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Propane dehydrogenation (PDH) is a vital industrial process for producing propene, utilizing primarily
Cr-based or Pt-based catalysts. These catalysts often suffer from challenges such as the toxicity of Cr, the
high costs of noble metals like Pt, and deactivation issues due to sintering or coke formation at elevated
temperatures. We introduce an exceptional Ru-based catalyst, Ru nanoparticles anchored on a nitrogen-
doped carbon matrix (Ru@NC), which achieves a propane conversion rate of 32.2% and a propene se-
lectivity of 93.1% at 550 °C, with minimal coke deposition and a low deactivation rate of 0.0065 h-!.
Characterizations using techniques like TEM and XPS, along with carefully-designed controlled experi-
ments, reveal that the notable performance of Ru@NC stems from the modified electronic state of Ru
by nitrogen dopant and the microporous nature of the matrix, positioning it as a top contender among
state-of-the-art PDH catalysts.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Propene, a crucial industrial building block, can be produced
through a combination of steam cracking of naphtha, fluid cat-
alytic cracking, and propane dehydrogenation (PDH). While steam
cracking remains the dominant source of propene globally, PDH is
gaining importance and popularity as a stand-alone process due to
the availability of propane from natural gas processing and shale
gas production. Presently, many commercial PDH processes em-
ploy chromium (Cr)-based or platinum (Pt)-based catalysts [1-9],
although some processes, such as K-PRO TECHNOLOGY, utilize pro-
prietary catalysts claimed to be non-Pt/Cr, with the exact composi-
tion remaining publicly undisclosed. Nevertheless, traditional tech-
nologies that use Cr and Pt catalysts are beset by challenges such
as the toxicity associated with Cr-compounds, the high cost of no-
ble metal Pt-based catalysts, or the utilization of environmentally
detrimental chlorine for the redispersion of noble Pt-catalysts to
prevent sintering.

Moreover, PDH is an endothermic process that necessitates high
reaction temperatures. The elevated temperature readily induces
C—C bond cleavage and concurrent coke formation [10-14]. For
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instance, Cr-based catalysts exhibit relatively low propene selec-
tivity and confront accelerated catalyst deactivation due to severe
coke deposition. This mandates periodic catalyst regeneration ev-
ery 12min, resulting in the emission of carbon dioxide and rais-
ing environmental concerns [4,5]. In light of these environmental
and economic imperatives, there is a pressing need to explore cost-
effective and eco-friendly PDH catalysts with desired propene se-
lectivity, a pursuit deemed crucial in both industrial and academic
realms.

In recent years, various strategies have been developed to ad-
dress this objective [15-23]. For instance, the creation of Pt-based
bimetallic catalysts with isolated Pt sites has shown enhanced
propene selectivity and reduced coke formation rates compared to
Pt ensembles of larger sizes [17-19]. This approach not only effec-
tively lowers the cost of the catalysts through the incorporation of
a secondary metal but also adjusts the electronic state and surface
structure of the active species, thereby enhancing the performance
of PDH catalysts. Concurrently, Ru-based catalysts, recognized for
their favorable activity in C—H bond activation, have been exten-
sively explored as alternatives to Pt-based catalysts due to their
relatively lower cost. Yang et al. observed that the introduction of
phosphorus (P) elements resulted in electron-deficient Ru sites in
Ru-P catalysts, significantly contributing to PDH activity [24]. Ad-
ditionally, Ma et al. demonstrated that an increase in P content
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in Ru-P catalysts exhibited a linear promotion of propene selec-
tivity [25]. More recently, Zhou et al. created a highly selective cat-
alyst comprising single-atom Ru anchored on nitrogen-doped car-
bon (Ru;/NC). Their findings revealed that inner-shell N inhibited
propane cracking, while outer-shell N facilitated high propene se-
lectivity [26]. Building upon previous research, we get inspired that
customizing the electronic state and surface structure of Ru sites
presents a promising avenue for developing efficient Ru-based PDH
catalysts.

Herein, we report a facile preparation of a Ru-based PDH cata-
lyst, consisting of Ru nanoparticles anchored on a nitrogen-doped
carbon matrix (Ru@NC), through a simple and widely-used pyrol-
ysis method [27], involving a Ru precursor incorporated into ZIF-8
(RU@ZIF-8). The Ru@NC catalyst exhibits exceptional PDH perfor-
mance, achieving ~32.2% propane conversion and ~93.1% propene
selectivity at 550 °C, with a feed composition of C3Hg/N, =1/19
and a weight hourly space velocity (WHSV) of 1.2 h~!. Further-
more, it maintains this high selectivity of ~93% for over 50h.
Through a combination of TEM, XPS characterizations, and care-
fully designed control experiments, we elucidate that the porous
NC-confined electron-deficient Ru sites are responsible for the en-
hanced activity and stability in the PDH process.

