3N4 locates at a shorter wave-
length (Figure 1b and Figure S2). Figure 2a shows E-g-C3Na4 has a wider optical bandgap than B-g-C3Na.
A slightly shifted peak in the photoluminence spectrum was found in E-g-C3N4 (Figure S3). The photo-
current of E-g-C3N4 in Figure 2b is also enhanced due to its good electron-hole separation and transport
properties. The TEM image of E-g-C3N4 is much more transparent (Figure 3a) than those of g-C (Figure

3b) and B-g-C3N4 (Figure 3c) 33,
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Figure 1 (a) XRD diffraction patterns (the symbols *, - and + represent C3N4, Ru and C, respectively),
and (b) UV-visible spectra of supports and catalysts.



Table 1 Physicochemical properties of the supports and catalysts.

Support/Catalyst  Sper (m? g')®  Ru content (wt. %)° K content (wt. %)°

graphite 16.2 - -

B-g-C3N4 35.3 - -

E-g-C3N4 88.0 - -
Ru-K/graphite 3.8 1.76 4.30
Ru-K/B-g-C3N4 24.5 1.80 4.09
Ru-K/E-g-C3N4 52.5 1.67 3.76

2 obtained by the N, adsorption-desorption method through the Brunauer-Emmett-Teller equation.
® analyzed by ICP-AES method.
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Figure 2 (a) Enlarged UV-visible spectra of B-g-C3N4 and E-g-C3Ns4 in the range of 350-450 nm. (b)
Photocurrents over the supports. (c) Photoluminescence spectra and (d) photocurrents of supports and

catalysts.

C3Ns, (e) Ru-K/g-C, (f) Ru-K/B-g-C3Na, (g) high resolution TEM image of Ru-K/B-g-C3N4 in Figure 2f,

and (h) FFT image of the particle in Figure 2g.

After the loading of Ru and K, obvious diffraction peaks attributed to metallic Ru were observed over Ru-
K/g-C and Ru-K/B-g-C3N4, which are attributed to the unfavourable dispersion of Ru species on the sup-
ports with smaller specific surface areas (Figure la, Table 1 and Figure S1). Over Ru-K/E-g-C3N4, no
diffraction peaks assigned to metallic Ru were detected (Figure 1a), suggesting that the Ru nanoparticles
were very fine and well dispersed over E-g-C3Na4. Even though the loadings of K were high (up to ca. 4
wt. %, Table 1), no diffraction peaks attributable to K species were observed in any of the catalysts,
indicating that K species were of very small structures, highly dispersed over the three supports (Figure
la). The shift of representative diffraction peak for g-C3Na to high values is probably due to the lattice
distortion resulted by the doped Ru and K. The dispersion behaviours of Ru particles and K species over
the Ru-K catalysts were further confirmed via their TEM images in Figure 3d-3h. As in this study, two
metals were loaded onto a specific support, it is important to distinguish the two metals from each other.
Here, the crystalline structure and the fast fourier transform (FFT) diffraction spot analysis of all the ob-
servable nanoparticles were carried out to identify their compositions, with the nanoparticles displaying
in the square of the TEM image of Ru-K/B-g-C3N4in Figure 3f as a typical example. Its high resolution
TEM image (Figure 3g), together with the FFT diffraction spots at 2.05 A and 1.35 A (Figure 3h) which



could be assigned to the (101) and (110) planes of hexagonal close-packed Ru Y, suggest that the nanopar-
ticle was metallic Ru. All the observable nanoparticles were confirmed to be metallic Ru while K species
were not detected, indicating K was well dispersed with very small sizes. The average sizes of Ru nano-
particles over Ru-K/E-g-C3N4, Ru-K/g-C and Ru-K/B-g-C3N4 could be obtained from the TEM images
in Figures 3d-3f, and they were 2.8 nm, 6.9 nm and 4.2 nm, respectively. The light absorption properties
(Figure 1b), photoluminence properties (Figure 2(c)) and the trend in photocurrents (Figure 2(d)) were
not influenced greatly after the loading of Ru and K. The trend in photocurrents is Ru-K/E-g-C3Ns > Ru-
K/B-g-C3sN+> Ru-K/g-C.
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Figure 4 (a) The amount of ammonia production over the supports and catalysts with a reaction time of
10 hours, and (b) effects of reaction time on the amount of ammonia production over Ru-K/B-g-C3Na,

Ru-K/E-g-C3N4 and Ru-K/g-C.

