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Effect of nitrogen co-doping with ruthenium on the
catalytic performance of Ba/Ru—N-MC catalysts for
ammonia synthesisT

Yongcheng Ma, Guojun Lan, Xiaolong Wang, Geshan Zhang, Wenfeng Han,
Haodong Tang, Huazhang Liu and Ying Li

Nitrogen co-doping with ruthenium mesoporous carbons (Ru—N-MC) was prepared by co-impregnation of
sucrose and urea on a RuCls/SiO, template followed by a thermal carbonization process. The turnover
frequency (TOF) of the Ba/Ru—N-MC catalyst in ammonia synthesis is 0.16 s~ under reaction conditions
of 400 °C, pressure of 10 MPa and space velocity of 10 000 h~%. The superior catalytic performance of
the Ba/Ru—N-MC is proposed to originate from the strong metal-support interaction between Ru
nanoparticles (NPs) and carbon support. In addition to the activity, the Ba/Ru—N-MC catalyst exhibits
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Introduction

Ammonia is one of the most highly produced chemicals in the
chemical industry, which is mainly used as a fertilizer for
nitrogen fixation and a precursor to nitrogenous compounds.*
At the same time, ammonia can also serve as a carrier for new
energy hydrogen storage, and plays an important role in the
development of the new energy industry.>* Mechanistically, the
dissociative adsorption of N, is the rate-determining step of
ammonia synthesis because of the strong N=N bond
(945 kJ mol ").** Therefore, industrial ammonia synthesis
(Haber-Bosch process) needs to be carried out under high
temperature and high pressure in order to maintain the reac-
tion and dissociate N,.*” Ruthenium-based catalysts have been
intensively studied because they can work under milder
conditions than promoted iron catalysts.*® Therefore, extensive
efforts have been focused on the development of effective Ru-
based catalysts.'***

Carbon materials, due to its various structures and facile
modification, have been intensively investigated as supports for
metal-based catalysts. However, electronic effect of a support is
generally the most important factor of the activation of N, over
a Ru surface, and the dissociation of N, can be promoted by
electropositive elements.>'>'* According to this, alkali metal is
commonly used as the promoter of the reaction, due to their low
work function and strong electron-donating power.* However,
alkali metal as an electron donor has the disadvantages of low
melting point and large fluidity which causes instability at the
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a long-term stability for 35 h without significant deactivation.

reaction temperature.”® What's more, the handling of potas-
sium nitrate with carbon support is unsafe due to the strong
oxidation nature of nitrate for batch production of catalysts
during enlargement. On the other hand, the introduction of
nitrogen heteroatom atoms can increase the charge density of
the carbon support, thus the rich-electron in the nitrogen-
doped carbon material is transferred to the metal atom.'*™ In
addition, nitrogen species in nitrogen-doped carbon materials
play an important role in dispersing and stabilizing metal
NPs.”* However, Ru supported on nitrogen-doped carbon
nanotubes (N-CNTs) exhibited an obviously enhanced activity in
ammonia synthesis under mild reaction conditions as
compared with the CNTs supported Ru catalyst, which was
attributed to the electron-donating nitrogen and the graphiti-
zation of carbon nanotubes.'® Shao et al. also confirmed that the
electron donation of N atoms in N-CNTs promoted the disper-
sion of metal particles and catalytic performance.”* Hosono
et al. reported that electrides are excellent supports for Ru
catalysts, and demonstrating the importance of electron-rich
supports, because the electrides can donate electrons to Ru,
thus increased electron density of Ru metal which facilitates the
dissociation of N, and reduced the activation energy of the
reaction.”>*

Recently, we reported a Ba-K/Ru-MC catalyst prepared via
sucrose assisted in situ carbonization method double prompted
with Ba and K promoters, which show high stability and
performance in ammonia synthesis.>* We also found that the
co-incorporation of N with Ru in carbon matrix can greatly
improve the catalytic performance in acetylene hydro-
chlorination.” In the present study, the effect of nitrogen on the
catalytic performances of Ba/Ru-N-MC catalysts prepared by
a nitrogen and ruthenium co-incorporation method is studied.
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The N-MC supported Ba-Ru/N-MC and Ba/Ru-MC are used as
a comparison.

