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a b s t r a c t 

Carbon nanotubes (CNTs) with abundant surface defects are prepared by a liquid oxidation and thermal 

annealing method. The defective CNTs-D supported Ba–Ru/CNTs-D catalysts exhibit superior catalytic per- 

formance in ammonia synthesis with a TOF be increased up to 0.30 s −1 , which is 2.5 times of oxidized 

CNTs-O supported Ba–Ru/CNTs-O catalysts and 5 times of the Ba–Ru/CNTs. The characterizations by CO 

chemisorption, transmission electron microscope, Raman, and X-ray photoelectron spectroscopy revealed 

that the uniformly well dispersed Ru NPs can be stabilized on the defective sites of CNTs-D. The great 

improvement of the catalytic performance and stability of the Ba–Ru/CNTs-D is contributed to the strong 

interaction between Ru NPs and surface defect of the CNTs. 

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

Ammonia is not only a vital raw material for chemical fertil-

zer and valuable chemical, but also a promising energy carrier

or storing hydrogen, due to its high capacity for hydrogen storage

17.6 wt%) and facile liquefaction under mild conditions [1,2] . To

xploit the use of hydrogen as a source of sustainable energy, de-

elopment of an efficient process for synthesizing an energy carrier

uch as ammonia under mild conditions will be necessary. Ruthe-

ium catalysts were recognized as the second-generation catalysts

ith high activity under mild conditions following conventional

ron catalysts [3,4] . The roles of various supports such as activated

arbon, CNTs, Al 2 O 3 , MgO, zeolite and BN [5–11] on the catalytic

erformance of ammonia synthesis catalyst have been extensively

nvestigated. Carbon materials have been found to be the most ef-

ective supports for ammonia synthesis ruthenium catalysts, be-

ause they offer unique advantages over traditional metal oxide

upports such as extraordinary thermal and electrical conductivity,

nd tunable surface chemistry and textural properties [12,13] . 

CNTs supported Ru catalyst has high activity in ammonia syn-

hesis due to its excellent electronic conductivity. However, the

urface of pristine CNTs is inert and it is necessary to generate the

ctive sites to anchor the Ru particles [14] . Refluxing the CNTs in
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oiling nitric acid is one of the most commonly reported meth-

ds for introducing a larger number of oxygen-containing surface

unctional groups (SFGs), which are beneficial for the dispersion of

upported metal NPs [15,16] . However, even if it has been demon-

trated since many years that oxygen-containing SFGs play a cru-

ial role in carbon supports and can affect dispersion or sintering

f the metal particles, it is still a matter of debate whether they

lso function as anchoring sites for NPs especially for ruthenium

ased ammonia synthesis catalysts been operated at temperature

ange of 40 0–50 0 °C, at which temperature range, most of the SFGs

ave already been decomposed [17–19] . 

Recently, much attention has been focused on the role that sur-

ace defects play on some particular performance of carbon mate-

ials. Liu et al. and Tao et al. demonstrated that the carbon atoms

n the edge defect had a higher electron cloud density than ordi-

ary carbon atoms through density functional theory calculations

nd their corresponding physical characterization [20,21] . Chen et

l. reported defective CNTs supported Pt catalysts in hydrolytic de-

ydrogenation of ammonia borane and found that defects could

tabilize platinum NPs during the reaction [22] . Liu et al. disclosed

hat Ru NPs deposited on defective graphene exhibits both a high

tability against sintering and a superior catalytic performance in

ydrogenation reaction [23] . Besides, Zhao et al. presented that

he specific topological defects could play a very important role in

lectro-catalytic oxygen reactions and developed a facile method

o create such unique defects [24] . And they employed a simple

-doping and removal method, which will introduce unsaturated
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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carbon atoms with dangling bonds, thus creating unique defects in

the carbon [25] . They also proposed that the used of defective car-

bons to support metal NPs, and found that the defects can provide

stable chemical adsorption sites for metal atoms. 

Defective carbon with well-defined metal-defect coordination

structures shows good support effect in a series of catalytic re-

actions, e.g., oxygen reduction reaction [25] , hydrogen evolution

reaction [26] and hydrolytic dehydrogenation of ammonia borane

[22] . However, the study of defective carbon as catalyst support for

ammonia synthesis has rarely been reported as far as we known.

Herein, we reported a detailed study on the effect of surface de-

fect on catalytic performance in the Ba–Ru/CNTs-D catalyst for am-

monia synthesis. Commercialized CNTs (CNTs), oxidized CNTs by

HNO 3 (donated as CNTs-O), and defective CNTs (donated as CNTs-

D), are employed to immobilize Ru NPs and Ba was used as a pro-

moter for ammonia synthesis. 

