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ABSTRACT: Toward  enhancing  the  NH3  synthesis
activity  of  Ru-based  catalysts  under  mild  conditions,
various  electron  donors  have  been  intensively
investigated.  The  electron  donation  typically  originates
from either the support itself or the external promoter that
transforms into a near-metallic state during the reaction,
yet  single  materials  combining  both  pathways  remain
rarely reported. This work developed such a bifunctional
support,  strontium  carbonate  (SrCO3).  Over  the  Ru-
SrCO3/carbon nanotubes (CNTs) catalyst, surface SrCO3

was  partially  reduced  in-situ  to  form  near-metallic  Sr0
species, which, together with the unreduced basic Sr2+ in
the  bulk  SrCO3,  donate  electrons  to  Ru sites,  achieving
highly  efficient  N2  activation.  Moreover,  the  SrCO3

mmolNH3

support  can  also  boost  NH3  desorption  and  mitigate  hydrogen  poisoning.  The  potassium-promoted  catalyst  K-Ru-
SrCO3/CNTs  even  delivers  an  outstanding  NH3-synthesis  rate  of  61.6  ·gcat

−1·h−1  at  400  °C  and  0.9  MPa,
outperforming most state-of-the-art Ru-based catalysts with Ru mass-loading ≤ 5 wt.% reported to date.
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 1    Introduction
The  world  has  experienced  multiple  times  of  fossil  fuels-related
energy  crises  since  the  21st century  [1, 2].  Toward  establishing  the
sustainable development, carbon-free fuels will play the pivotal role,
as  they  not  only  reduce  carbon  emissions  but  also  promote
renewable  energies  [3, 4].  Building  on  this,  the  strategic  value  of
hydrogen energy, particularly “green hydrogen” produced via water
electrolysis  using  renewable  electricity,  has  become  increasingly
prominent  [5−7].  However,  significant  challenges  still  remain  in
achieving  economical,  efficient,  and  large-scale  supply  of  pure
hydrogen  [8, 9].  Recently,  ammonia  (NH3)  has  been  widely
recognized  as  an  ideal  hydrogen  carrier  due  to  its  superior

hydrogen content  (17.6 wt.%),  ease of  storage,  and excellent  safety
[10, 11]. Moreover, as a zero-carbon fuel with a relatively high mass
energy  density  (3  kWh·g−1),  NH3 itself  is  regarded  as  a  promising
new energy  source  [12, 13].  At  present,  the  dominant  method for
industrial  NH3 synthesis  is  the  century-old  Haber–Bosch  (HB)
process,  which  catalyzes  the  reaction  of  N2 with  H2 at  high
temperatures  (450–500  °C)  and  high  pressures  (15–20  MPa)  over
iron-based  catalysts  [14].  A  major  bottleneck  of  this  process  is  its
heavy  reliance  on  fossil  fuels,  which  leads  to  substantial  carbon
emissions (~ 1.5 tons of CO2 per ton of NH3) [15]. The electrolysis-
driven HB process (eHB) has thus emerged as a promising pathway
for green NH3 synthesis, aligning with the global pursuit of carbon
neutrality and the rising demand for clean energies [16]. However,
a  challenge  arises  from  the  pressure  discrepancy:  The  hydrogen
output  from  water  electrolysis  is  typically  below  5  MPa,  which  is
significantly  lower  than  the  pressure  in  the  conventional  Fe-
catalyzed  HB  process.  This  mismatch  underscores  the  importance
of  developing  catalysts  capable  of  efficient  NH3 synthesis  at  low
pressures  and  low temperatures.  In  this  regard,  Ru-based  catalysts
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offer  a  promising  advantage,  as  they  exhibit  superior  intrinsic
activity  under  mild  conditions  compared  to  traditional  Fe-based
catalysts,  thereby  potentially  meeting  the  required  performance
benchmarks.

For  further  improving  the  NH3 synthesis  activity  of  Ru-based
catalysts,  the efficient activation of  N2 molecule is  critical,  which is
challenging  due  to  the  high  bond  energy  of  N≡N  (941  kJ·mol−1)
[17].  It  is  well  established  that  N2 cleavage  can  be  significantly
promoted by electron donation from an electron-rich catalyst  into
the  antibonding π*  orbital  of  N2 molecule  via  the  d-orbitals  of  Ru
metal  [18, 19].  Such  electron-rich  materials,  including  the
functional  supports  themselves  and  externally  added  promoters,
have been extensively  studied for  Ru-based catalysts.  For  example,
Ru/Ca2N:e− [20],  Ru/C12A7:e− [21],  and  Ru/CaFH  [22]  catalysts
employ  supports  with  exceptionally  strong  electron-donating
capabilities,  which  lead  to  significant  NH3 synthesis  rates;  5K-
Ru/MgO nanoclusters enable high catalytic activity, owing to the K
addition that optimizes the electronic structure of the Ru active sites
[23].  Ru(10%)/C_inCs,  which  means  Ru  catalysts in-situ doped
with  metallic  Cs  promoter,  exhibits  one  of  the  best  performance
ever  reported  [24].  In  the  studies  mentioned  above,  the  electron-
donating  effect  is  typically  achieved  either  through the  compound
supports themselves or via externally added promoters that convert
to a near-metallic state during reaction [25, 26]. Nevertheless, there
are  few  (if  any)  reports  on  a  single  material  capable  of  both
pathways  with  the  exception  of  the  Co/LaN  system,  wherein  the
surface  LaN  is  partially  reduced in-situ to  metallic  La,  which
migrates onto Co clusters and thereby promotes N2 activation [27].
Integrating  both  electron-donating  pathways  within  a  single
material can synergistically enhance the ability of Ru to activate N2,
while  also  improving  the  utilization  efficiency  of  all  catalyst
components. These combined advantages are crucial for developing
highly efficient Ru-based NH3 synthesis catalysts that operate under
mild conditions and are promising for industrial applications.

In fact, the bifunctional support that integrates the two electron-
donating  pathways  essentially  combines  the  functions  of  both  a
support  and  a  promoter.  Among  alkaline  earth  metals  (AEMs),
there  seems  a  clear  trend:  The  light  AEM-based  oxide  MgO  is
primarily employed as high-surface-area support [28, 29] and CaO
is  commonly  used  as  a  reference  support  in  studies  [21, 30],
whereas the heavy AEM-based oxide BaO is widely recognized as a
potent  structural  promoter  that  enhances  the  N2 dissociation  rate
[31−33]. This trend suggests a scientific hypothesis: Strontium (Sr),
positioned between Ca and Ba, might possess the unique capability
to  serve  as  a  bifunctional  support  that  provides  both  support  and
promoter functionalities. However, SrO has not been documented,
while there are a few studies on other strontium compounds-based
catalysts including Co/SrNH [34], Ru/Sr2Ta2O7 [35], and Ru/SrTiO3

[36]. Additionally, the practical application of SrO is hindered by its
strong hygroscopicity. Then, the exploration of bifunctional catalyst
supports  can  proceed  along  the  line  of  strontium  compounds.  A
recent study [37] revealed that BaCO3, which is converted from the
Ba(NO3)2 precursor,  acts  as  an  effective  promoter  species  under
reaction  conditions.  This  report  inspires  us  to  hypothesize  that
SrCO3 might be a bifunctional catalyst support.