Experimental
Chemical and reagents

Nano-silica with particle size of 15 + 5 nm and surface area of
250 & 30 m> g~ ! provided by Hangzhou Wanjing New Material
Co., Ltd., RuCl;-xH,O was obtained from Sino-Platinum Metals
(SPM) Co., Ltd. and Ba(NOj3), was obtained from Sinopharm
Chemical Reagent Co. Ltd. Other reagents were obtained from
Shanghai Chemical Reagent Inc. of Chinese Medicine Group.
All materials were analytical grade and used without any further
purification.

Preparation of various catalysts

The preparation of Ru-N-MC is similar with the Ru-N-OMC
reported in our previous work® except that the nano-silica
instead of SBA-15 was used. In brief, a solution containing
RuCl;-xH,0 (0.6 g) and distilled water (17.0 mL) was used to
infiltrate 6.0 g of silica, which was dried at 100 °C for 3 h to get
RuCl,/SiO,. A precursor solution contained sucrose (7.5 g), urea
(0.66 g) and oxalic acid (0.6 g) into distilled water (8 mL), and
the solution could infiltrate the mesopores of the RuCl;/SiO,
and then pre-carbonized at 100 °C for 6 h and at 160 °C for 6 h.
Then the composite was heated from 30 °C to 850 °C at a ramp
rate of 3 °C min ' in N, flow and carbonization at 850 °C for 3 h.
The composite was then washed with sodium hydroxide solu-
tion at 70 °C to remove the silica template completely. The
template-free product was thus obtained and denoted as Ru-N-
MC. The preparation procedure of N-MC is similar to Ru-N-MC
but without the impregnation of RuCl;. The preparation of Ru-
MC is similar to that of Ru-N-MC without urea.*

Preparation of Ba/Ru-N-MC or Ba/Ru-MC. The obtained Ru-
N-MC or Ru-MC was subsequently impregnated with an
aqueous solution of Ba(NOj3), to introduce the promoter. Typi-
cally, 1 g Ru-N-MC was impregnated with a mixed solution of
0.076 g Ba(NOj3), and 5 mL distilled water at room temperature
for 12 h, and dried at 110 °C for 12 h. The nominal Ba loading of
carbon is 4 wt% calculated based on barium metal. The cata-
lysts were reduced under pure H, with a flow rate of 30
mL min~" at 400 °C for 4 h to obtain reduced catalysts.

Preparation of Ba-Ru/N-MC. Firstly, 1 g N-MC was impreg-
nated with a mixed solution of 0.076 g Ba(NO3), and 5 mL
distilled water for 12 h at room temperature, and dried at 110 °C
for 12 h. Subsequently, RuCl;-xH,O solutions were used for
impregnation in the same manner as that described above. The
catalysts were reduced under pure H, with a flow rate of 30
mL min~" at 400 °C for 4 h to obtain reduced catalysts. The
nominal loadings of Ba and Ru are 4 wt% and 4 wt%, respec-
tively. The molar ratio of Ba and Ru is ca. 0.74.

Measurement of catalytic activities in ammonia synthesis

Ammonia synthesis was carried out in a fixed-bed reactor with
an inside diameter of 14 mm at 400-450 °C, space velocity of
10 000 h™" and pressure of 10 MPa. The catalysts (2 mL, 0.90-
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1.43 mm) were loaded in the isothermal zone of the reactor and
activated by a mixture of N, and H, (N, : H, =1 : 3) ata pressure
of 5 MPa and a space velocity of 30 000 h™" at 400 °C for 4 h,
425 °C for 8 h, 450 °C for 8 h, and 475 °C for 4 h. Under these
conditions, the concentration of ammonia in the exit gas of the
reactor was measured by sulfuric acid neutralization, the
diluted sulfuric acid concentration was 0.25 mol L%, the
volume was 10 mL and the methyl red as an indicator. The
synthesis gas was derived from the decomposition of ammonia
with deep removal of H,0O, CO, CO, and residual NH; over Pd,
13X, and 5A molecular sieves.

Characterizations

Powder X-ray diffraction (XRD) patterns were recorded on
a Rigaku D/Max-2500/pc powder diffraction system using Cu Ko
radiation (40 kv and 100 mA) over the range 10° < 26 =< 80°.