The detailed results for photocatalytic ammonia synthesis are displayed in Figure 4. As expected, g-C
exhibited nearly no catalytic activity because of its poor light absorption capacity (Figure 1b), while B-g-
C3Ns and E-g-C3N4 exhibited some but low activities for ammonia production (0.00-0.08 mmol g™ am-
monia production at 10 hours reaction), with the activities over the supports conforming to the trend of
E-g-C3N4 > B-g-C3N4 > g-C (Figure 4a). The higher activity over E-g-C3Na relative to that over B-g-C3N4
is due to its larger specific surface area, and more efficient electron/hole separation and transport processes

(Table 1 and Figure 2b) 33-31,

Introducing Ru and K in order to promote N2 activation increased ammonia production from 0.00-0.08
mmol g™ up to 0.21-0.85 mmol g! after 10 hours reaction (Figure 4a). We had expected E-g-C3Na4, com-
bined with the highly dispersed and fine Ru particles on Ru-K/E-g-C3N4, to be more active in ammonia
synthesis compared to the Ru particles poorly dispersed on B-g-C3N4 with lower surface area (Ru-K/B-g-
C3Na4), however, the yield of ammonia production over Ru-K/B-g-C3N4 (0.85 mmol g!) was nearly 2.6
times higher than that over Ru-K/E-g-C3N4(0.33 mmol g!) after 10 hours reaction, opposite to the above



expectation. The activity tests, as the function of time in Figure 4b, further confirmed the trend of ammo-
nia production rates as Ru-K/B-g-C3Ns > Ru-K/E-g-C3Ns > Ru-K/g-C. ICP-AES analysis of the post-
reaction aqueous solutions revealed that the leaching of Ru and K over the catalysts could be neglected

during 10 h evaluation (Table S2).

It is considered whether the NH2/NH groups on g-C3N4 would be consumed during the reaction and con-
tribute to ammonia synthesis. It can be stated that the NH2/NH groups on g-C3N4 has negligible contribu-
tion to the overall ammonia production due to the following three reasons. (1) Over each of the catalysts,
the amount of ammonia production increased nearly linearly with reaction time (Figure 4b), indicating
that the ammonia synthesis was not based on the consumption of NH2/NH groups. The reason is that, if
the NH2/NH group contributed significantly to ammonia production, more ammonia would be generated
at the initial stage of the reaction, and the reaction rate decreased gradually with the consumption of
NH/NH: groups. (2) The sp® C-N bond is quite stable and the dissociation energy is about 3.39 eV 2,
while the adsorption energy of NH/NH2 on Ru surface is 1.02/1.72 eV!®*l, Thus, the cleavage of C-N bond
and formation of Ru-N bond should need high energy to overcome the energy barrier. (3) Given the same
molecular formula between E-g-C3N4 and B-g-C3N4, E-g-C3N4 should possess the same amounts of
NH2/NH as B-g-CsNs if the same amounts of g-C3N4 were used as photocatalyst, which then leads to
comparable or higher photocatalytic performance over E-g-C3Na4 than B-g-C3Na4 (by taking the facilitated
electron-hole separation over E-g-C3N4 into consideration). However, the ammonia yield on B-g-C3N4

was higher than E-g-C3Na.