mmolNH3

Therefore,  this  study  focuses  on  the  Ru/SrCO3 catalyst.  It
demonstrates a NH3 synthesis rate of 2.5 ·gcat

−1·h−1 at 400 °C
and 0.1 MPa, 18 times that of Ru/carbon nanotubes (CNTs), whose
support  serves  only  for  the  metal  dispersion.  In  the  Ru/SrCO3

mmolNH3

mmolNH3

system,  SrCO3 itself  acts  as  an  alkaline  support  and  facilitates
electron  donation  to  Ru  in  the  form  of  a  compound  [37].  To
enhance  the  catalytic  performance,  CNTs  were  employed  to
support both Ru and SrCO3,  producing Ru-SrCO3/CNTs, a choice
motivated by its high specific surface area and abundant anchoring
sites  that  facilitate  high  dispersion of  Ru and SrCO3 particles  [38].
Therein  SrCO3 is  predominantly  anchored  around  Ru
nanoparticles,  due  to  a  strong  metal–support  interaction  (SMSI)
between Ru and SrCO3 [39]. Notably, near-metallic Sr species (Sr0)
are generated by the reduction of surface SrCO3 under the reaction
conditions  over  Ru-SrCO3/CNTs,  which  plays  a  more  important
role  in  enhancing  the  electron-rich  state  of  the  Ru  entities.  The
formation of Sr0 is likely attributable to the dual reduction of surface
SrCO3 by  active  H  species  and  carbon  [40],  indicating  that  the
CNTs  serve  both  to  disperse  Ru  metal  and  to  reduce  the  surface
SrCO3. Within this system, two distinct electron-donation pathways
are  concurrently  facilitated  by  the  SrCO3 support,  leading  to  a
remarkably  enhanced  NH3 synthesis  rate  of  3.0 ·gcat

−1·h−1.
To further boost the catalyst performance, the potassium promotor,
which is a commonly-employed electron promoter due to its strong
capability  of  donating  electrons  to  Ru  [23, 41, 42],  was  utilized  to
make  a  composite  catalyst  K-Ru-SrCO3/CNTs.  With  K  addition,
K-Ru-SrCO3/CNTs present an extraordinary NH3-synthesis rate of
61.6 ·gcat

−1·h−1 at  400  °C  and  0.9  MPa,  which  not  only
surpasses  most  state-of-the-art  Ru-based  catalysts  with  Ru  mass-
loading  ≤  5  wt.%,  but  also  demonstrates  sustained  durability  for
more than 100 h.

 2    Experimental

 2.1    Materials
Sr(NO3)2 (≥ 99.5%) was purchased from Tianjin Damao chemicals
reagent  factory.  Na2CO3 (≥  98%)  and  Ru3(CO)12 (≥  99%)  were
bought  from  Shanghai  Aladdin  Biochemical  Technology.  CNTs
(surface area > 120 m2·g−1) were purchased from Shenzhen Co., Ltd.
WO3 (≥  99%)  and  KHCO3 (≥  99.99%)  were  purchased  from
Macklin  Co.,  Ltd.  N2 (99.999%),  H2 (99.999%),  Ar  (99.999%),  CO
(99.999%),  and  N2/H2 mixtures  with  different  molar  ratios
(99.999%) were obtained from Tianjin Air Liquide Gases.

 2.2    Synthesis of SrCO3 support
Two series of solutions for Sr(NO3)2 and Na2CO3 with fixed molar
ratio  of  1:1  between  them  were  respectively  prepared  at  several
concentrations  of  0.5%,  1%,  2%,  5%,  and  saturation.  Then  the
Na2CO3 solution  was  added  dropwise  (2  mL·min−1)  into  the
Sr(NO3)2 solution  under  continuous  sonication  at  room
temperature.  After  the  reaction  was  complete,  the  suspension
mixture  was  filtered.  The  collected  white  powder  was  washed
thoroughly  with  water  and then dried  at  80  °C for  12  h  to  obtain
the  SrCO3 support.  As  shown  in  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM),  all  X-ray  diffraction  (XRD)  peaks
of  the  obtained  sample  could  be  assigned  to  SrCO3 (JCPDS  No.
01-084-1778),  confirming  the  successful  synthesis  of  a  pure
crystalline  phase  of  SrCO3.  Additionally,  the  strongest  diffraction
peak  at  2θ of  25.3°  corresponded  to  the  (111)  facet.  As  for  the
specific surface area derived from N2 physical adsorption (Fig. S2 in
the ESM), SrCO3 synthesized from saturated solutions of Sr(NO3)2

and Na2CO3 possessed the largest specific surface area of 6.1 m2·g−1,
which was used for the subsequent catalysts preparation.
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 2.3    Synthesis of SrCO3/CNTs support
SrCO3 synthesized  from  saturated  solutions  of  precursors  was
supported  on  CNTs  via  ball  milling  with  a  SrCO3-to-CNTs  mass
ratio  of  9:1,  8:2,  and  6:4,  producing  SrCO3/CNTs  composite
supports. XRD patterns and N2 physical adsorption results of pure
CNTs and these three composite supports are shown in Figs. S3–S5
in the ESM.

 2.4    Preparation of Ru-based catalysts
Ru/CNTs, Ru/SrCO3, and Ru-SrCO3/CNTs catalysts were prepared
by  a  one-step  solid  grinding  procedure.  Specifically,  0.018  g  of
Ru3(CO)12 and  0.200  g  of  the  corresponding  support  were  mixed
thoroughly  by  a  mortar  and  pestle.  The  resulting  homogeneous
mixture  of  Ru3(CO)12 and  supports  obtained  via  grinding  for
15 min was then heated under a 25%N2-75%H2 flow at 400 °C for
2  h,  producing  Ru/CNTs,  Ru/SrCO3,  and  Ru-SrCO3/CNTs
catalysts. Additionally, the Ru contents and the corresponding error
range  determined  by  inductively  coupled  plasma  optical  emission
spectroscopy (ICP-OES) analysis of these catalysts are presented in
Table S1 in the ESM.

 2.5    Preparation of K-promoted Ru-based catalysts
The  as-prepared  Ru-based  catalysts  in Section  2.4 was  thoroughly
mixed with 0.028 g of KHCO3 via grinding for 15 min in an agate
mortar.  The  resulted  powder  was  subsequently  heated  under  a
25%N2-75%H2 flow  at  400  °C  for  2  h,  producing  K-Ru/CNTs,
K-Ru/SrCO3,  and  K-Ru-SrCO3/CNTs  catalysts.  The  K  and  Ru
contents  and  the  corresponding  error  range  determined  by  ICP-
OES  analysis  of  these  catalysts  are  presented  in  Table  S1  in  the
ESM.