Nitrogen sorption isotherms were determined at —196 °C by
a Quantachrome Autosorb-IQ instrument in the static
measurement mode. Before the measurement, the samples
were degassed at 200 °C for 10 h. The pore size distribution of
the supports was determined by the BJH method based on
desorption branch.

X-ray photoelectron measurements (XPS) were conducted on
a Kratos AXIS Ultra DLD instruments using 300 W Al Ka radi-
ation and C 1s peak at 284.6 eV as the internal standard. The
nitrogen content of the catalysts was determined on a vario
MACRO cube Elemental Analyzer.

The dispersion of Ru was obtained by CO chemisorption
method, which was carried out at 40 °C on Quantachrome
Autosorb-1/C chemisorb apparatus. Prior to measurements, the
pre-reduced catalysts were reduced in situ for 2 h at 400 °C in H,,
and then vacuum for 2 h. The Ru dispersion and particle size
were estimated based on assumption of a spherical geometry of
the particles and an adsorption stoichiometry of one CO
molecule on one Ru surface atom.

High resolution transmission electron microscopy (HRTEM)
was performed on a TECNAI G2 F30 S-TWIN FEI Tecnai electron
microscope with a field emission gun as the source of electrons
operated at 300 kV.

Hydrogen-temperature-programmed reduction analyses (H,-
TPR-MS) were carried out using a self-made TPD/TPR instru-
ment. The mass spectra were collected by an on-line Hiden gas
analyzer (QIC 20). Prior to analysis, the sample (ca. 50 mg) was
placed in a fixed bed of U-shaped quartz tubular located inside
an electrical furnace and dehydrated at 110 °C for 1 h under
flowing Ar. Then, the temperature was raised at a rate of
10 °C min~ " from 50 °C up to 850 °C, under a flow of 5% H,/Ar
(30 mL min~"). The following mass signals were monitored
simultaneously by a quadrupole mass spectrometer: m/z = 2,
15, 16, 17, 18, 28, and 44 amu.

Results and discussion

For clarity, preparation procedures of various catalysts are given
in Scheme 1. The Ba-Ru/N-MC was prepared by impregnation of
barium nitrate and RuCl;-xH,O on the N-MC followed by H,

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Preparation procedure of Ba—Ru/N-MC and Ba/Ru—-N-MC
catalysts.

reduction process. The Ba/Ru-N-MC catalyst was prepared by
impregnation of barium nitrate on the as-prepared Ru-N-MC.
The as-prepared Ba/Ru-N-MC and Ba-Ru/N-MC catalysts were
reduced by H, before all the characterizations and catalytic
tests.

The porosities of N-MC, Ru/N-MC, Ru-N-MC, Ba/Ru-N-MC
and Ba-Ru/N-MC were measured by N, sorption, which are
given in Fig. 1. All of them have type-IV adsorption isotherm
with an H1 hysteresis loop, which was reasonably associated
with the presence of mesoporous structure, and the textural
properties are summarized in Table 1. The specific surface area
of N-MC and Ru/N-MC are 768 and 752 m* g~ ', respectively, and
pore size of N-MC and Ru/N-MC calculated based on the
desorption branch of isotherm according to the BJH method are
both 11.2 nm. Correspondingly, the specific surfaces area of
Ru-N-MC is 656 m> g~ " and pore size is 9.2 nm, indicating that
the existence of Ru affects the formation of the mesoporous
carbon structure. Moreover, the surface area, pore volume, and
pore size of Ba-Ru/N-MC and Ba/Ru-N-MC are almost the same
with Ru/N-MC and Ru-N-MC, suggesting that Ba promoter did
not block or alter the pore structure. Fig. S1f gives the N,
adsorption-desorption isotherms and pore size distributions of
Ru-MC and Ba/Ru-MC, and corresponding texture structure
parameters are summarized in Table S1.7 The specific surface
area of Ru-MC and Ba/Ru-MC are 928 and 920 m”> g ',

14004

12004

N
=)
o
S

800, Ru/N-MC|

dVv/dD

600 Ba-Ru/N-MC|

Volume adsorbed (cm®/g)

400

2004 Ba/Ru-N-MC|

00 02 04 06 08 1.0 0
Relative Pressure (P/P,)

10 20 30 40 50 60
Pore Diameter(nm)

Fig. 1 (a) N, adsorption—desorption isotherms and (b) pore size
distribution curves of the different catalysts.
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respectively, and pore size of those catalysts are 9.2 nm. Spec-
trophotometric method was used to determine the ruthenium
loading in the Ba-Ru/N-MC, Ba/Ru-MC and Ba/Ru-N-MC cata-
lysts and the actual Ru content are 4.07, 4.21 and 3.75 wt%,
respectively (Table 1).