2. Experimental 

2.1. Materials 

Commercialized CNTs with surface area of 250 ± 30 m 

2 /g

provided by Nanjing JCNANO Technology Co., LTD were used as

a catalyst support. Ruthenium chloride hydrate (RuCl 3 ·x H 2 O) was

purchased from Sino-Platinum Metals Co. Ltd. Other reagents

were obtained from Shanghai Chemical Reagent Inc. of Chinese

Medicine Group. All materials were of analytical grade and used

without any further purification. 

2.2. Preparation of the catalysts 

(1) Treatment of CNTs: The commercialized CNTs (6 g) was

mixed with a solution of 30% HNO 3 (120 mL) at 90 °C for

5 h, then washed until neutral pH value with distilled water,

and dried at 120 °C under air overnight (marked with

CNTs-O). The CNTs-O was calcined at 850 °C for 10 min in

argon (marked with CNTs-D). 

(2) Preparation of the Ba–Ru/CNTs: The above pretreated CNTs-

x (1 g) was first impregnated with a mixed solution of

Ba(NO 3 ) 2 (0.076 g) and distilled water (5.6 mL) for 12 h at

room temperature, dried at 110 °C for 12 h. Subsequently,

the above samples were impregnated with a mixed solution

of RuCl 3 ·x H 2 O (0.11 g) and distilled water (5.6 mL) for 12 h at

room temperature. Then the wet sample was precipitated by

diluted ammonia solution (30 vol%) at room temperature for

12 h. After deposition, the samples were washed by deion-

ized water several times at 90 °C until no Cl − can be de-

tected by AgNO 3 solution, and dried at 110 °C for 12 h. The

catalysts were reduced under pure H 2 with a flow rate of

30 mL/min at 400 °C for 4 h to obtain reduced Ba–Ru/CNTs-

x catalysts. The nominal Ba and Ru loading of the catalysts

was 3.4 and 3.4 wt%, respectively. 

2.3. Measurement of catalytic activities in ammonia synthesis 

Ammonia synthesis using the catalyst was carried out in a

fixed-bed reactor with an inside diameter of 14 mm at 400–450 °C,

space velocity of 10,0 0 0 h 

−1 , and 10 MPa. The catalysts (2 mL, 0.90–

1.43 mm) were loaded in the isothermal zone of the reactor and

activated by a mixture of N 2 and H 2 (N 2 :H 2 = 1:3) at a pressure of

5 MPa and a space velocity of 30,0 0 0 h 

−1 at 40 0 °C for 4 h, 425 °C
for 8 h, 450 °C for 8 h, and 475 °C for 4 h. After the activation, the

temperature was lowered to 400 °C and initial activity was mea-

sured. Then the temperature was increased to 475 °C for 12 h with

space velocity of 30,0 0 0 h 

−1 , and pressure of 5 MPa to test the sta-

bility of the catalysts. Under these conditions, the concentration of
mmonia in the exit gas of the reactor was measured by sulfuric

cid neutralization. 

The mass reaction rate of ammonia synthesis was calculated

rom the following equation [27] : 

 m 

= 

S v V c 

22 . 4 W c 
× ϕ N H 3 

1 + ϕ N H 3 

here r m 

is mass reaction rate (mmol g −1 h 

−1 ), W c is quality of

atalyst (g), V c is volume of catalyst (cm 

3 ), S v is space velocity of

eaction (h 

−1 ), and ϕNH3 is concentration of ammonia in exit gas

f reactor (vol%). 

.4. Characterizations 

Powder X-ray diffraction (XRD) patterns were recorded on a

igaku D/Max-2500/pc powder diffraction system using Cu K α ra-

iation (40 kV and 100 mA) over the range 10 °≤2 θ≤80 °. Nitro-

en sorption isotherms were determined at –196 °C by a Quan-

achrome Autosorb-IQ instrument in the static measurement mode.

efore the measurement, the samples were degassed at 300 °C for

0 h. 

The Ru content in the catalysts was analyzed by spectropho-

ometric method with an ultraviolet spectrophotometer (model

600) from Shanghai Jinghua Instruments Co. Ltd. A typical process

s similar to that described in reference [28] : First, 0.10 g catalyst

as calcined at 750 °C for 20 min in air to remove carbon support

n the catalyst. Second, the residue was mixed with 3.5 g Na 2 O 2 

nder 680 °C for 20 min in a muffle furnace to completely oxidize

he Ru 

0 . The product was then dissolved with a mixed 40 mL con-

entrated HCl-CH 3 CH 2 OH solution (volume ratio = 1: 1), and then

0 mL thiourea aqueous solution (0.1 g/mL) was added at 80 °C
or 10 min to get a blue, clear solution. Last, the absorbance of

s-prepared solution was measured with 620 nm excitation wave-

ength. The Ru content in the catalyst could be calculated by an

xternal standard method. 