 2.6    NH3 synthesis performance tests
First,  the  catalyst  powder  was  pelletized,  manually  crushed,  and
finally sieved with a 20–40 mesh. The obtained catalyst grains were
then diluted with a proportionate amount of quartz sand to achieve
a consistent volume of 1 mL. Finally, the catalyst sample was loaded
into  a  pressurized  fixed-bed  reactor  made  of  stainless  steel  for
catalytic  tests  of  NH3 synthesis.  The  NH3 synthesis  rates  over  the
as-prepared  catalysts  were  evaluated  at  a  feed  composition  of
40%N2-60%H2 with  a  weight  hourly  space  velocity  (WHSV)  of
48,000  mL·g−1·h−1 at  0.1  MPa  and  a  feed  composition  of  67%N2-
33%H2 with a WHSV of 96,000 mL·g−1·h−1 at 0.9 MPa. The gas ratio
of  N2:H2 =  2:3  was  chosen  for  investigating  the  NH3 synthesis
performance,  since  the  study  on  the  effect  of  N2:H2 ratio  revealed
that  this  ratio  exhibits  the  highest  NH3-synthesis  rate  among  the
N2:H2 ratios ranging from 1:3 to 3:1 (Fig. S6 in the ESM). This result
is  understandable  since  N2 activation  is  the  rate-determining  step
on  Ru  and  a  higher  N2 partial  pressure  compared  to  the
stoichiometric  ratio  (25%)  can  effectively  enhance  the  surface
reaction  rate.  To  determine  the  NH3 formation  rate  at  each
condition, the gaseous NH3 was absorbed by an aqueous solution of
7.5  mM  H2SO4.  The  amount  of  NH4

+ was  assessed  by  an  ion
chromatography (Metrohm, ECO IC). Note that the preparation of
Ru-SrCO3/CNTs  and  K-Ru-SrCO3/CNTs  utilized  the  SrCO3-to-
CNTs mass ratio of 8:2, which exhibited the highest activity (Fig. S7
in  the  ESM).  Furthermore,  the  apparent  activation  energy  (Ea)
values of the working catalysts were determined from the slopes of
Arrhenius plots constructed from the NH3 synthesis rates measured
between 340 and 370 °C at 0.1 MPa.

 2.7    Measurement of reaction orders
Ammonia  synthesis  rate  (r)  can  be  given  by  the  following  equa-
tion [43]

r= kPα
N2
Pβ

H2
Pγ

NH3
(1)

PN2 PH2 PNH3where k denotes the reaction rate constant, , ,  and  are
the partial pressures of N2, H2, and NH3, respectively, and α, β, and
γ represent  the  reaction  orders  for  N2,  H2,  and  NH3,  respectively.
The volumetric fractions of the feed gases containing N2, H2, and Ar
were  varied  for  determining  the  reaction  orders  of  N2 and  H2,  as
summarized  below:  (12.5%,  37.5%,  50%),  (25%,  37.5%,  37.5%),
(35%, 37.5%, 27.5%), (45%, 37.5%, 17.5%), (55%, 37.5%, 7.5%), and
(62.5%,  37.5%,  0%)  for  N2 reaction  orders,  likewise  (25%,  62.5%,
12.5%),  (25%,  50%,  25%),  (25%,  37.5%,  37.5%),  (25%,  25%,  50%),
and (25%, 12.5%, 62.5%) for H2 reaction orders. The NH3 reaction
orders were measured by varying the 40%N2-60%H2 flow rate from
15 o 60 mL·min−1. All kinetic results (reaction orders and activation
energies)  were  obtained  well  below  the  equilibrium  states.  The
specific  calculation  method  followed  the  procedures  described  in
Ref. [23].

 2.8    Catalyst characterizations
XRD was conducted to identify the crystalline phases of catalysts on
a Rigaku Smartlab 9KW diffractometer using Cu Kα radiation (λ =
0.15406  nm).  N2 physical  adsorption  was  conducted  on  an  ASAP
2020  apparatus  to  determine  the  Brunauer–Emmett–Teller  (BET)
surface  area  of  catalysts.  Inductively  coupled  plasma  optical
emission  spectroscopy  (ICP-OES)  measurements  were  conducted
on an Agilent  5110 (OES) spectrometer  to measure the K and Ru
contents  of  the  catalysts.  The  morphologies  of  the  catalysts  were
characterized by scanning electron microscopy (SEM, FEI Apreo S
LoVac,  Czech  Republic)  and  transmission  electron  microscopy
(TEM,  Talos  F200X  field  emission  transmission  electron
microscope).  The  microscope  was  equipped  with  a  Super-X  G2
energy-dispersive X-ray (EDX) spectroscopy detector for elemental
analysis.  X-ray  photoelectron  spectroscopy  (XPS)  and  ultraviolet
photoelectron  spectroscopy  (UPS)  measurements  were  performed
to  investigate  the  electronic  structure  of  catalysts  using  a  Thermo
Fisher  Scientific  Escalab  250Xi  photoelectron  spectrometer
equipped  with  a  monochromatic  Al  Kα source  (1486.6  eV).  The
calibration of all  XPS binding energies was performed using the C
1s  signal  of  adventitious  carbon  at  284.8  eV  as  the  standard
reference. The full width at half maximum (FWHM) values for Ru0

and  Ruγ+ were  3.50  eV  for  all  systems.  For  quasi in-situ XPS,  the
sample  preparation  was  identical  to  conventional  XPS,  but  the
measurement procedures were different. Prior to testing, the sample
was first transferred under vacuum to an in-situ reaction cell, where
it was then sequentially treated at 400 °C in Ar, H2, N2, and finally a
25%N2-75%H2 mixture.  After  each  treatment,  the  catalyst  was
transferred  back  to  the  analysis  chamber  for  characterization.  The
WO3 color  change  experiments  were  performed  by  mixing  each
catalyst evenly with pure WO3 powder at a mass ratio of 1:80. The
obtained mixture was first heated to 200 °C under an Ar flow. The
gas was then switched to pure H2, and the color of the mixture was
recorded after reduction for 0, 2, 5, and 15 min, respectively. In-situ
diffuse  reflectance  infrared  Fourier  transform  spectroscopy
(DRIFTS) was conducted on a Bruker INVENIO S spectrometer in
the range of 700–4000 cm−1. The in-situ DRIFTS spectra for N2 and
CO were collected at 300 and 50 °C, respectively.
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 2.9    Theoretical simulation
All calculations were performed using the density functional theory
(DFT)  method  with  the  projector  augmented  wave  (PAW)  as
implemented  in  the  Vienna ab  initio simulation  package  (VASP,
version  5.4.4)  [44−46].  The  generalized  gradient  approximation
(GGA)  of  the  Perdew–Burke–Ernzerhof  (PBE)  functional  was
adopted to deal with the exchange–correlation interactions [47, 48].
The cut-off energy of the plane-wave basis set was 550 eV and 2 ×
1  ×  1  gamma-point  sampling  was  used  for  Brillouin  zone
integration.  The  energy  and  force  convergence  criterions  for
geometry  optimization  were  1  ×  10−5 eV  and −0.05  eV·Å−1,
respectively.