The catalytic performance of Ru/N-MC, Ba-Ru/N-MC, Ru-N-
MC and Ba/Ru-N-MC catalysts for ammonia synthesis was
evaluated at 400-450 °C, pressure of 10 MPa and space velocity
of 10 000 h™". The results are given in Table 1. Ru/N-MC and
Ru-N-MC without barium promoter shows negligible activity.
And the ammonia synthesis rates of Ba-Ru/N-MC and Ba/Ru-N-
MC are 27 and 79 mmol g~ ' h™', respectively. This suggests that
the barium promoter is important to carbon supported ruthe-
nium catalysts.>**” The results are the same with previous re-
ported work.”*** Fig. 2a shows ammonia synthesis reaction rate
with time on stream over Ba/Ru-N-MC, Ba-Ru/N-MC and Ba/Ru-
MC catalysts under pressure of 10 MPa at 425 °C. The ammonia
synthesis rate remains unchanged over approximately 35 h,
which implying a good stability of the Ba/Ru-N-MC, Ba-Ru/N-
MC and Ba/Ru-MC catalysts. The Ba/Ru-N-MC catalyst shows
high reaction rate of ammonia synthesis, which is much higher
than Ba-Ru/N-MC and higher than Ba/Ru-MC catalyst. From the
slopes of the Arrhenius plots, the apparent activation energies
were calculated and are summarized in Fig. 2b. The thermo-
dynamic equilibrium ammonia concentration at outlet under
425 °C, 10 MPa is approximately 20.4%, while the ammonia
concentration conversion is 3.7%, which is far from the equi-
librium. Therefore, the apparent activation energy obtained can
reflect the real performance of the catalyst. The activation
energy of Ba/Ru-N-MC for ammonia synthesis is 64.2 k] mol %,
which is much lower than Ba-Ru/N-MC (82.5 k] mol™") and
lower than the activation energy 76.2 k] mol " of Ba/Ru-MC. The
low activation energy indicates that Ba/Ru-N-MC catalyst is
more active than that of the Ba-Ru/N-MC and Ba/Ru-MC.
Moreover, the catalytic performance of various catalysts with
similar composition in ammonia synthesis reaction was
summarized and given in Table S2.1 The Ba/Ru-N-MC catalyst
also shows much higher activity than those of similar catalysts
reported in literatures. To identify the specific structure of the
highly active Ba/Ru-N-MC catalyst prepared by the nitrogen co-
doping with ruthenium, the detailed characterizations have
been carried out and discussed in the following parts.

The XRD patterns of the N-MC, Ru/N-MC, Ba-Ru/N-MC, Ru-
N-MC and Ba/Ru-N-MC are presented in Fig. 3. Two broad
peaks appear at 25° and 44°, which corresponded to the char-
acteristic diffractions of (002) and (101) crystal planes of
graphitic carbon structure. And no diffraction peaks attributed
to the bulk metallic Ru phase probably due to the high
dispersion of Ru NPs. The HRTEM images and Ru particle size
distributions of the Ru-N-MC and Ru/N-MC catalysts are
provided in Fig. 4a and b. It can be observed that the Ru NPs are
uniformly distributed among the support and particle aggre-
gation was not observed for Ru-N-MC and Ru/N-MC catalysts.
The average Ru particle size of Ru-N-MC is estimated to be
2.0 nm, and the value is ca. 1.9 nm for the Ru/N-MC (Table 1),
which was calculated based on more than 100 particles. The
HRTEM images and Ru NPs size distributions of Ba/Ru-N-MC

RSC Adv., 2019, 9, 22045-22052 | 22047
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Table 1 Textural property, Ru dispersion and catalytic properties of the N-MC and various catalysts
CO chemisorption TEM