The dispersion of Ru was obtained by CO chemisorption

ethod, which was carried out at 40 °C on Quantachrome

utosorb-1/C chemisorb apparatus. Prior to measurements, the

re-reduced catalysts were reduced in situ for 2 h at 400 °C in H 2 .

he metal dispersion and particle size were estimated based on as-

umption of a spherical geometry of the particles and an adsorp-

ion stoichiometry of one CO molecule on one Ru surface atom. 

Transmission electron microscope (TEM) images of the samples

ere obtained by a FEI Tecnai G20 instrument. The samples were

ounted and ultrasonically dispersed in ethanol, and then a few

roplets of the suspension were deposited on a copper grid coated

y a holey carbon film, followed by drying at ambient conditions. 

The X-ray photoelectron spectroscopy (XPS) were recorded on

hermo Scientific Escalab 250Xi equipped with monochromatized

l K α X-ray (1486.6 eV) as the excitation source. Survey spectra

ere acquired at 40 eV pass energy and the high-resolution spec-

ra were measured at 0.1 eV. The XPS spectra were calibrated by C

 s at 284.6 eV. 

Hydrogen-temperature-programmed reduction (H 2 -TPR) of Ru

atalysts was carried out with a self-made TPD/TPR instrument.

he mass spectra were collected by an on-line Hiden gas analyzer

QIC 20). Prior to analysis, the samples (cat. 50 mg) were placed in

 fixed bed U-shaped quartz tubular reactor located inside an elec-

rical furnace. Then the sample was purged at 110 °C for 1 h in ar-

on stream to remove the adsorbed water and other impurities on

he surface of samples. After cooling down to room temperature,

he sample was heated to 850 °C at a ramp rate of 10 °C/min under

% H 2 /Ar with a flow rate of 30 mL/min. The following mass signals

ere monitored simultaneously by a quadrupole mass spectrome-

er: m / e = 2, 14, 15, 16, 17, 18, 28, 40 and 44 amu. 
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Acidic-basic titration [29] : NaOH solution with a concentration

.02 mol/L and HCl solution with a concentration 0.02 mol/L was

repared separately. The CNTs- x samples were added to the excess

tandard NaOH or HCl solutions. Acidic or basic surface functional

roups of the carbon surface were determined by back-titration

ith HCl or NaOH solution after the system reached the equilib-

ium state. 

. Results and discussion 

.1. Textural properties of the various carbon nanotubes 

As reported in the reference [22] , the nitric acid liquid oxida-

ion can generate oxidized CNTs (CNTs-O), with SFGs and surface

efects on CNTs-O. The removal of oxygen group by the thermal

nnealing method can create abundant defects (CNTs-D) [30] .

he treatment process of the CNTs is shown in Scheme 1 . The

orosity of pristine CNTs, CNTs-O and CNTs-D was characterized

y nitrogen adsorption-desorption method and the corresponding

sotherms and pore size distributions are shown in Fig. 1 . All the

sotherms can be identified as type-IV according to the IUPAC

lassification and evidenced the mesoporous texture of CNTs. The

ore size distributions of CNTs, CNTs-O and CNTs-D based on the

JH method are centered at 46 nm. 

Table 1 provides texture properties of the pristine CNTs, oxi-

ized CNTs-O and CNTs-D. The surface areas of all samples were

round 250 m 

2 /g, and the pore volumes were in the range of

.2–2.7 cm 

3 /g. From above analysis, the surface area and porosity

f the CNTs supports prepared through different treatments does

ot change. The scanning electron microscope images of CNTs,

NTs-O and CNTs-D samples are given in Fig. S1, indicating that

he morphology of CNTs has not changed significantly. The texture

roperties of various CNTs treated with different methods are al-

ost similar. 