Considering that photocatalytic ammonia production is a tandem reaction, comprising two consecutive
reactions, photocatalytic H2 evolution and ammonia synthesis from N2 and Hz, respectively, photocata-
lytic Hz evolution activities over Ru-K/E-g-C3N4 and Ru-K/B-g-C3Na were evaluated for reference. It was
found that, over a 10 h reaction period, H2 production amounted to 2.1 mmol g™ and 2.9 mmol g over
Ru-K/B-g-C3Nsand Ru-K/E-g-C3Na, respectively. Furthermore, H2 generation could also be detected over
Ru-K/B-g-C3N4 and Ru-K/E-g-C3N4 catalysts during the ammonia synthesis process. This suggests that
H> or H radical generation is not the rate-determining step in the ammonia synthesis and that Ru-K/E-g-
C3Na4 exhibits greater activity than Ru-K/B-g-C3Na in photocatalytic reactions, consistent with the greater
electron-hole separation capacity of E-g-C3N4 333, We therefore conclude that the second reaction, am-
monia synthesis from N2 and Hz, is the rate-determining step, and that the synergetic effects between Ru
and g-C3Nas other than photo-properties, must be responsible for the significant enhancement of the N

dissociation and reaction with Ha that lead to the greater ammonia production rate over Ru-K/B-g-C3Na.

The TEM image of Ru-K/B-g-C3Nas revealed that the Ru particles preferred to stay on the edges of the

support B-g-C3Nas (Figure 3f), and a similar phenomenon was also observed for the Ru particles on Ru-



K/g-C (Figure 3e). In contrast, the TEM image of Ru-K/E-g-C3N4in Figure 3d revealed that the Ru par-
ticles were relatively uniformly dispersed on E-g-C3Na4, and no obvious location preference was observed.
As the TEM images (Figure 3a-3c) revealed, E-g-C3N4 was monolayer/few-layer structured, while B-g-
CsNaand g-C were multilayered. This raised the questions of whether the layered structure of the supports

could exert an influence on the locations of Ru particles and K species, which we investigate below.

As described in the catalyst preparation section, Ru and K are loaded onto the catalyst by exposure to
aqueous solutions of their salts. We note that the precursors in solution exist as Ru(H20)s>" * and K*,
which have cation diameters of 0.42 nm and 0.14 nm 3], respectively. Compared to the layer spacing of
ca. 0.32 nm **3% in B-g-C3Nsand g-C, it is apparent that the observed high degree of dispersion of K is
consistent with its being able to move easily into the interlayer region which is not accessible to the larger
Ru precursor in these substrates. Instead, over B-g-CsNs and g-C, Ru is concentrated at the step edges
between layers presumably because these low-coordinated, high specific surface-energy sites promote Ru
nucleation. The more uniform dispersion of Ru over the exfoliated E-g-C3N4 in consistent with the limited
interlayer space and scant numbers of steps on E-g-C3Na. The H2-TPR profiles of Ru-K/E-g-C3Na in Fig-
ure S4 showed no peak for Ru reduction probably because the Ru NPs is too small and the reduction

process was proceeded gradually; while an obvious peak for Ru reduction at around 240~250°C was found

in the Ru-K/B-g-C3N4, which suggested the interaction between Ru and carbon support is stronger on the

Ru-K/B-g-C3N4 than the Ru-K/E-g-C3N4 due to the edge effect.

Figure 5. Top and side views of the most stable geometric structures of Ruii cluster adsorption on (a) E-
g-C3Na4 and (b) B-g-C3N4 supports. The gray, blue and cyan balls represent C, N and Ru atoms, respec-
tively. In the second layer of B-g-C3Na, the light gray and light blue atoms represent C and N, respectively.

We conclude that the unexpected significant enhancement of ammonia production over Ru-K/B-g-C3N4
is due to the location of the Ru at the edge steps where apparently poor dispersion nevertheless gives
greater activity than the well-dispersed Ru in Ru-K/E-g-C3Na. Therefore, DFT calculations were carried

out to confirm and explore the underlying reaction mechanisms. To model the Ru-K/E-g-C3N4 catalyst, a