Ru“ S.A?  p.ve P.D.Y  CO uptake Dispersion Particle Dispersion® Particle ¥ (mmol TOF® E,
Samples (Wt%) (m*g ') (cm®g ") (nm) (umol g~ 1) (%) size (nm) (%) size (nm) g'h™) (s! (kJ mol ™)
N-MC — 768 1.07 11.2 — — — — — — — —
Ru/N-MC 4.33 752 1.06 11.2 228.9 53.4 2.5 70.0 1.9 — — —
Ba-Ru/N- 4.07 724 1.03 11.2 220.2 56.0 2.4 70.0 1.9 27 0.03 82.5
MC
Ru-N-MC 4.16 656 0.83 9.2 125.7 30.8 4.4 66.5 2.0 — — —
Ba/Ru-N- 3.75 647 0.85 9.2 136.0 36.9 3.7 66.5 2.0 79 0.16 64.2
MC

“ Ru wt% was measured by the spectrophotometric method. ? The specific surface area. ° The total pore volume. ¢ Pore diameter calculated by the
desorption branches of the isotherms using the BJH method. ¢ Ru dispersion was obtained using the equation Dy, = 1.33/dg,.” Reaction rates were
measured at 10 MPa, 400 °C, 10 000 h™*. § TOF was calculated based on the amount of CO uptake.
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§ 0 82.5 kJ/mol
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Fig. 2 (a) Ammonia synthesis rates of Ba—Ru/N-MC, Ba/Ru—N-MC
and Ba/Ru-MC catalyst as a function of time (reaction condition:
425 °C, pressure of 10 MPa and space velocity of 10 000 h™3); (b)
Arrhenius plots of Ba-Ru/N-MC, Ba/Ru-N-MC and Ba/Ru-MC
catalysts.

and Ba-Ru/N-MC catalysts are also provide in Fig. 4c and d. The
average particle size of Ba/Ru-N-MC and Ba-Ru/N-MC were 2.0
and 1.9 nm, respectively (Table 1), which are not changed after
loading with barium promoter. This result is consistent with
our previous report,> indicating that the addition of Ba
promoter does not affect the particle size of Ru NPs of carbon
supported ruthenium catalysts.

CO chemisorption is reliable method to detect the surface
exposed active sites for supported noble metal catalysts. The
dispersion of Ru NPs measured by CO chemisorption is also
provided in Table 1. The amount of CO uptake for Ru/N-MC and
Ba-Ru/N-MC are 228.9 and 220.2 umol g, respectively. And

M
Ru/N-MC

Ba-Ru/N-MC|

Ru-N-MC

/Ru-N-MC|

10 20 30 40 50 60 70 80
2 Theta (degree)

Intensity (a.u.)

Fig. 3 XRD patterns for the N-MC, Ru/N-MC, Ba—Ru/N-MC, Ru-N-
MC and Ba/Ru-N-MC.
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the average size of Ru NPs based on CO chemisorption for Ru/N-
MC and Ba-Ru/N-MC samples are 2.5 and 2.4 nm, respectively.
This value is higher than the value obtained from the HRTEM
measurement, this may be caused by the experimental error and
also suggesting that the presence of residual chlorine or other
impurities may lead to the blockage of the Ru sites for CO
adsorption.** From a comparison of Ru/N-MC and Ba-Ru/N-
MC, the addition of barium salt doesn't change the adsorp-
tion data much, this further indicates that the addition of
barium nitrate will not affect the dispersion of Ru NPs and
barium compounds do not cover the surface of Ru NPs.
Furthermore, the CO uptake value are 125.7 and 136 pmol g~ *
for Ru-N-MC and Ba/Ru-N-MC, respectively, this value is much
lower than the supported counterparts, but combined with the
characterization results of HRTEM, shows that the co-doping of

NA O
oFS ‘© o

Distribution (%)

2 <1.5 1.5-25 .>25 <15 1.5-25 258

Particle size (nm) Parti‘cle size (‘nm) :

B
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Fig. 4 Representative HRTEM image and particle size distributions of
(@) Ru=N-MC, (b) Ru/N-MC, (c) Ba/Ru—N-MC and (d) Ba—Ru/N-MC.
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ruthenium and nitrogen will not affect the dispersion of Ru NPs
on carbon support, but will affect the existence of Ru NPs on
carbon. In addition, the CO uptake value of Ru-MC and Ba/Ru-
MC are 154.2 and 140.8 umol g~ *, respectively, which is similar
to those of co-doping of ruthenium and nitrogen. Based on the
special structure caused by nitrogen co-doping with ruthenium,
we have fully discussed in our previous papers.**