Raman and X-ray diffraction techniques were used for charac-

erization of the structure of CNTs, CNTs-O and CNTs-D samples.

he XRD patterns of various CNTs are given in Fig. 2 (a). There

re two peaks at 25.7 ° and 43.1 ° for all samples, which are cor-

esponding to the (002) and (101) crystal planes diffraction peaks

f graphitic carbon structure. The Raman spectra for these sam-

les are shown in Fig. 2 (b), which can be deconvolved into five

eaks. Usually, the peaks located at 1340 and 1570 cm 

−1 corre-

pond to defective carbon (D1 band) and graphitic carbon (G band)

tructures, respectively. While the D2 band at 1620 cm 

−1 is at-

ributed to the presence of disordered structures in CNTs. The D3

and (around 1500 cm 

−1 ) has been associated with the amorphous

arbon and D4 band (around 1200 cm 

−1 ) represents some of the

onic impurities on the carbon surface [31,32] . However, the rela-

ive intensity ratio between the D1 band and the G band ( I D1 / I G )

an be used as an indication of the defect content in the car-

on material. The I D1 / I G value for pristine CNTs given in Table

 is 1.33, and the I D1 / I G value for CNTs-O and CNTs-D is 1.47 and

.56, respectively, which indicated that CNTs-O and CNTs-D contain

ore defects than that of CNTs. This is consistent with the results

eported in literature [22] . The I D1 / I G value of CNTs-D is higher

han that of the CNTs-O, due to the removal of the SFGs causes

ore defects on CNTs. 
Scheme 1. Pretreatment of C
Argon temperature-programmed desorption (Ar-TPD) technique 

as performed to investigate the surface oxygen groups of CNTs,

NTs-O and CNTs-D samples. It has been widely accepted that each

ype of oxygen-containing SFGs decomposes to a defined prod-

ct. For example, CO 2 generates from the decomposition of car-

oxylic acids at low temperatures (127–527 °C) or from lactones

t high temperatures (427–827 °C); carboxylic anhydrides (327–

27 °C) and pyrones (above 1097 °C) originate both CO and CO 2 ;

roups such as phenols (527–927 °C), carbonyls (80 0–90 0 °C) and

uinones (427–627 °C) originate CO [5,33,34] . The CO 2 desorption

rofiles of various samples are shown in Fig. 3 (a), the amount

f CO 2 increases dramatically after nitric acid treatment, suggest-

ng that the CNTs-O contain relatively more carboxyl and lactones

roups. The least amounts of CO 2 were released from CNTs and

NTs-D, indicating that they have a small amount of oxygen func-

ional groups. From Fig. 3 (b), CO begins to desorb at about 400 °C
or CNTs-O sample, and the amount of desorption is significantly

ncreased, further indicating that the CNTs-O may have phenols,

thers, carbonyls and quinones groups [35] . However, there are two

O peaks at 627 and 770 °C for pristine CNTs, which can be as-

igned to quinones and phenols groups; this could be the resid-

al oxygen species in the preparation of carbon nanotubes. And

nly one sharp desorption peak of CO at approximately 800 °C
or CNTs-D sample, which can be assigned to the carbonyls groups

29,31] , showing that after thermal annealing of CNTs-O, most of

he SFGs have been removed. The above results were further con-

rmed from the results of chemical titration ( Table 1 ) that most of

he acidic functional groups can be generated by the nitric acid

reatment. However, the results of Boehm titration also showed

hat CNTs-D had the highest basic functional groups content, which

lso indicated that carbonyls groups were produced after the ther-

al annealing treatment at 850 °C [29] . Thus, the gradual detach-

ent of the oxygen functional groups during the annealing causes

he formation of dangling bonds on carbon atoms, resulting in the

ormation of defective carbon [30] . 

.2. Textural properties of Ba-Ru/CNTs-x catalysts 

The N 2 adsorption-desorption isotherms and pore size distri-

ution of various Ba–Ru/CNTs- x catalysts are given in Fig. S2.

able 2 lists the specific surface area, total pore volume and the

verage pore diameter of the Ba–Ru/CNTs- x catalysts. The textural

roperties of Ba–Ru/CNTs- x catalysts are almost unchanged, which

ndicates that the supporting of the active components has no ef-

ect on the texture properties of CNTs due to its high surface area

nd large pore diameter. 

To study the status and size of Ru NPs, X-ray diffraction, trans-

ission electron microscopy and CO chemisorption characteriza-

ion were carried out. The XRD patterns of all Ba–Ru/CNTs- x cat-

lysts are shown in Fig. S3. There are only two peaks at 25.7 °
nd 43.1 ° assigned to the (002) and (101) diffraction peaks of

raphitic carbon for all catalysts. No distinct ruthenium metal or

ther ruthenium compound reflections were visible, which showed

vidence that Ru NPs were well dispersed on these catalysts.

ig. 4 shows typical TEM images and corresponding particle size

istributions of the Ba–Ru/CNTs- x catalysts. The Ba–Ru/CNTs-O and

a–Ru/CNTs-D catalysts have well dispersed Ru NPs with nar-

ow particle size distributions in the range of 1.5–2.5 nm, and
NTs to obtain CNTs-D. 
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Fig. 1. (a) Nitrogen adsorption–desorption isotherms and (b) pore size distribution of the CNTs, CNTs-O and CNTs-D. 