 3    Results and discussion

 3.1    Performance

mmolNH3

As  displayed  in Fig.  1(a),  pure  SrCO3 shows  no  measurable
activity  for  NH3 synthesis  at  400  °C  and  0.1  MPa.  Upon  Ru
loading,  the  Ru/SrCO3 catalyst  exhibits  a  relatively  high  rate  of
2.5 ·gcat

−1·h−1,  indicating  Ru  is  the  major  active  site.
Moreover,  to  understand  the  N2 dissociation  process,  the  rate-
determining  step  for  NH3 synthesis  as  revealed  by  the  N2 reaction
order  (explained  later),  DFT  calculations  were  employed  to
compare  the  N2-adsorption  over  SrCO3 and  Ru/SrCO3 (Fig.  S8  in
the  ESM).  The  SrCO3 support  exhibits  negligible  N2 adsorption,
with  an  adsorption  energy  of  only −0.08  eV.  In  contrast,  the
adsorption  energy  of  N2 on  Ru/SrCO3 increases  to −0.30  eV,
indicating  significantly  enhanced  N2 adsorption.  Meanwhile,  the
N≡N  bond  length  increases  from  1.11  to  1.31  Å.  These
computational  results  underscore  the  indispensable  role  of  Ru  in
the  adsorption  and  activation  of  N2,  key  steps  for  NH3 synthesis.

mmolNH3

mmolNH3

Besides,  the  NH3 synthesis  rate  of  Ru/SrCO3 is  18-fold  that  of
Ru/CNTs  (0.14 ·gcat

−1·h−1),  indicating  the  significant
improvement of NH3 synthesis performance over Ru/SrCO3. When
increasing the reaction pressure to 0.9 MPa, the NH3 synthesis rate
of Ru/SrCO3 reaches 13.5 ·gcat

−1·h−1,  suggesting that further
enhancement  of  the  NH3 synthesis  rate  over  Ru/SrCO3 can  be
achieved by reaction engineering optimization.

mSrCO3/mCNTs

mmolNH3

Although  the  direct  catalytic  contribution  of  CNTs  is  limited,
they have emerged as promising support components for Ru-based
NH3 synthesis  due  to  their  positive  impact  lying  in  high  surface
area,  tunable  surface  functional  groups,  and  exceptional  electrical
conductivity [38, 49, 50]. In our case, their high specific surface area
(120.7  m2·g−1,  Fig.  S5  in  the  ESM)  provides  an  effective  route  to
disperse  Ru/SrCO3 that  presents  a  comparatively  low  surface  area
(6.1  m2·g−1,  Fig.  S2  in  the  ESM).  Accordingly,  a  series  of
SrCO3/CNTs composite supports was prepared via ball milling. By
maintaining a SrCO3-to-CNTs mass ratio of 4:1 (  = 4),
the target composite SrCO3/CNTs was obtained. With the addition
of  CNTs,  the  specific  surface  area  of  the  composite  support
increased to 38.1 m2·g−1, which is 6.2-fold that of pure SrCO3 (Fig. S9
in  the  ESM).  Upon  Ru  loading,  Ru-SrCO3/CNTs  exhibits
an  optimal  NH3 synthesis  activity  at  400  °C  and  0.9  MPa
(14.3 ·gcat

−1·h−1).
Furthermore,  the  addition  of  alkali  or  alkaline  earth  metal

promoters  can  significantly  enhance  the  catalytic  activity  of  active
metals. In Ru-based NH3 synthesis catalysts, the activity-enhancing
mechanisms of these promoters have traditionally been classified as
either electronic or structural effects. Alkali metals-based promotors
(e.g., Cs and K) are generally employed by utilizing their enhanced
back  donation  of  electrons  to  the  antibonding  orbitals  of  N2

molecules to assist the N≡N bond dissociation [41, 51]. In addition,
the  electrostatic  interaction  also  plays  an  important  role  in

 

Figure 1    Catalytic performance. (a) NH3 synthesis rates over the as-prepared catalysts at 400 °C under 0.1 and 0.9 MPa. (b) NH3 synthesis rates over the K-promoted
catalysts  at  400 °C and 0.1  MPa.  (c)  NH3 synthesis  rates  of  K-Ru-SrCO3/CNTs at  190–250 °C and 0.1  MPa.  (d)  NH3 synthesis  rates  over  the  K-promoted catalysts  at
400  °C  and  0.9  MPa.  The  error  bars  represent  the  standard  deviation  based  on  three  independent  catalytic  tests  performed  under  the  stated  conditions.  (e)  Catalytic
stability of K-Ru-SrCO3/CNTs catalysts at 400 °C and 0.9 MPa.
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promoting NH3 synthesis. For instance, the introduction of Li+ over
Ru/AC  catalysts  significantly  polarizes  and  stabilizes  the  adsorbed
dinitrogen  intermediates  on  terrace  sites,  greatly  facilitating  NH3

synthesis  [25].  Besides  the  electronic  effect,  Ba  also  behaves  as  a
structural  promoter  (such  as  in  the  form  of  BaOx)  to  reduce  the
sintering  of  Ru  [52].  In  the  process  of  understanding  the
mechanistic roles of promoters, traditional ex situ characterizations
often  fail  to  capture  the  dynamic  chemical  states  and  spatial
distribution  of  promoters  under  realistic  working  conditions.
Recent  advancements  of in-situ and operando characterization
techniques  have  provided  transformative  insights,  allowing  direct
tracking of promoter evolution under reaction conditions [53]. For
example,  using in-situ environmental  transmission  electron
microscopy  (ETEM),  Hansen  et  al.  investigated  the  structural
evolution  of  Ba-promoted  Ru  catalysts  under  NH3 synthesis
conditions. They found that Ba species did not uniformly cover the
Ru surface but instead existed as an amorphous oxygen-containing
adlayer on specific facets of Ru, and were able to migrate during the
reaction  [54].  This  finding  directly  demonstrates  that  Ba  plays  the
major  role  of  a  structural  promoter  rather  than  an  electronic
promoter.  Furthermore,  with  one  of  the  best  performances  ever
reported  [24],  Ru(10%)/C_inCs  suggests  that  alkali  metal
promoters  are  most  effective  when  reduced  to  the  metallic  state
during the reaction, a conclusion consistent with DFT calculations
[55]. Collectively, these operando observations highlight the critical
role  of  promoters  in  NH3 synthesis.  On  this  basis,  K,  known  to
function  as  an  electron  promoter  [56],  was  introduced  into  the
Ru/CNTs, Ru/SrCO3, and Ru-SrCO3/CNTs catalysts (Fig. 1(b)).

mmolNH3

mmolNH3

mmolNH3

mmolNH3

mmolNH3

At  400  °C  and  0.1  MPa,  the  NH3-synthesis  rates  of  these  three
K-promoted  catalysts  range  from  3.9  to  7.7 ·gcat

−1·h−1.
Specifically,  the addition of K promoter increases the NH3-synthe-
sis  rate  of  Ru-SrCO3/CNTs  by  a  factor  of  2.6  (from  3.0  to
7.7 ·gcat

−1·h−1).  This  promotional  effect  can be attributed to
the  electron-donating  role  of  K,  as  evidenced  by  the  Ru  3p  XPS
spectra (Fig. S10 in the ESM): The binding energy of Ru0 decreases
from  462.0  (Ru-SrCO3/CNTs)  to  461.8  eV  (K-Ru-SrCO3/CNTs),
indicating  increased  electron  density  on  the  Ru  surface  upon  K
addition. Notably, the K-Ru-SrCO3/CNTs catalyst achieves an NH3

concentration  of  0.40  vol.%,  which  reaches  the  thermodynamic
equilibrium  under  the  given  conditions.  Consequently,  under
0.1 MPa, the NH3 synthesis rates of K-Ru-SrCO3/CNTs reach up to
8.8  and  8.6 ·gcat