From the above characterization, the surface exposed Ru
atom fraction of the Ba/Ru-N-MC is much lower than that of the
Ba-Ru/N-MC, but the catalytic performance is much higher. To
further identify the intrinsic activity, the TOF value of Ba-Ru/N-
MC and Ba/Ru-N-MC calculated based on the surface CO
adsorption data are given in Table 1, which are 0.03 and 0.16
s~', respectively. The intrinsic activity for Ba/Ru-N-MC is
almost 5 times higher than the Ba-Ru/N-MC. Although the
particle size is similar as identified by HRTEM for Ba-Ru/N-MC
and Ba/Ru-N-MC catalysts, and BET results also showed that
their pore structures were similar. Thus, in order to further
analyze the possible reasons for the difference in the activity of
the two catalysts, XPS and H,-TPR were characterized in detail.

Then, the status of Ru NPs and nitrogen species was inves-
tigated by X-ray photoelectron spectroscopy (XPS) technique.
Fig. 5a gives the survey spectra of all materials. C 1s, N 1s and Ba
3d peaks can be obviously observed implying the successful
doping of the N atoms into the carbon framework. As can be
seen in Fig. 5b, the chemical states of nitrogen can be well
deconvoluted into three main peaks in the N 1s peak of N-MC
sample at 398.3, 400.9 and 402.8 eV, which corresponding to
pyridinic N, graphitic N and oxidized N, respectively.**** And
the contents of various N species for N-MC, Ru/N-MC, Ba-Ru/N-
MC, Ru-N-MC and Ba/Ru-N-MC are shown in Table 2. For Ru/
N-MC and Ba-Ru/N-MC catalysts, the content of nitrogen
species is not obvious change compare with N-MC, suggests the
introduction of Ru and Ba species has little effect on the status
of nitrogen in carbon framework.*®> However, for Ru-N-MC
sample, the oxidation N disappears and the graphitic N

(a) C1s # Ru3d (b) Graphitic N
Oxidiz Pyridinic N

~ -MC Ofs N1 v
Q. Q
8|RuN-MC g |
b-—\ - > Ru/N-MC
£ [BRRUNMC Badd 2 ParRUNMO TN
Z Ry-N-MC ; £ [Ru-N-MC

[Ba/Ru-N-MC | Ba/Ru-N-MC

1200 1000 800 600 400 200 406 404 402 400 398 396

Binding energy (eV) Binding energy (eV)

462.9
465.37
Ru/N-MC. EZN

(c)

Intensity (cps)
Intensity (cps)

796 792 788 784 780 776
Binding energy (eV)

490 485 480 475 470 465 460
Binding energy (eV)

Fig.5 XPS spectra of N-MC, Ru/N-MC, Ru-N-MC, Ba—Ru/N-MC and
Ba/Ru—N-MC catalysts.
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content increases, indicating that the in situ doping of Ru can
prevent the oxidation of N.'®*¢ The pyridinic N disappears after
barium loading for Ba/Ru-N-MC catalyst and forms a small
amount of oxidized N, which indicates that an interaction
between the Ba promoter and the N species.

Fig. 5c illustrates the Ru 3p results of the Ru/N-MC, Ba-
Ru/N-MC, Ru-N-MC and Ba/Ru-N-MC catalysts. The binding
energy values and the area ratios of the XPS peaks are also
summarized in Table 3. For Ru/N-MC, the peak around
462.9 eV was attributed to Ru’, while those around 465.3 eV
correspond to RuO, species.***” While the binding energy of
Ru® (462.3 eV) and RuO, species (464.7 €V) in Ru-N-MC were
negatively shifted compared with Ru/N-MC. This result is
related to the contents of graphitic N and pyridinic N in the
Ru/N-MC and Ru-N-MC, because the graphitic N in the N-
doped carbon material acts as an electron donor behavior
and pyridinic N functioning as an electron acceptor.*®**® It
can be explained that co-doping of Ru and nitrogen into the
carbon material can make the stronger interaction with Ru
NPs and N atoms, and thus increased electron cloud density
of Ru NPs. For Ba-Ru/N-MC and Ba/Ru-N-MC catalysts, the
addition of Ba promoter resulted in a negative shift in the
binding energy of Ru for both catalysts, suggesting the elec-
trons transfer from Ba promoter to Ru surface for both Ba-
Ru/N-MC and Ba/Ru-N-MC catalysts. However, the binding
energy of Ba/Ru-N-MC was negatively shifted compared with
Ba-Ru/N-MC, suggesting the electron rich state of metallic
Ru NPs in Ba/Ru-N-MC.***>*® The election rich structure of
Ru NPs can decrease the barrier of N, dissociative absorp-
tion. Therefore, it can greatly increase the reaction rate of
ammonia synthesis and lower the activation energy of the
ruthenium catalysts.