Table 1. Texture properties and concentration of surface functional groups of CNTs, CNTs-O and CNTs-D. 

Samples S. A. (m 

2 /g) P. V. (cm 

3 /g) P. D. a (nm) I D1 / I G Acidic functional 

groups (mmol/g) 

Basic functional 

groups (mmol/g) 

CNTs 251 2.7 46 1.33 0.03 0.03 

CNTs-O 252 2.2 46 1.47 0.23 0.01 

CNTs-D 248 2.4 46 1.56 0.02 0.08 

S.A.: Surface area; P.V.: Pore volume; P.D.: Pore diameter. 
a Using the BJH desorption data. 

Fig. 2. (a) XRD patterns and (b) Raman spectra of CNTs, CNTs-O and CNTs-D supports. 

cu
rr
en
t

cu
rr
en
t

Fig. 3. Ar-TPD-MS profiles of CNTs, CNTs-O and CNTs-D. (a) CO 2 evolution ( m / e = 44); (b) CO evolution ( m / e = 28). 
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Table 2. Texture properties and dispersion of Ba–Ru/CNTs- x catalysts. 

Catalysts S. A. (m 

2 /g) P. V. (cm 

3 /g) P. D. a (nm) Ru b (%) CO chemisorption TEM TOF d (s − 1 ) 

CO uptake 

(μmol/g) 

Dispersion (%) Ru particle 

size (nm) 

Dispersion c (%) Ru particle 

size (nm) 

Ba–Ru/CNTs 214 1.7 46 2.85 92.1 32.8 4.1 49.3 2.7 0.07 

Ba–Ru/CNTs-O 276 1.9 46 2.90 123.2 43.2 3.1 63.3 2.1 0.12 

Ba–Ru/CNTs-D 260 2.2 46 2.94 102.0 35.3 3.8 57.8 2.3 0.30 

S.A.: Surface area; P.V.: Pore volume; P.D.: Pore diameter. 
a Using the BJH desorption data. 
b Ru loadings was measured by the spectrophotometric method. 
c Ru dispersion was obtained by using the equation D Ru = 1.33/ d Ru . 
d TOF was calculated from the rate of ammonia synthesis at 450 °C divided by CO uptake. 

Fig. 4. Representative TEM images and corresponding particle size distributions for Ru catalysts: (a, d) Ba–Ru/CNTs, (b, e) Ba–Ru/CNTs-O and (c, f) Ba–Ru/CNTs-D. 

r

r

Fig. 5. (a) Ammonia synthesis rates of Ba–Ru/CNTs, Ba–Ru/CNTs-O and Ba–Ru/CNTs-D catalysts at various temperatures; (b) The reaction rate of Ba–Ru/CNTs, Ba–Ru/CNTs-O 

and Ba–Ru/CNTs-D catalysts as a function of time on stream in ammonia synthesis before and after thermal resistance test (Reaction conditions: 425 °C, 10 MPa, H 2 /N 2 = 3/1, 

10,0 0 0/h). 

Table 3. Relative abundance (%) of the components of the Ru 3 p spectra. 

Catalysts Peak 1 Peak 2 Peak 3 

BE (eV) Area (%) BE (eV) Area (%) BE (eV) Area (%) 

Ru/CNTs 462.9 63.0 465.7 37.0 – –

Ru/CNTs-O 462.9 79.7 465.7 20.3 – –

Ru/CNTs-D 462.8 85.0 465.6 15.0 – –

Ba–Ru/CNTs 462.7 32.0 465.5 37.0 467.9 31.0 

Ba–Ru/CNTs-O 462.7 52.8 465.5 37.9 467.9 9.3 

Ba–Ru/CNTs-D 462.6 56.3 465.4 43.7 – –
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cu
rr
en
t

cu
rr
en
t

Fig. 6. Temperature-programmed reduction profiles of the Ru/CNTs- x (a) and Ba–

Ru/CNTs- x (b) under 5% H 2 /Ar atmosphere detected with a mass spectrometer. 
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no big particle aggregation is observed. The average Ru NPs for

Ba–Ru/CNTs is 2.7 nm, which is larger than the Ba–Ru/CNTs-O and

Ba–Ru/CNTs-D, which are 2.1 and 2.3 nm, respectively. 