Ruii cluster was adsorbed on an E-g-C3Na4 layer where various adsorption sites were considered, and for
the Ru-K/B-g-C3Na catalyst, the Ruii cluster was placed at the edge of two layers of g-C3Na (the illustra-
tions of the supports are displayed in Figure S5). Here, the Ruii cluster was chosen because it is the
smallest cluster containing sites like the Bs step sites [ 161, which are viewed as the active centers for N2
dissociation (the atomic structure of Rui1 and the B5 step sites are shown in Figure S6-S7). The presence
of K was not considered in the simulations for the following three reasons, (1) K was well dispersed over
the catalysts, (2) its function as an electron donor for Ru species has been well studied previously 5571,
(3) roughly, the ratio of Ru species to its adjacent K species over Ru-K/E-g-C3N4 was 0.5 (Table 1 and
Figure 2), which was a more favourable ratio for ammonia synthesis than that for Ru-K/B-g-C3N4 (much
larger than 0.5, Table 1 and Figure 2) according to previous studies **%! and (4) the introduced K atom

does significantly affect the dissociation energy of N2 (detailed simulation procedures are available in

supporting information, Figure S8-S11).

As shown in Figure 5, it is found that for Rui1 on E-g-C3Na, the Rui: cluster preferred to adsorb on the
junction site where three tri-s-triazine units are linked, with an adsorption energy of -10.21 eV; while on
B-g-C3N4, the most stable site for the Ruii cluster was on the top of the tri-s-triazine unit, where the
adsorption energy was calculated to be -13.77 eV. After the introduction of the Ruii cluster, the distortion
of g-CsN4 in the Ru/B-g-C3N4 catalyst was found to be greater than that in the Ru/E-g-C3N4 catalyst,
which suggested the sp?-hybridization of nitrogen and carbon atoms near the edge of B-g-C3Ns was
changed into sp*-hybridization, resulting in a much stronger binding between the Rui: cluster and the B-
g-C3N4 support. The stronger binding between the Ruii cluster and B-g-C3N4 support is due to the elec-

tronic effects of edge sites [**62], since Rui1 preferentially binds at the edges of B-g-C3Na.

In the photocatalytic ammonia synthesis reaction, the Rui1 cluster can not only enhance the generation of
charge carriers upon light adsorption but also provides an active centre for the proton reduction and am-
monia synthesis. The ability of the Ru cluster to trap electrons is determined by the work function of the
Ru 0364 In our systems, considering the work function of bulk Ru of 5.4 eV [l the work function of
Ruii cluster should be larger than those of E-g-C3N4 (4.13 €V) and two-layered g-C3N4 (3.93 V)¢
(Figure S13-S14), which indicates electrons flow from E-g-C3Ns and B-g-C3N4 into the Ru clusters on
contact. The negatively charged Ruii cluster on the g-C3Na support not only can greatly promote the
photocatalytic activities of E-g-C3N4 and B-g-C3N4, in agreement with our experimental results (Figure
1b), but also mimic the function of the MoFe-cofactor in nitrogenase for N2 reduction to NH3.7-%%8] In the
following we consider two reaction paths of ammonia synthesis, including the direct N2 dissociation and

associative N2 dissociation mechanisms [*. As shown in Figure 6a, for the system of Ru/E-g-C3Ny, ini-



tially N2 favoured adsorption on the Ru atom of the Rui1 cluster perpendicularly, with an adsorption en-
ergy of -2.18 eV. Along the favourable reaction path, N2 assumed a more parallel orientation to the surface
with both N atoms bonding to the Ruii cluster. This “lying-down” configuration was less stable (by 0.83
eV than the perpendicular geometry). The energy barrier from the “perpendicular” to “lying-down” ori-
entation was calculated to be 1.13 eV. Subsequently, N2 may undertake two different activation pathways:
(1) direct N2 dissociation, in which N2 directly dissociates into two N atoms with the energy barrier of
1.00 eV; or alternatively (2) associative N2 dissociation, in which the “lying-down” N2 molecule was
firstly hydrogenated to form *N:H and then dissociated into *N and *NH, with energy barriers of 0.81
eV and 0.41 eV respectively. Therefore, over Ru/E-g-C3Na, the rate-limiting step is the change in N2
orientated from the “perpendicular” to “lying-down” state, with the energy barrier for N2 activation of
1.13 eV, and the associative reaction mechanism significantly more favourable than the direct N2 disso-

ciation mechanism.