−1·h−1 at  390  and  380  °C,  respectively  (Fig.
S11  in  the  ESM),  which  are  both  higher  than  that  of  400  °C
(7.7 ·gcat

−1·h−1).  In  addition,  the  NH3 synthesis  was  even
operative  at  ≤  250  °C  and  0.1  MPa  over  K-Ru-SrCO3/CNTs
(Fig.  1(c)).  Furthermore,  K-Ru-SrCO3/CNTs  delivers  a  NH3-
synthesis  rate  of  61.6 ·gcat

−1·h−1 at  400  °C  and  0.9  MPa
(Fig. 1(d)), which is one of the best catalysts with Ru mass-loading
≤  5  wt.%  ever  reported  (Table  S2  in  the  ESM).  Evidently,  the
activity  of  K-Ru-SrCO3/CNTs  catalysts  also  outperforms  most
previously  reported  oxide- and  carbon-supported  Ru  catalysts
(Table S3 in the ESM). While some catalysts with high Ru loadings
(4.5 wt.%–10 wt.%) show higher absolute rates, our catalyst exhibits
superior  mass-specific  activity  among  those  with  low  Ru  content
(≤ 3.0 wt.%). The exploration of SrCO3 provides a novel strategy for
NH3 synthesis  beyond  traditional  supports.  However,  optimizing
activity  for  a  new  system  demands  greater  effort  and  time,  as  key
factors,  promoter  type,  loading,  and  addition  method,  cannot  be
directly transferred from established oxide- or carbon-supported Ru-
based  catalysts.  Moreover,  the  NH3-synthesis  rate  of  K-Ru-
SrCO3/CNTs accounts for 90% of the thermodynamic equilibrium

mmolNH3and  is  1.8-fold  that  of  K-Ru/CNTs  (33.9 ·gcat
−1·h−1),

highlighting the essential role of SrCO3 in improving NH3 synthesis
performance  over  Ru-based  catalysts.  Additionally,  the  best-
performing  catalyst  K-Ru-SrCO3/CNTs  maintained  constant
activity  without  observable  deactivation  for  105  h  at  400  °C  and
0.9 MPa (Fig. 1(e)), demonstrating its high stability.

 3.2    Kinetics
To probe the functions of SrCO3 over the catalysts, kinetic analyses
were performed and the results are presented in Fig. 2. As shown in
the  Arrhenius  plots  (Fig.  2(a)),  the  K-Ru-SrCO3/CNTs  catalyst
exhibits  the  lowest  apparent  activation  energy  (Ea =  66  kJ·mol−1)
among  the  tested  catalysts  (K-Ru/SrCO3,  K-Ru/CNTs,  and  K-Ru-
SrCO3/CNTs). This lowest Ea reflects the enhanced activation of N2

and  H2,  resulting  in  the  highest  NH3 synthesis  rate.  As  a  product,
NH3 is  expected  to  present  a  negative  reaction  order,  as  a  higher
concentration  will  lead  to  a  lower  reaction  rate.  Among  the  K-
promoted  catalysts,  the  NH3 reaction  orders γ(NH3)  were  less
negative  over  the  SrCO3-supported  catalysts  (e.g., −0.66  for  K-Ru-
SrCO3/CNTs and −0.70 for K-Ru/SrCO3) than that on K-Ru/CNTs
(−0.73),  indicating  facilitated  NH3 desorption  via  the  addition  of
SrCO3, which is favorable for NH3 synthesis (Fig. 2(b)). Notably, the
NH3 reaction order  herein over  K-Ru-SrCO3/CNTs (−0.66)  is  also
less  negative  than  the  values  for  Ru/C12A7:e− (−1.00)  [21]  and
Ru/Ca2N:e− (−1.03)  [20].  This  fact  suggests  that  NH3 desorption is
relatively facilitated on the SrCO3-modified interface, preventing the
blockage of active sites by the produced NH3, i.e., a less pronounced
NH3 poisoning effect (Fig. 2(b)).

Besides, the N2 reaction order α(N2) serves as an indicator of its
activation capability, with the obtained results displayed in Fig. 2(c).
It  was  shown that  K-Ru-SrCO3/CNTs catalysts  possess  a  relatively
small  N2 reaction  order  of  0.75,  compared  to  conventional  Ru
catalysts,  e.g.,  1.5  for  Ru(10%)/C_inCs  [24],  1.2  for  Ni/LaN  [57],
and  1.0  for  Co/CeN  [58].  According  to  the  kinetic  models  for
ammonia synthesis,  a lower N2 order in the range of 0.5–0.8 often
correlates  with  an  enhanced  electron-donating  capability  of  the
support/promoter,  which facilitates N2 cleavage and in turn a high
coverage  of  N  atoms  on  the  catalyst  surface  and  eventually
promotes the formation of NH3 [59]. Furthermore, the H2 reaction
order β(H2)  holds  additional  significance  for  Ru-based  catalysts
because it quantifies the level of hydrogen poisoning [28]. For most
of  the  conventional  Ru-based  catalysts,  the  H2 reaction  order  is
negative.  This  fact  indicates  that  excess  hydrogen  adatoms  cover
active  sites  of  Ru  catalysts  and  then  consequently  decrease  the
overall  reaction  rate  [60].  In  contrast, β(H2)  for  the  K-Ru-
SrCO3/CNTs is positive at 0.72 (Fig. 2(d)), as opposed to a negative
value  of −0.27  for  the  K-Ru/CNTs,  suggesting  a  distinct  role  of
SrCO3 addition in alleviating hydrogen poisoning,  i.e.,  the Ru sites
are  not  over-saturated  by  H*  adatoms.  Collectively,  the  kinetic
analyses  reveal  that  SrCO3 contributes  to  enhanced  NH3 synthesis
performance  through  three  key  mechanisms:  facilitating  N2

activation,  effectively  avoiding  hydrogen  poisoning,  and
accelerating NH3 desorption. Guided by these findings, subsequent
studies were conducted to elucidate the origin of high activity over
SrCO3-supported catalysts.

 3.3    Structural properties
A  series  of  SEM  and  TEM  images  with  different  resolutions  was
taken  to  observe  the  morphology  of  the  Ru/SrCO3 and  Ru-
SrCO3/CNTs  catalysts,  as  well  as  the  SrCO3 support  (Fig.  3,  and
Figs.  S12,  S13,  and  S16  in  the  ESM).  The  SrCO3 support  is
composed of  pebble-like  primary particles  in  size  of  about  70 nm,
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with some degrees of particle accumulation (Figs. S12(a)–S12(c) in
the  ESM).  A lattice  spacing  of  0.350  nm is  observed in  the  SrCO3

support, consistent with the d-spacing of its (111) plane (0.352 nm)
(Fig. S13 in the ESM). For the Ru/SrCO3 catalyst, XRD patterns of
the used Ru/SrCO3 were first analyzed in Fig. S14 in the ESM. Most
diffraction peaks can be ascribed to Ru and SrCO3 except few peaks
corresponding to Sr(OH)2,  a byproduct generated during the XRD
sample preparation due to the hydrolysis of Sr0 species, which were
derived from the H2/CNTs reduction of SrCO3 during the synthetic
reaction  (explained  later).  More  evidence  is  provided  by  the
following  observations:  In  the  absence  of  Ru,  pure  SrCO3 after
calcination shows fewer Sr(OH)2 than Ru/SrCO3 (Fig. S15(a) in the
ESM); and in the presence of Ru and CNTs, used Ru-SrCO3/CNTs
shows more Sr(OH)2/Sr(OH)2·8H2O than Ru/SrCO3 (Fig. S15(b) in
the ESM). Moreover, SEM and TEM results of the used Ru/SrCO3