The dispersion and particle size of Ru NPs determined by

CO chemisorption and compared with that obtained by TEM are

given in Table 2 . Based on the chemisorption data and assuming

an adsorption stoichiometry of one molecule of CO molecule on

one metal surface atom, one can estimate the dispersion of the

metal catalysts [36] . The level of CO chemisorption is 92.1, 123.2

and 102.0 μmol/g for Ba–Ru/CNTs, Ba–Ru/CNTs-O and Ba–Ru/CNTs-

D catalysts, respectively. The increase of the SFGs can increase the

dispersion of the Ru NPs as evidenced by the increasing amount of

CO adsorption for Ba–Ru/CNTs-O compared with the pristine CNTs

supported Ba–Ru/CNTs catalyst. This result is the same with our

previous reports on the activated carbon supported ruthenium cat-

alysts [37] . The amount of CO adsorption for Ba–Ru/CNTs-D is also

increased compared with the Ba–Ru/CNTs although they have sim-

ilar oxygen content. The surface structure of CNTs support changed

after the CNTs been oxidized and thermal treated. This further in-

dicates the defects can disperse the Ru NPs well. But the CO ad-

sorption of Ba–Ru/CNTs-D is decreased compared with that of the

Ba–Ru/CNTs-O. The average sizes of Ru particles obtained from CO

chemisorption for Ru catalysts were higher than those based on

TEM. The presence of residual chlorine or carbon may lead to the

blockage of the Ru sites for CO adsorption [38] . Therefore, the

size of Ru particles based on CO chemisorption would be over-

estimated. However, the trend of the various catalysts is similar
energy

Fig. 7. X-ray photoelectron spectroscopy spectra of Ru 3 p for various (a) Ru/CNTs- x and

Ru/CNTs; (5) Ba–Ru/CNTs-O; (6) Ba–Ru/CNTs-D. 
lthough the accuracy of the dispersion is affected by the CO ad-

orption method. 

.3. Catalytic performance of Ba–Ru/CNTs-x catalysts in ammonia 

ynthesis 

Fig. 5 (a) displays the catalytic performance of Ba–Ru/CNTs- x

atalysts for ammonia synthesis rates at different temperatures at

0 MPa, 10,0 0 0 h 

−1 and H 2 /N 2 = 3.0. The activities of Ru catalysts

ncrease with the increasing of the reaction temperatures in the

ange of 400–450 °C. At the temperature range studied, the activ-

ty increased in the order of Ba–Ru/CNTs < Ba–Ru/CNTs-O < Ba-

u/CNTs-D. The increasing catalytic performance of the oxidized

NTs-O supported catalysts is reasonable according to the results

n our previous reports and references [5,15] due to the increas-

ng of SFGs can increase the dispersion of Ru NPs. It is interest-

ng to note that the catalytic performance of Ba–Ru/CNTs-D shows

he highest ammonia synthesis rate at 450 °C (110 mmol g −1 h 

−1 )

lthough the dispersion of Ru NPs is lower than that of the

a–Ru/CNTs-O catalysts. The turnover frequency (TOF) data was

alculated based on the CO adsorption data, which is given in

able 2 . The TOF value for Ba–Ru/CNTs, Ba–Ru/CNTs-O, and Ba–

u/CNTs-D is 0.07, 0.12, and 0.30/s, respectively. The TOF value for

efective CNTs-D supported catalysts is 2.5 times higher than that

or the oxidized CNTs-O supported catalysts. The Ru NPs size ef-

ects are exclude considering the fact that the size of Ru NPs size

n Ba–Ru/CNTs-O and Ba–Ru/CNTs-D catalysts are essentially sim-

lar. Therefore, the difference rate of ammonia synthesis in above

atalysts may be related to the electronic state of Ru NPs and the

nteraction between Ru and carbon support. 