(a) 25 .
2.0

1.5

= 19]
— 0.5
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Figure 6 Direct N> dissociation and associative N2 dissociation reaction mechanisms over (a) Ru/E-g-
CsNsand (b) Ru/B-g-C3sN4. The reference energy (the total energy of the initial N2 adsorption state over

both supports) is set zero.



Figure 6b illustrates the two N2 dissociation paths (direct and associative) over Ru/B-g-C3N4. Similarly,
Nz initially adsorbed on the Ruii cluster in a perpendicular orientation with an adsorption energy of -1.31
eV, which was lower than that on the Ru/E-g-C3Ns catalyst. Then, N2 tilted and changed to a “lying-
down” configuration, with an energy barrier of 0.71 eV. Following, (1) the “lying-down” N2 can be di-
rectly dissociated with an energy barrier of just 0.60 eV, much lower than that over Ru/E-g-C3Ngy; or (2),
for the associative dissociation path, the energy barriers of N2 hydrogenation to *N2H and dissociation of
*N2H into *N and *NH were 1.31 eV and 0.49 eV, respectively. Therefore, the direct N2 dissociation path
was much more favourable over the Ru/B-g-C3Nua catalyst. The tilting process of N2 over Ru/B-g-C3Ns is
the rate-limiting step, and the energy barrier was 0.71 eV.

The DFT results revealed that the two catalysts exhibited different underlying mechanisms for N2 activa-
tion, namely an associative dissociation path over Ru/E-g-C3N4, and a direct dissociation path over Ru/B-
g-C3Na. They, however, exhibited the same rate determining step, that is, the transition of N2 from a
perpendicular geometry to “lying down” geometry, where the energy barrier of the transition state over
Ru/E-g-C3Nas (1.13 eV) was 0.42 eV higher than that over Ru/B-g-C3Na4 (0.71 eV). The energy barriers
1.13 eV and 0.71 eV could be easily satisfied by light irradiation, which is why ammonia could be pro-
duced over the catalysts with light irradiation. The relative low energy barrier of the rate-limiting step
over Ru/B-g-C3N4 suggested that the reaction rate of ammonia production over Ru/B-g-C3N4 will be su-
perior to Ru/E-g-C3N4, in accordance with our experimental results of catalytic activity for ammonia syn-
thesis. The lower energy barrier over Ru/B-g-C3Nus is attributed to the stronger binding between the Ruii

cluster and the support, which reduces the interaction between N2 and Ruii cluster.
Conclusion

In summary, the physicochemical properties of the catalysts and the evaluation results revealed that, in
contrast to our general understanding that the catalyst with faster electron/hole separation rate and higher
photocurrent as well as fine and well dispersed metal nanoparticles (Ru-K/E-g-C3N4) should exhibit better
photocatalytic activity, Ru-K/B-g-C3N4 yielded higher photocatalytic ammonia production rate than Ru-
K/E-g-CsNa. It is suggested that the light harvesting properties of the catalysts must cooperate with the
surface reaction properties to facilitate the ammonia synthesis process. Ru nanoparticles at the edge steps
over the multilayered bulk support (B-g-C3N4) contributed higher surface reactivity than the Ru nanopar-
ticles uniformly and randomly dispersed over monolayered E-g-C3N4 in N2 reduction with Hz. Our theo-
retical studies revealed that the Ru nanoparticles located at the edges possessed stronger binding with the

support and exhibited a lower reaction barrier for N2 activation, which is ultimately responsible for the



much-enhanced photocatalytic ammonia synthesis rate over Ru-K/B-g-C3Na. In this study, the relation-
ship between photocatalytic reactivity and support geometry was discovered, which will be important in

guiding the rational predesign of efficient photocatalysts.
APPENDDIX A. SUPPLEMENTARY DATA

Figure S1-S14 about the catalyst characterization, evaluation and theoretical calculation details are shown

in supporting information. This material is available free of charge via the Internet at doi:https://doi.org/
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