were  presented  in  Figs.  S12(d)–S12(f)  and  S16  in  the  ESM.  Its
particle  sizes  and shapes  are  found to  be  similar  with  those  of  the
SrCO3 support  (Fig.  S12(d)–S12(f)  in  the  ESM),  but  with  Ru
nanoparticles  not  observable  due  to  the  resolution  limit  of  SEM.
The lattice  analysis  reveals  clear  fringes  of  the SrCO3 support  with
an  interplanar  spacing  of  0.353  nm,  matching  well  with  the  (111)
plane of SrCO3. This fact confirms the predominant exposure of the
SrCO3(111)  facet,  being  consistent  with  the  XRD  results.  The  size
analysis  on  Ru  nanoparticles  indicates  an  average  diameter  of
4.3 nm (Fig. S16 in the ESM).

Notably,  we  also  characterized  the  morphology  of  the  fresh
Ru/SrCO3 via  high-resolution  TEM (HRTEM) and  the  analysis  of
Ru particle size distribution is shown in Fig. S17 in the ESM. There

is  no  significant  change  in  Ru  particle  sizes  and  size  distribution,
i.e.,  4.1 ± 2.3 nm (before) and 4.3 ± 2.4 nm (after),  indicating that
no obvious Ru sintering occurs during the reaction. This result can
be  attributed  to  the  SMSI  to  suppress  particle  migration  and
Ostwald  ripening  [61].  This  Ru  particle  size  is  substantially  larger
than  the  optimal  size  of  ~  2  nm,  which  possesses  a  maximum
density  of  B5 step  sites  (composed  of  five  Ru  atoms  at  the  step
lattice) responsible for N2 activation [62]. The relatively large size of
Ru  nanoparticles  is  consistent  with  the  limited  surface  area  of  the
SrCO3 support (6.1 m2·g−1, Fig. S2 in the ESM). The SrCO3 support
was then dispersed by being ball-milled with CNTs, which possess a
high  specific  surface  area  (120.7  m2·g−1).  After  loading  Ru,  the
composite  catalyst  Ru-SrCO3/CNTs  was  produced.  SEM  images
(Figs.  S12(g)–S12(i)  in  the  ESM)  show  that  CNTs  are  clearly
observed  to  be  interwoven  like  a  spider  web  across  the  surface  of
SrCO3. Notably, the presence of CNTs results in smaller and better-
dispersed  SrCO3 particles,  thereby  increasing  the  specific  surface
area,  enhancing  electron  transport  capability,  and  reducing  Ru
particle  size,  all  of  which  are  key  structural  factors  contributing  to
the enhanced catalytic performance (Fig. 1).

HRTEM  images  (Figs.  3(a) and 3(b))  reveal  that  in  Ru-
SrCO3/CNTs  catalysts,  Ru  nanoparticles  (highlighted  in  red)  are
mainly anchored around SrCO3 (highlighted in yellow) located on
the  CNT surface  (highlighted in  blue).  This  configuration leads  to
the formation of Ru-SrCO3 interfaces due to the SMSI between Ru
and  SrCO3 [39],  confirming  the  stacking  structure  of  SrCO3-
supported  Ru spread  on CNTs.  Moreover,  the  statistical  results  of
Ru particle  sizes  reveal  that  the  average  size  of  Ru species  for  Ru-

 

Ea = 66 ± 6 kJ·mol−1 γNH3
 = −0.66

γNH3
 = −0.73

γNH3
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Figure 2    Kinetic analyses. (a) Arrhenius plot of K-Ru/SrCO3, K-Ru/CNTs, and K-Ru-SrCO3/CNTs catalysts at 0.1 MPa. ((b)–(d)) Reaction orders of (b) NH3, (c) N2, and
(d) H2 over the K-Ru/SrCO3, K-Ru/CNTs, and K-Ru-SrCO3/CNTs at 370 °C and 0.1 MPa.
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SrCO3/CNTs (3.2  nm) is  smaller  than that  of  Ru/SrCO3 (4.3  nm),
confirming  the  enhanced  dispersion  by  CNTs  (Fig.  3(c)).  In
addition,  energy  dispersive  X-ray  spectroscopy  (EDS)  of  the  used
Ru-SrCO3/CNTs catalyst shows a uniform distribution of Ru, Sr, C,
and  O  across  the  support  (Figs.  3(d)−3(g)).  This  homogeneous
elemental  dispersion indicates that the highly-active catalyst  is  also
structurally  stable  during  the  NH3 synthesis.  Evidently,  HRTEM
reveals  a  sub-nanoscale  intimate  contact  among  the  Ru
nanoparticles,  SrCO3,  and  CNTs.  Together  with  our  spectroscopic
analysis  and  DFT  calculations  (below),  we  propose  a “multistage
electron-donating model” to describe the interfacial  synergy in the
K-Ru-SrCO3/CNTs  catalyst.  Under  reaction  conditions,  the  CNTs
not  only  serve  as  a  conductive  support  but  also  create  a  localized
carbothermal  reduction  environment,  which  facilitates  the  partial
reduction of surface SrCO3 to low-valence Sr species, i.e., essentially
Sr0 atoms. These Sr0 species, together with the bulk basic SrCO3 and
the K promoter, form an integrated electron-donor array. The close
contact at the sub-nanometer lattice scale enables efficient electron
transfer  to  the  Ru  d-orbitals,  thereby  promoting  the  polarization
and  cleavage  of  the  N≡N  bond  by  donating  electrons  into  the
antibonding orbitals of N2 molecules.

 3.4    Electronic state
To further evaluate how SrCO3 affects the catalytic activity, we first
examined  the  electronic  state  of  Ru/SrCO3,  Ru/CNTs,  and  Ru-
SrCO3/CNTs  by  using  XPS.  In  Ru  3p  XPS  spectra  (Fig.  4(a)),  the
binding energy (BE) of Ru0 over Ru/SrCO3 (462.2 eV) is lower than
that  of  Ru/CNTs  (462.3  eV),  indicating  an  increased  electron
density on the Ru surface, which is further supported by the higher
proportion  of  Ru0 species  (Ru0/(Ru0 +  Ruγ+))  in  Ru/SrCO3 (91.8%)
compared to  that  in  Ru/CNTs (82.4%).  These  results  demonstrate
that  within  the  Ru/SrCO3 and  Ru/CNTs  systems,  the  SrCO3

support  acts  as  an  efficient  electron  donor  for  Ru  metal  and

promotes  the  reduction  of  Ru  species,  whereas  CNTs  do  not
possess this capability. Moreover, Ru-SrCO3/CNTs exhibits an even
lower  binding  energy  of  Ru  3p  (462.0  eV)  than  Ru/SrCO3