Since the treatment of the catalysts under severe condition is

elpful for estimating the stability of carbon-supported Ru cata-

ysts, a high temperature treatment process at 475 °C for 14 h was

arried out. Most of unstable catalysts resulted in a decreasing per-

ormance after the severer thermal treatments [39,40] . To evaluate

he stability of the catalysts, Fig. 5 (b) shows the ammonia syn-

hesis rates as a function of time on stream. The reaction rate of

a–Ru/CNTs-D remains unchanged after 14 h thermal treatments,

hile the Ba–Ru/CNTs-O and Ba–Ru/CNTs are reduced to different

xtents. This means that the carbon structure affects the thermal

tability of the catalysts. Furthermore, the used Ba–Ru/CNTs, Ba–

u/CNTs-O and Ba–Ru/CNTs-D catalysts were characterized by CO

hemisorption. Table S1 gives the dispersion and particle size of Ru

Ps in various Ru catalysts after the reaction. Results in Table S1

eveal that the CO uptake of Ba–Ru/CNTs-D decreased from 102.0

o 75.8 μmol/g after been used, meaning a 25.7% loss in the CO up-

ake; while the CO uptake loss rates for the Ba–Ru/CNTs and Ba–

u/CNTs-O catalysts were 31.3% and 42.5%, respectively, indicating
energy

 (b) Ba–Ru/CNTs- x catalysts. (1) Ru/CNTs; (2) Ru/CNTs-O; (3) Ru/CNTs-D; (4) Ba–
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hat the defect-rich CNTs-D can stabilize the Ru NPs, and the Ba-

u/CNTs-D has the highest dispersion in the Ru catalysts after the

eaction. 

.4. Status of Ru species on various CNTs-x support 

To further identify the interaction between Ru NPs and the car-

on framework, a series of hydrogen temperature-programmed re-

uction of the various catalysts were performed under 5% H 2 /Ar

nd the signal of H 2 , H 2 O, CH 4 , CO and CO 2 were detected with

 mass spectrometer. For clarity, both the Ru/CNTs- x and Ba–

u/CNTs- x are characterized. The H 2 -TPR patterns of Ru/CNTs- x

ithout barium promoters are shown in Fig. 6 (a) and the Ba–

u/CNTs- x are shown in Fig. 6 (b). The information of the TPR peaks

s summarized in Table S2. The first peak appears at 180 °C, 205 °C
nd 173 °C for Ru/CNTs, Ru/CNTs-O, and Ru/CNTs-D, respectively,

hich can be assigned to the reduction of RuO x since only the H 2 O

ignal appeared at corresponding temperature ranges. As reported

n the experimental part, all the catalysts were prepared by di-

uted ammonia solution assisted precipitation method. The RuCl 3 
as been precipitated into Ru(OH) 3 by ammonia and the ruthe-

ium hydroxide can be decomposed into ruthenium oxide during

ry process. This has been fully discussed in our previous reports

5] . The second peaks at 215–290 °C, can be assigned to the metha-

ation of carbon support with H 2 ; there are corresponding CH 4 

ignals are detected with consumption of H 2 signals. As is known,

xistence of Ru metal can catalyze the methanation of carbon sup-

ort under hydrogen atmosphere. 

From the above results, both the RuO x reduction and car-

on methanation peaks are shifted into higher temperature for

u/CNTs-O compared with the Ru/CNTs, while the reduction peaks

re shifted to lower temperature for Ru/CNTs-D compared with

hat of the Ru/CNTs. This observation can be explained by an easier

ethanation of the Ru/CNTs-D samples than for other two samples

wing to the strong interaction between Ru NPs and the carbon

upport [36] . The last peaks of Ru/CNTs, Ru/CNTs-O and Ru/CNTs-D

amples are higher than 470 °C, which can be considered as the

ecomposition of oxygen-containing groups on the surface of the

amples [39] ; both water, CO and CO 2 molecules are detected by a

ass spectrometer in this temperature range. See supporting infor-

ation Fig. S4. Fig. 6 (b) shows H 2 -TPR profiles of the Ba–Ru/CNTs- x

atalysts. The trend of Ba–Ru/CNTs- x catalysts curve is like that of

u/CNTs- x samples. A new peak at ca. 240 °C appears for all the

amples accompanied with a H 2 O signal at same range. But these

eaks appear at similar range with that of the RuO x reduction. It

s difficult to separate them. According to the preparation process,

a(OH) 2 maybe formed after precipitation by ammonia solution

41] . Therefore, only the H 2 O signals are detected at this tempera-

ure range. 

The electron structure of Ru NPs in catalysts is very impor-

ant due to the dissociation of N 2 is the rate-determining step in

mmonia synthesis. The enhancement of the catalytic activity is

scribed to the transfer of electrons from Ru to the anti π orbital

f N 2 [42] . From above discussion, Ba–Ru/CNTs-O and Ba–Ru/CNTs-

 catalysts have similar Ru NPs particles size, but their TOFs values

re different. Therefore, XPS technique was adopted to characterize

he electron status of the Ru catalysts. Due to the overlapping of

he Ru 3 d 3/2 peak with the C 1 s peak (284.6 eV), the binding en-

rgy of the Ru 3 p peak was used to determine the states of Ru

resent on the surface [43] . To identify the role of CNTs supports

learly, the Ru/CNTs- x was tested together with Ba–Ru/CNTs- x sam-

les. 