The Ru@NC catalyst was synthesized from a Ru@ZIF-8 precur-
sor using a straightforward pyrolysis method. As depicted schemat-
ically in Fig. 1a, Ru(acac); was initially co-precipitated in the syn-
thetic solution of ZIF-8 to prepare Ru@ZIF-8. The Ru precursor,
utilizing coordination chemistry similar to that of the Zn precur-
sor, was introduced in-situ into the ZIF-8 by coordinating with
2-methylimidazole. Subsequently, the resultant Ru@ZIF-8 powder
was heated at 1000 °C for 2 h under an N, atmosphere. This pyrol-
ysis process led to the transformation of ZIF-8 into NC, the evap-
oration of Zn, and the anchoring of Ru, ultimately resulting in
the formation of the Ru@NC product. The synthetic details can be
found in Supporting information.

The obtained Ru@ZIF-8 particles exhibit the same sodalite-like
crystal structure and rhombic dodecahedron shape (~600nm in
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Fig. 1. (a) Schematic illustration of the synthesis and (b-e) TEM characterizations
of Ru@NC, including low-magnification HAADF-STEM image (b), high-magnification
HAADF-STEM image with corresponding EDX elemental mapping for C (red), N
(purple), and Ru (blue) (c), TEM image (d), and high-resolution TEM image (e). The
inset histogram in (d) displays the statistical size distribution of the Ru nanoparti-
cles, based on analysis of over 50 particles.
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edge length) as ZIF-8, as evidenced by powder X-ray diffraction
(XRD, Fig. S1 in Supporting information) and transmission elec-
tron microscopy (TEM, Fig. S2 in Supporting information), respec-
tively. Energy-dispersive X-ray spectroscopy (EDX) elemental map-
ping demonstrates the successful incorporation of the Ru element
into ZIF-8 (Fig. S2). Following calcination, the resulting Ru@NC
catalyst manifests a distinctly different structure and morphol-
ogy. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images clearly depict tiny nanoparti-
cles with brighter contrasts uniformly dispersed on a porous sub-
strate of a dimmer contrast (Figs. 1b and c¢). Visually, the sub-
strate comprises irregularly shaped particles forming a network,
derived from the ZIF-8 particles. The nanoparticles have a mean
size of 6.69 +0.97 nm, as indicated by the size statistical analysis in
Fig. 1d. The high-resolution TEM image of a nanoparticle reveals a
lattice spacing of 0.23 nm, corresponding to the (111) facets of face-
centered cubic (fcc) Ru (Fig. 1e). In agreement with this structure
information, the XRD pattern shows a broad (111) diffraction peak
for these small Ru nanoparticles (Fig. S1). The HAADF-STEM image
and its corresponding EDX elemental mapping of Ru@NC (Fig. 1c)
confirm a uniform distribution of C, N elements, and Ru ensembles
across the substrate. ICP-OES and EDS analyses reported that the
Ru mass loadings are 0.37 wt% and 0.41 wt%, respectively, while
no Zn content was detected. Additionally, CHN elemental analysis
shows that the N content is 4.1 wt%.