Fig. 5d shows Ba 3d XPS spectra for the Ba/Ru-N-MC
catalyst appears ca. 779.9 and 780.8 eV, assigning to BaO
and BaCOj, respectively.*>*> While the binding energy posi-
tion of the Ba-Ru/N-MC catalyst is 779.6 and 780.5 eV. The
binding energy of barium in the Ba/Ru-N-MC catalyst is
positive shifted compared with Ba-Ru/N-MC catalyst, sug-
gesting that the N atom has a certain effect on the electronic
state of Ba for the Ba/Ru-N-MC catalyst, which leads to the
strong electron donating ability of Ba promoter in Ba/Ru-N-
MC catalyst. Based on above discussion, it can be
concluded that the electron-rich Ru NPs plays a key role in
the ammonia synthesis reaction.

To gain more insights into the interaction between Ru NPs
and carbon framework, hydrogen temperature programmed
reduction (H,-TPR) method was conducted, and the results
are shown in Fig. 6. The H,-TPR patterns of the Ru/N-MC and
Ru-N-MC sample without Ba promoter are shown in Fig. 6a
and b, and the information of the TPR peaks is summarized
in Table S3.f The consumption of H, signals is obviously
different for Ru/N-MC and Ru-N-MC samples, indicating
a different status of Ru NPs in these samples. The first peak
observed at 237 and 155 °C for Ru/N-MC and Ru-N-MC,
respectively, which can be assigned to the reduction of
RuO, since only the H,O signal appeared at corresponding
temperature ranges. It can be concluded that the reduction of
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Table 2 XPS spectra fitting results of N 1s for different samples

Area (%)

Pyridinic N Graphitic N Oxidized N
Samples N (Wt%) (398.3 + 0.1 eV) (400.9 + 0.1 eV) (402.8 + 0.1 eV)
N-MC 2.79 27.8 61.8 10.4
Ru/N-MC 2.71 34.7 56.2 9.1
Ba-Ru/N-MC 2.69 36.4 57.9 5.7
Ru-N-MC 1.44 28.0 72.0 —
Ba/Ru-N-MC 1.41 — 88.5 11.5

% N content determined by elementary analysis.

Ru NPs is easier for Ru-N-MC than for Ru/N-MC. The second
peaks at 230 °C for Ru-N-MC can be assigned to the metha-
nation of carbon species located near the Ru NPs because the
Ru is a good catalyst for the methanation of carbon and with
a signal of m/z = 15 been detected simultaneously. The
methanation signal of Ru/N-MC appears at 282 °C with only
a very small methanation signal detected. The H, consump-
tion peak at high temperature range (500-600 °C) can be
assigned to the decomposition of oxygen-containing groups
on the surface of the samples, and CO and CO, molecules are
detected by a mass spectrometer in this temperature range
(Fig. S27). Considering the above results, the carbon metha-
nation peaks are shifted into lower temperature for Ru-N-MC
compared with the Ru/N-MC, this can be explained by an
easier methanation of the Ru-N-MC samples than for Ru/N-
MC owing to the Ru-N-MC prepared by in situ nitrogen co-
doping with ruthenium has a strong Ru-carbon interaction,
and this result is accordance with our previous paper.”**
Fig. 6¢ and d shows H,-TPR profiles of the Ba-Ru/N-MC and
Ba/Ru-N-MC catalysts, respectively. Obviously, the addition
of Ba promoter significantly affected the reduction of Ba-Ru/
N-MC and Ba/Ru-N-MC catalysts. The H, consumption peak
at high temperature range (500-600 °C) for Ba/Ru-N-MC
disappears, which may be due to the strong interaction of
barium species with the carbon support can suppress the
decomposition of oxygen-containing surface functional
groups of the carbon supports.