Fig. 7 (a) illustrates the Ru 3 p XPS results of the Ru/CNTs- x sam-

les; the Ru peaks are fitted into two peaks with binding energy of

a. 462.9 and 465.7 eV, which can be assigned to Ru 

0 (i.e., metal-

ic Ru) and Ru 

n + (i.e., RuO x ), respectively [4,44] . The deconvolution
esults including the binding energy and relative content of differ-

nt peaks are shown in Table 3 . It should be noted that the Ru

 p XPS peaks for pure metallic Ru are around 461.5 eV [43] , while

or carbon supported Ru catalysts, the binding energy is higher

han that of metallic Ru in elementary substance, indicating that

u is electron deficient for all carbon materials due to the differ-

nce in electronegativity between Ru and C or O [45,46] . The rel-

tive content of Ru 

0 (85.0%) in Ru/CNTs-D is higher than those of

u/CNTs and Ru/CNTs-O samples. This indicated that the defective

NTs-D has stronger interaction with the Ru NPs and reduces the

lectron transfer from Ru to CNTs-D. As a result, the binding en-

rgy is relatively lower than those of Ru/CNTs and Ru/CNTs-O sam-

les [47] . This is confirmed by the easier reduction behavior of the

u/CNTs-D than that of the Ru/CNTs as demonstrated by the results

f H 2 -TPR. Fig. 7 (b) shows Ru 3 p XPS results of the Ba-Ru/CNTs- x

atalysts and the fitting results and analysis data are provided in

able 3 . 

The addition barium promoter to the Ru/CNTs- x series causes

he binding energy of the Ru 3 p peaks shift to lower energy for

ll the Ba–Ru/CNTs- x samples. And the ratio of cationic ruthenium

pecies is increased for Ba–Ru/CNTs and Ba–Ru/CNTs-O samples.

 third peaks was fitted to get a better fitting curves, which

ndicates that the barium greatly affected the electronic status

f Ba–Ru/CNTs catalysts. This is reasonable since the barium are

onsidered to remain in metal oxide status on the promoted cata-

ysts. For Ba–Ru/CNTs-D catalyst, there are still two species for Ru 

0 

nd Ru 

n + can be fitted properly. This could be due to that the de-

ects on the CNTs-D can increase the metallic status of ruthenium. 

From the above characterizations, the structure of ruthenium

articles is greatly affected by the surface structure of CNTs; to

urther identify the effect of the carbon supports on catalytic per-

ormance of the catalysts, the activation energies for Ba–Ru/CNTs,

a–Ru/CNTs-O and Ba–Ru/CNTs-D are calculated based the reaction

ate at different temperatures, which are 81.6, 80.1 and 68.8 kJ/mol,

espectively. The activation energy for Ba–Ru/CNTs-D in ammonia

ynthesis is the lowest among all the catalysts, indicates that the

efective CNTs-D supported catalysts are highly active in ammonia

ynthesis than other two catalysts. The high catalytic performance

an be attributed to the strong metallic state of Ru NPs and the in-

eraction between Ru and carbon support for Ba–Ru/CNTs-D. Liu et

l. [48] performed first-principles calculations and showed that the

tability of a Ru 13 particle is enhanced on the defective graphene

ubstrate due to the hybridization between the Ru 13 particles with

he sp 2 dangling bonds at the defect sites. And the local curvature

ormed at the interface will also increase the diffusion barrier of

he Ru atom, prohibiting the particle sintering, thereby improving

he stability of the reaction. Machado et al. [17] calculated by DFT

hat the binds ability of Ru 13 cluster to graphene double vacancies

s stronger than that of original graphene, which enhance the in-

eraction between metal NPs and carbon support, and makes Ru

Ps have higher thermal stability. As discussed above, the defects

n CNTs-D improve the metallic properties of the Ru and the ther-

al stability of the Ru NPs, thereby reducing the apparent activa-

ion energy and increasing the TOF value of the ammonia synthesis

eaction. 

. Conclusions 

In summary, it is a facile and effective method to introduce de-

ective sites on CNTs by acid oxidation and subsequent high tem-

erature treatments. Such defect-rich CNTs-D support immobilized

u NPs and Ba promotes catalyst has the highest activity compare

o the Ru NPs supported on oxidization CNTs-O and pristine CNTs.

he strong interaction between surface defect and Ru NPs greatly

mproves the catalytic performance and stability of ammonia syn-
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thesis. The present work indicates that the carbon defects play key

roles in Ba–Ru/CNTs-D catalysts for ammonia synthesis. 
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