To investigate the electronic interactions between Ru and N, we
conducted X-ray photoelectron spectroscopy (XPS) tests on Ru@NC
and compared the results with those of Ru/C and NC (Figs. 2a
and b). The XPS full spectrum and high-resolution C1s spectrum
used for standard calibration are provided in Fig. S3 (Support-
ing information). The Ru 3p spectra of Ru@NC exhibit two distin-
guishable doublets with 3p;j, peaks at binding energies of 461.9 eV
and 465.6 eV, corresponding to Ru® and Ru3+, respectively (Fig. 2a)
[26-28]. The N1s spectra of NC can be deconvoluted into three
characteristic peaks at binding energies of 402.1eV, 399.9eV, and
397.4eV, assigned to graphitic N, pyrrolic N, and pyridinic N, re-
spectively (Fig. 2b) [29,30]. A noticeable positive shift (0.70eV) in
the Ru 3p binding energies of Ru@NC relative to Ru/C suggests an
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Fig. 2. (a) Ru 3p and (b) N 1s XPS spectra of Ru@NC in comparison with Ru/C and
NC, respectively. (¢) N, adsorption/desorption isotherms and (d) pore size distribu-
tion for Ru@NC and NC.
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electron loss from Ru induced by the presence of N. Correspond-
ingly, taking the pyridinic N peak as an example, the binding en-
ergy for Ru@NC undergoes a negative shift (0.8eV) compared to
NC. These findings provide evidence of a robust electronic interac-
tion between Ru and N, inducing charge transfer from Ru to N and
creating electron-deficient Ru sites. Notably, when compared with
NG, an additional peak at 398.3eV emerges in the N1s spectra of
Ru@NC, which is attributed to the Ru-N bond [26], further confirm-
ing the strong electronic interaction between Ru and N. Addition-
ally, we conducted XPS analysis on other control samples including
Rupre/NCpre and Ru@NCpye, alongside Ru@NC, Ru/C, and NC. Defini-
tions and synthetic details of these samples are provided in the
experimental section of Supporting information and Fig. S4 (Sup-
porting information), with corresponding TEM images shown in
Figs. S5-S8 (Supporting information), Ru mass loadings in Fig. S9
(Supporting information), and XPS spectra in Fig. S10 (Support-
ing information). Interestingly, unlike Rupre/NCpre, RU@NCpre and
Ru@NC are the two Ru-containing samples that exhibit a distinct
negative shift in the N1s binding energy and a positive shift in
the Ru 3p binding energy relative to NC and Ru/C, respectively.
This result clearly demonstrates the presence of electronic inter-
actions between Ru and N in the Ru@NCpre and Ru@NC samples,
and also suggests that the high-temperature calcination process is
pivotal for establishing such robust electronic interactions between
the metallic nanoparticles and the substrate.

Considering the porous nature of the NC support, we also ex-
amine the textural properties of Ru@NC and NC by N, adsorption-
desorption isotherms (Figs. 2c and d). The Brunauer-Emmett-Teller
(BET) method was employed to determine the surface areas of
the samples, revealing exceptionally high values of 1046 m?/g and
1203 m?/g for NC and Ru@NC, respectively. Moreover, the Barrett-
Joyner-Halenda (BJH) method was utilized to analyze the N, ad-
sorption branches in the isotherms, indicating that the pore size of
both NC and Ru@NC is approximately 1.3 nm. The significant sur-
face area and microporous structure of the Ru@NC catalyst are ex-
pected to facilitate the mass diffusion of reactants and products
during the PDH reaction, thereby improving the catalytic perfor-
mance. Furthermore, the mesopores largely disappear in Ru@NC
(Fig. 2c), indicating the embedment of Ru nanoparticles within the
mesopores. This structure is likely to impede particle mobility, re-
ducing sintering and thereby enhancing the catalyst’s stability.

The catalytic performance of Ru@NC catalyst for the PDH reac-
tion was then evaluated in a fixed-bed quartz reactor. At a WHSV
for propane of 1.2 h~1, the Ru@NC catalyst exhibited an increasing
trend in propane conversions, ranging from 12.1% to 57.0%, as
the temperature rose from 500 °C to 600 °C, while the propene
selectivity decreased from 95.9% to 73.7% (Fig. 3a). Given the
endothermic nature of the PDH reaction [30-32], it is imperative
to maintain a sufficiently high reaction temperature to drive the
process. However, elevated temperatures commonly trigger side
cracking reactions, adversely affecting propene formation. Impres-
sively, the Ru@NC catalyst achieved a remarkably high propane
conversion rate of 32.2% at 550 °C, alongside a high propene selec-
tivity of 93.1%, while also exhibiting minimal coke formation. By
taking into account the Ru molar loading, the turnover frequency
(TOF) for propene formation has been calculated to reach 228
mOlpropene molg,~! h~1. Catalyst stability constitutes another vital
parameter for industrial applications. Therefore, we investigated
the longevity of Ru@NC for the PDH reaction. As presented in
Fig. 3b, the propane conversion exhibited a slight decrease from
32.2% to 25.6% after 50h on stream at 550 °C, while the propene
selectivity remained high at ~93%. The deactivation rate constant
(kg), calculated based on a first-order deactivation model (see
calculation details in Supporting information), was found to be
only 0.0065 h~!, comparable to that of the most stable Ru-based
PDH catalyst reported to date, i.e., Ru;/NC (0.0048 h~1) [26]. We
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Fig. 3. (a) Propane conversion and product selectivity as a function of the reac-
tion temperature over Ru@NC. (b) Stability test of Ru@NC for PDH reaction. Reac-
tion conditions: atmospheric pressure, 550 °C, WHSV¢,p, = 1.2 h!, C3Hg:N, =19:1.
(c) Comparison of Ru@NC's performance, in terms of activity and deactivation
rate, with several reported state-of-the-art Pt-, Ru-, and Cr-based catalysts (1-2:
Ru;/NC, 3: RuNP/NC, 4: Ru/YZrOy, 5: Ru-P/SiO,, 6: CrOx/Al,03, 7: PdZn/Al,03, 8:
PtZn/Silicalite-1, 9: PtCu/Al,03, 10: PtSn/Al;03, 11: Ru@NC) refer to Table S1 for ad-
ditional information). (d) Propane conversion and propene selectivity over Ru@NC,
RU@NCpre, Rupre/[NCpre, Ru/C, Ru/SiO; and NC support.