(462.2 eV),  suggesting that CNTs may play another role related to
modulating  the  electronic  structure  beyond  their  dispersive
function.  To  verify  this  hypothesis,  Sr  3d  XPS  spectra  over  Ru/
SrCO3 and Ru-SrCO3/CNTs were recorded and are summarized in
Fig. 4(b). For Ru/SrCO3, the binding energies of 133.3 and 135.1 eV
can be assigned to Srγ+,  implying that the SrCO3 support efficiently
donates electrons to Ru metal mainly in the form of a compound.
Surprisingly, the unexpected Sr0 (BE = 132.5 and 134.4 eV) besides
the anticipated Srγ+ (BE = 133.7 and 135.4 eV) is also observed over
Ru-SrCO3/CNTs.  This  result  indicates  that  the  surface  SrCO3 is
partially  reduced  by  CNTs  to  generate  near-metallic  Sr0 species
during the reaction, which effectively enhances the electron density
on Ru and thereby indirectly  boosts  the N2 activation.  Meanwhile,
the  unreduced  bulk  SrCO3 continues  to  donate  electrons  in  its
compound  state,  as  observed  in  the  Ru/SrCO3 system.  In  a  word,
we  postulate  that  SrCO3 acts  as  an  effective  electron  donor  to  Ru
not only in its compound form but also in a metallic state over Ru-
SrCO3/CNTs,  thereby  achieving  highly  efficient  N2 activation  and
NH3 synthesis. To verify this assumption at the molecular level, we
analyzed  the  Bader  charges  of  Ru  in  Ru/CNTs  and  Ru-
SrCO3/CNTs  (Figs.  S18(a)  and  S18(b)  in  the  ESM).  It  can  be
observed  that  upon  the  introduction  of  SrCO3 to  Ru/CNTs,  the
positive charge on Ru8 decreases from 0.90 |e| to 0.24 |e|, indicating
a  significant  increase  in  the  electron  density  on  Ru  surface.
Consequently,  upon  the  addition  of  SrCO3,  the  adsorption  energy
of  N2 increases  from –0.24  to –0.96  eV  (Fig.  S18(c)  in  the  ESM),
indicating  that  SrCO3 significantly  enhances  N2 adsorption.
Correspondingly,  the  adsorbed  N≡N  bond  length  elongates  from
1.30  to  1.32  Å,  confirming  that  the  electron-donating  effect  of
SrCO3 significantly  promotes  the  adsorption  and  activation  of  N2.

 

Figure 3    TEM characterization of  Ru-SrCO3/CNTs catalysts.  ((a)  and (b))  HRTEM images of  two locations.  (c)  High-angle annular  dark-field scanning transmission
electron  microscopy  (HAADF-STEM) image,  with  the  corresponding  size  distribution  of  Ru  nanoparticles  indicated  by  the  inset.  ((d)–(g))  EDS mappings  of  (d)  Ru,
(e) Sr, (f) C, and (g) O.
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This enhancement is attributed to the dual electron-donor effect of
SrCO3,  which  markedly  increases  the  electron  density  on  the  Ru
surface.

As a complementary technique to XPS, UPS (Fig. 4(c)) provides
an  independent  assessment  of  the  catalysts’ electron  escape
capability, which is directly relevant to their efficacy in activating N2.
Based on the cutoff energy of the secondary electron emission [23],
the work function (ΦWF) was calculated using the equation of ΦWF =
hν (21.22 eV) − Ecutoff.  The value for Ru/CNTs is  determined to be
4.63 eV, which decreases to 4.34 eV for Ru-SrCO3/CNTs (Fig. 4(d)).
A  lower  work  function  induced  by  SrCO3 addition  over  Ru-
SrCO3/CNTs facilitates electron transfer at  catalytic interfaces (e.g.,
Ru-SrCO3),  where  trapped  electrons  become  more  loosely  bound.
This fact reduces the energy barrier for donating electrons from Ru
sites  into  the  anti-bonding  π*  orbitals  of  adsorbed  N2,  thereby
weakening  the  N≡N  bond  and  accelerating  N2 dissociation  [22].
Such lower work function can be attributed to the excellent electron-
donating  ability  achieved  by  SrCO3 in  two  distinct  states  (e.g.,
compound and near-metallic). Furthermore, the d-band center (εd)
values of Ru/CNTs and Ru-SrCO3/CNTs evaluated from magnified
images  (i)  and  (ii)  were  estimated  to  be  3.41  and  3.63  eV,
respectively  (Fig.  4(e)).  The  observed  downshift  in εd for  Ru-
SrCO3/CNTs indicates a decreased antibonding energy state, which
in turn weakens the adsorption of NHx (x = 0–3) intermediates on

Ru  sites  [63],  a  change  that  promotes  NHx desorption  and  is
consistent  with  the  less  negative  NH3 reaction  orders  over  SrCO3-
supported catalysts. The reduction in work function and downshift
of the d-band center, induced by the introduction of SrCO3,  create
an  electronic  environment  that  concurrently  favors  both  N2

activation  and  the  subsequent  desorption  of  NHx intermediates,
collectively ensuring high-efficiency NH3 synthesis.

 3.5    Understanding of reactant activation
To comprehend the reaction mechanism, the activation of  N2 and
H2 was  investigated  via in-situ characterizations  (Fig.  5),  such  as
in-situ DRIFTS of CO and N2 as well as quasi in-situ XPS spectra of
Ru 3p over Ru/SrCO3 catalysts. As demonstrated in Fig. S19 in the
ESM, the strongest absorption peak at 2030 cm−1 can be attributed
to the linearly-adsorbed CO on Ru B5 sites  [64, 65],  indicating the
existence of a dissociation mechanism over Ru/SrCO3 catalysts [25].
The  subsequent  investigation  was  directed  toward  studying  N2

adsorption  using in-situ N2-DRIFTS,  as  shown  in Fig.  5(a).  In
contrast  to  conventional  Ru  catalysts  (e.g.,  Ru/MgO,  2231  cm−1)
[66],  Ru/SrCO3 exhibits  a  peak  centered  at  a  much  lower
wavenumber of approximately 1758 cm−1.  To validate whether this
peak corresponds to N2 adsorption, the atmosphere was alternately
switched  between  N2 and  Ar.  The  reversible  disappearance  and
reappearance of the peak at 1758 cm−1 confirm its assignment to N2

 

Figure 4    Electronic state characterization. (a) Ru 3p XPS spectra of Ru-SrCO3/CNTs, Ru/SrCO3, and Ru/CNTs catalysts. (b) Sr 3d XPS spectra of Ru-SrCO3/CNTs and
Ru/SrCO3 catalysts. (c) UPS spectra over Ru-SrCO3/CNTs and Ru/CNTs catalysts. (d) The magnified images of corresponding area (i) in (c), indicating work function.
(e) The magnified images of corresponding area (ii) in (c), indicating d-band center.
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adsorption.  Such  red  shift  of  the  N2 adsorption  band  suggests  a
significant  electron  transfer  from  SrCO3 to  Ru  sites  [67],  which  is
favorable for N2 activation. This conclusion coincides with the XPS
and UPS conclusions in Fig. 4, collectively approving the electron-
donating effect of SrCO3.