From the H,-TPR characterization of the above catalysts,
the methanation of carbon support is inevitable. However,
our previous paper reported** that the methanation of carbon
only occurs at the start of the reaction, and the peak value
decreased significantly to zero within 4 h because the surface
of the catalyst contained a small amount of unstable carbon,

and is beneficial for methanation at low temperatures.
Therefore, the formation of methane has a negligible influ-
ence on the stability of catalysts. To further identify with the
high stability of Ru-based catalysts, the used Ba-Ru/N-MC
and Ba/Ru-N-MC catalysts are characterized. Fig. S3(a) and
(b)T give the N, adsorption-desorption isotherms and pore
size distributions of the Ba-Ru/N-MC-used and Ba/Ru-N-MC-
used catalysts. Table S41 shows that the surface area of Ba-
Ru/N-MC-used and Ba/Ru-N-MC-used catalysts were
decreased by 6.4% and 2.6%, respectively, indicates the pore
structure of the catalysts is maintained in the ammonia
synthesis. In addition, Fig. S4} displays the typical HRTEM
images and particle size distributions of the Ba-Ru/N-MC-
used and Ba/Ru-N-MC-used catalysts. It is worth noting
that no particle aggregation of the used catalysts was
observed, suggesting that the catalyst sintering did not occur
during the reaction, so the prepared catalyst was stable in
ammonia synthesis.

Finally, in order to determine the stability of N element in
Ba/Ru-N-MC catalyst under the condition of ammonia
synthesis, the Ba/Ru-N-MC catalyst before and after the
reaction was analysed, and the results are given in Table S5.7F
First of all, we found that the N loading is 1.44% for the Ru-
N-MC, and Ba/Ru-N-MC catalyst after reduction was 1.41%,
indicating that the addition of the Ba promoter did not affect
the N content in Ru-N-MC sample. However, in order to
remove the nitrogen species that may be adsorbed on the
carbon surface under the reaction conditions, we reduced the
Ba/Ru-N-MC catalyst after the reaction, and found that the
nitrogen content was 1.64%. It can be explained that the
nitrogen species can be stably present in the carbon material
under ammonia synthesis conditions.

Table 3 XPS spectra fitting results of Ru 3p and Ba 3d for different samples

Ru’ Ru"™ BaO BaCO;
Samples Binding energy (eV) Area (%) Binding energy (eV) Area (%) Binding energy (eV) Area (%) Binding energy (eV) Area (%)
Ru/N-MC 462.9 49.6 465.3 50.4 — — — —
Ba-Ru/N-MC 462.3 50.0 464.7 50.0 779.6 73.5 780.5 26.5
Ru-N-MC 462.3 51.8 464.7 48.2 — — — —
Ba/Ru-N-MC 461.6 52.3 464.0 47.7 779.9 72.2 780.8 27.8
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Fig. 6 H,-temperature programmed reduction profiles for (a) Ru/N-
MC, (b) Ru=N-MC, (c) Ba—Ru/N-MC and (d) Ba/Ru—N-MC catalysts.

Conclusions

In summary, we report a facile approach to prepare ruthenium
and nitrogen co-doped mesoporous carbon (Ru-N-MC) by co-
impregnation and carbonization of sucrose and urea into
RuCl;/SiO, template. X-ray photoelectron spectroscopy (XPS)
and CHNS analysis demonstrates that N atoms can be
successfully doped into the carbon framework of Ru-N-MC, and
more than 70% was incorporated into the carbon framework as
graphitic nitrogen species. Ru-N-MC has uniformly Ru NPs and
strong interaction between Ru NPs and carbon supports. The
co-doping of ruthenium and nitrogen also changes the exis-
tence of nitrogen species in Ru-N-MC and it also affects the
electronic state of the metal Ru. And thus Ba/Ru-N-MC catalyst
has excellent catalytic activity for ammonia synthesis and better
long-term stability. Additionally, this method is expected to
expand the production of Ru-N-MC catalyst, which may have
significant prospects for large-scale applications.
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