attribute such exceptional stability of this easily prepared Ru@NC
catalyst to the confinement and hindrance effects of the porous
NC support, which inhibit the transportation and thus sintering
of Ru nanoparticles (Fig. S11 in Supporting information). The
exceptional performance of Ru@NC positions this catalyst as one
of the top contenders among PDH catalysts (Fig. 3c and Table S1 in
Supporting information). When comparing the propane conversion
and propene selectivity of Ru@NC, Ru@NCpre, Rupre/NCpre, Ru/C,
Ru/SiO,, and NC (Fig. 3d), among the first five Ru-based samples
with similar Ru nanoparticle sizes and loadings (Figs. S6-S9 and
S12 in Supporting information), Ru@NC and Ru@NCpye, both ex-
hibiting Ru-N electronic interaction as revealed by the XPS tests,
are unequivocally superior to the other control samples. This result
further underscores the significance of Ru-N electronic interaction
during the PDH process.

Finally, kinetic experiments were conducted to investigate fur-
ther the Ru@NC-catalyzed PDH process at relatively low propane
conversions (<10%) [7]. As depicted in Fig. 4a, the Ru@NC catalyst
displays a propane reaction order of 0.58 and an H, reaction order
of -0.11, suggesting that propane activation is the rate-determining
step in the Ru-catalyzed PDH process. The reaction order value
(-0.11) close to zero for H, also indicates that desorption of the
side product H, from Ru@NC occurs rapidly, with negligible in-
hibitory effects on the overall reaction pathway. Similar to pre-
viously reported Zn-based catalysts, the interaction between Ru
sites and H, is relatively weak [33]. Furthermore, the activation
energy of propene formation was determined based on the Arrhe-
nius equation (please see Supporting information for details). As
illustrated in Fig. 4b, both Ru@NC and Ru@NCpe exhibit similar ap-
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Fig. 4. (a) Dependence of PDH rates on propane and H, partial pressure catalyzed
by Ru@NC at 500 °C. (b) Arrhenius plots of Ru@NC and Ru@NC, catalysts. Reac-
tions were carried out at 450, 475, 500, 525, 550 °C, and the conversion of propane
in each reaction was kept <10% by using a high WHSV(,y,. The PDH rates has the
unit mmolc,y, gear™! min~'.

parent activation energy (~120Kk]/mol), suggesting the presence of
the same active structure, attributed to the electronic interaction
between Ru and N.

In conclusion, we have developed a catalyst consisting of Ru
nanoparticles immobilized in a porous nitrogen-doped carbon ma-
trix (Ru@NC), synthesized via a straightforward pyrolysis technique
using Ru@ZIF-8 as the precursor. The electronic interaction be-
tween Ru and N alters the electronic state of Ru, endowing the
catalyst with exceptional performance in the PDH reaction. Im-
pressively, it achieved a propane conversion rate of 32.2% and a
propene selectivity of 93.1% at 550 °C, while also showing minimal
coke deposition and a low deactivation rate (0.0065 h~1). The sim-
plicity of the synthesis and the robust structure render the Ru@NC
catalyst a highly promising candidate for industrial PDH processes.
Moreover, the fundamental insights provided by this research pave
the way for the design of superior PDH catalysts through the elec-
tronic modulation of metal active sites by non-metal elements.
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