To  elucidate  the  active  sites  and  reaction  mechanism,  quasi in-
situ XPS analysis was performed on Ru/SrCO3, Ru/CNTs, and Ru-
SrCO3/CNTs  catalysts  at  400  °C.  The  surface  state  evolution  was
monitored during sequential exposure to Ar, H2, N2, and a 25%N2-
75%H2 atmosphere,  with  the  raw  data  presented  in Fig.  5(b), and
Figs. S20 and S21 in the ESM. Two peaks corresponding to the Ru
3p3/2 and Ru 3p1/2 core levels appear at lower binding energies of ca.
462.3 nd 484.5 eV, respectively, which are attributed to Ru0 species.
Two additional peaks at ca. 466.1 and 488.3 eV are assigned to Ruγ+.
The extracted results (Fig. 5(c)) show that the Ru0 fraction increases
for all  three catalysts when the atmosphere is switched from Ar to
H2,  indicating that some Ruγ+ species accept electrons from H2 and
are  reduced  to  Ru0 via  the  pathway  of  Ruγ+ +  H2 →  2*H  +  Ru0.
Conversely,  switching  the  atmosphere  from  H2 to  N2 leads  to  a
decrease  in  the  Ru0 fraction,  suggesting  that  some  Ru0 species  are
oxidized  back  to  Ruγ+ species  by  donating  electrons  to  N2 via  the
pathway of Ru0 + N2 → *N2 + Ruγ+. These reversible changes confirm
that Ru0 species serve as the active sites in these catalysts. Moreover,
because  the  variation  in  Ru0 fraction  responds  directly  to  the
reactive gas environment, it can serve as a descriptor for the extent
of reactant activation. Specifically, the increase in Ru0 fraction upon
switching from Ar to H2 reflects  the oxidation of  H2,  with a larger
increase  indicating  more  extensive  H2 activation.  Similarly,  the

decrease in Ru0 fraction upon switching from H2 to N2 reflects the
reduction  of  N2,  with  a  more  pronounced  decrease  indicating
greater  N2 activation.  Thus,  the  change  in  Ru0 fraction  under
different atmospheres acts as a descriptor for reactant activation via
the  electron  transfer  effect.  On  this  basis,  the  variations  in  Ru0

fraction  across  the  three  catalysts  under  different  atmospheres  are
summarized  in Fig.  5(d).  Among  them,  Ru-SrCO3/CNTs  exhibits
the largest  variation in Ru0 fractions during both the Ar → H2 and
H2 → N2 transitions, confirming its strongest capability for activating
H2 and N2. This optimal activity over Ru-SrCO3/CNTs catalysts can
be attributed to the enhanced electron-donating effect  achieved by
the  introduction  of  SrCO3,  which  donates  electrons  through  two
distinct pathways, as revealed in Fig. 4.

 3.6    Hydrogen poisoning mitigation
Conventional  Ru-based  catalysts  (e.g.,  Ru/CNTs)  suffer  from
hydrogen  poisoning,  which  is  detrimental  to  NH3 synthesis  under
mild  conditions  [28, 60].  In  contrast,  SrCO3-supported  Ru-based
catalysts  effectively  mitigate  this  issue  indicated  by  the  positive  H2

reaction  orders,  enabling  remarkable  NH3 synthesis.  To  further
understand  the  unique  hydrogen  adsorption  behavior  on  this
catalyst,  WO3 color  change  experiments  were  performed  over
Ru/CNTs  and  Ru-SrCO3/CNTs  catalysts  (Fig.  6).  The  underlying
reason  is  that  pure  WO3 cannot  react  directly  with  H2 at  low
temperature  but  only  with  H  atoms  to  form  dark  blue  HxWO3,
whereby H atoms are generated from H2 dissociation on the catalyst
surface  and  then  migrate  onto  the  WO3 support  [68].
Consequently,  the  color  change  can  serve  as  a  direct  indicator  for

 

Figure 5    In-situ characterizations of  reactant  activation.  (a) In-situ N2 DRIFTS of  Ru/SrCO3 catalysts.  (b)  Quasi in-situ XPS spectra of  Ru 3p over Ru/SrCO3 catalysts
under different reaction atmospheres. (c) Ru0/Rutotal ratio for Ru-SrCO3/CNTs, Ru/SrCO3, and Ru/CNTs catalysts under different atmospheres. (d) Variation of Ru0 species
under different atmospheres.
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evaluating  the  hydrogen spillover  effect  [69, 70].  While  the  H2–D2

exchange experiment is  commonly used to demonstrate  hydrogen
dissociation [60],  this  technique cannot  directly  confirm hydrogen
spillover, the subsequent migration of dissociated hydrogen species
from the  metal  to  the  support.  After  H2 treatment,  the  mixture  of
Ru/CNTs  and  WO3 turned  slightly  blue,  whereas  the  Ru-
SrCO3/CNTs  and  WO3 mixture  presented  a  distinctly  darker  blue
color.  This  visual  contrast  thus  demonstrates  a  more  pronounced
hydrogen spillover effect on the Ru-SrCO3/CNTs catalyst, which is
consistent  with  the  positive  H2 reaction  orders  over  SrCO3-
supported catalysts. In short, the hydrogen spillover is significantly
enhanced by the addition of SrCO3, which accelerates the migration
of  dissociated  *H  species  away  from  Ru  sites.  This  rapid  removal
effectively  alleviates  hydrogen  poisoning  over  Ru-SrCO3/CNTs.
Consequently,  a  greater  number  of  metallic  Ru  sites  remain
available  for  the  adsorption  and  subsequent  dissociation  of  N2,
which  is  the  key  to  the  improved  performance  of  NH3 synthesis
under mild conditions.

 4    Conclusions

mmolNH3

mmolNH3

In this work, a novel bifunctional support SrCO3 was developed for
the  thermally  catalytic  synthesis  of  NH3 under  mild  conditions.
Specifically, SrCO3 functions as an excellent electron donor through
two distinct pathways, alkaline support itself and near-metallic state
generated  from  reduction  of  surface  SrCO3.  Such  unique
mechanism  significantly  increases  the  charge  density  of  Ru
sites,  thus  promoting  N2 activation  by  boosting  charge  transfer
from  Ru  atoms  to  N2 molecules.  Simultaneously,  it  facilitates
NHx intermediate  desorption  by  downshifting  the εd and
significantly  enhances  hydrogen  spillover  to  suppress  hydrogen
poisoning. These synergistic effects endow Ru-SrCO3/CNTs catalyst
with  superior  capabilities  for  N2 activation,  hydrogen  poisoning
mitigation,  and  NH3 desorption,  ultimately  leading  to  its
exceptional  performance  in  NH3 synthesis.  Particularly,  the  K-
promoted  Ru-SrCO3/CNTs  (K-Ru-SrCO3/CNTs)  delivers  an
outstanding  NH3 synthesis  rate  of  61.6 ·gcat

−1·h−1 at
400  °C  and  0.9  MPa,  which  is  1.8  times  that  of  K-Ru/CNTs
(33.9 ·gcat

−1·h−1)  and  ranks  among  the  best  reported  Ru-
based catalysts with loading ≤ 5 wt.%. This work not only extends
the application scope of  SrCO3,  but  also opens a  new approach to
designing efficient catalysts for the mild-condition NH3 synthesis.

 Electronic  Supplementary  Material: Supplementary  material
(detailed  experimental  reagents;  XRD,  XPS,  and  TEM
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