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Abstract: Hydrogenation of carboxylic acids to lactones is an important 
reaction. However, strong adsorption of carboxylic acid on the catalyst 
causes poisoning of the active site and demands harsher reaction 
condition and organic solvents. In this study, we demonstrate that 
strong metal support interaction (SMSI) and hydrogen spillover on 
Ru/V2O3 can counter such poisoning effect. The catalyst with SMSI was 
able to hydrogenate succinic acid to γ-butyrolactone (GBL) in 77% yield 
in the presence of water at mild conditions of 150 °C. H2-D2 exchange 
experiment showed that for Ru/V2O3 catalysts reduced at higher 
temperatures SMSI created a barrier between the substrate and the 
hydrogen dissociation sites. Moreover, the spillover of dissociated H2 
onto the V2O3 surface was found to enhance catalytic activity. 
Thermodynamic calculations using density functional theory showed 
that transfer of a hydride from Ru and proton from V2O3 to the substrate 
have a lower reaction free energy compared to the transfer of two 
hydrogen atoms from the ruthenium surface. Additionally, the easier 
desorption of product from the Ru/V2O3 surface increased catalytic 
activity. We show that SMSI can be used as an effective strategy to 
mitigate the poisoning of metal sites during catalytic hydrogenation of 
carboxylic acids. 

Introduction 

Hydrogenation of carboxylic acids to alcohols and lactones is an 
important reaction in biomass chemistry. In particular, biobased 
diacids like succinic acid serve as key renewable feedstocks for 
producing valuable chemicals. These include γ-butyrolactone 
(GBL) [1–6], 1,4-butanediol (BDO) [7,8], and tetrahydrofuran (THF) [9–

13], which are used for polymer production, pharmaceuticals, and 
solvent synthesis as alternatives to petroleum-derived products[14]. 
Among these, GBL, obtained via catalytic hydrogenation of succinic 
acid (Figure 1), is particularly attractive due to its role as a versatile 
intermediate in biobased chemical production [15–18]. 

Supported noble metal catalysts, including Pt, Pd, Rh, and Ru, 
have been widely studied for the hydrogenation of succinic acid to 
GBL, typically at high temperatures (~240 °C) and high H2 
pressures (6 MPa or higher) in 1,4-dioxane as a solvent [1–6]. While 
several of these studies report promising yields of GBL, the 
requirement for harsh reaction conditions and organic solvents 
limits their practical application. Therefore, there is a need to design 
catalysts that enable the hydrogenation of succinic acid under 

milder conditions in aqueous media to improve process 
sustainability and reduce the carbon footprint. 

Several catalytic design strategies have been explored to 
improve performance, including the use of oxophilic metals to 
enhance the adsorption of intermediates [8,9], size reduction of metal 
particles to enhance atom utilization efficiency [4], and tuning the 
acidity/basicity of supports [5]. However, reports on identifying the 
sites for adsorption of carboxylic acids and their influence on 
catalytic activity are less studied. Carboxylic acids are known to 
strongly adsorb on metal surfaces, which poisons the active sites 
and reduces activity at mild conditions [19–22]. Yakabi et al. reported 
that a strong bidentate adsorption of succinic acid over Ru lowers 
the selectivity of GBL due to decarboxylation, while monodentate 
adsorption on Pd showed higher selectivity for GBL [3]. Primo et al. 
reported that activity for the hydrogenation of carboxylic acid can 
be increased using a Ru/TiO2 where the carboxylic acid was weakly 
bound to the support near smaller metal nanoparticles, which 
provide H2 for the hydrogenation reaction. In contrast, strongly 
bound carboxylic acid on Ru/CeO2 was difficult to hydrogenate due 
to poisoning [23]. Additionally, strong coordination of dicarboxylic 
acids with metal atoms of the catalyst also causes deactivation by 
leaching [19,20]. Therefore, limiting the strong adsorption of 
dicarboxylic acids on the metal surface should mitigate the 
poisoning of the active site and increase activity at mild conditions. 
 

 
Figure 1. Scheme showing succinic acid hydrogenation to GBL. 

In this study, we show that by covering metal nanoparticles with 
oxide an phase in Ru/V2O3 through strong metal support interaction 
(SMSI) [24–26], the substrate-induced poisoning can be reduced by 
isolation of Ru sites from succinic acid. H2 dissociation at the 
interface of Ru and V2O3 is enhanced in catalysts with SMSI. 
Furthermore, the spillover of dissociated H2 over the partially 
reduced V2O3 surface led to the hydrogenation of succinic acid 
adsorbed on the support to GBL under mild reaction conditions in 
the presence of water. This approach enables efficient GBL 
production under mild reaction conditions in the presence of water, 
providing a pathway toward more sustainable catalytic processes. 
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Experimental 

Catalyst synthesis 

All the catalysts were prepared via the wet impregnation method. 
In a typical synthesis, 500 mg of commercial V2O3 support (TCI 
Chemicals) was dispersed in 20 mL of water, followed by addition 
of an aqueous solution of Ru(NO)(NO3)3 to achieve desired Ru 
loading. The solution was evaporated at 40 °C at 60 mbar pressure, 
then the catalyst was dried and reduced at different temperatures 
for 1 h under 30 mL min-1 H2 flow. The catalysts were named 
Ru/V2O3-X, where X was the reduction temperature. Catalysts 
using other supports were also prepared using the same method 
unless specified otherwise and were reduced at 400 °C. The 
heating rate during reduction was set at 10 °C min-1 for all catalysts.  

Catalyst Characterizations 

X-ray diffraction (XRD) patterns were recorded with a Rigaku 
Ultima IV using a Cu Kα X-ray source (λ = 1.54 Å) operating at 40 
kV and 20 mA with powdered samples. Scanning transmission 
electron microscopy (STEM) images were obtained in a JEOL JEM-
ARM200F atomic resolution electron microscope. High resolution 
transmission electron microscopy (HR-TEM) images were taken on 
a JEOL JEM-2100F microscope. X-ray photoelectron spectroscopy 
(XPS) was performed with JEOL JPS-9010MC instrument with Mg 
anode. The spectra were charge corrected by adjusting the 
adventitious carbon peak to 284.6 eV. In situ Fourier transform 
infrared (FTIR) spectroscopy was carried out in Perkin Elmer 
Spectrum 100 IR instrument with a transmission cell (Schematic 
illustration in Figure S1) and triglycerin sulphate (TGS) detector. 

Succinic acid hydrogenation 

Succinic acid hydrogenation was performed in a 10 mL stainless 
steel autoclave reactor equipped with a Teflon liner. In a typical 
reaction, 1 mmol of succinic acid and 50 mg of catalyst was added 
to 5 mL water. The reactor was closed and filled with 5 MPa of H2 
gas and placed in an oil bath preheated to 150 °C and was stirred 
through the entire course of reaction. 
After the reaction, the reactor was cooled to room temperature and 
pressure was released. The recovered reaction mixture was 
centrifuged to separate the product mixture, which was analyzed 
with an HPLC equipped with an Aminex HPX 87H column and a 
RID detector with 0.5 mL/min flow of 5 mM H2SO4 solution at 50 °C. 
Succinic acid conversion (𝜒𝜒𝑡𝑡) and product yield (𝑌𝑌𝑝𝑝𝑡𝑡) at time, t was 
calculated using following equations – 

𝜒𝜒𝑡𝑡 =
𝑛𝑛𝑟𝑟0 − 𝑛𝑛𝑟𝑟𝑡𝑡

𝑛𝑛𝑟𝑟0
 

𝑌𝑌𝑝𝑝𝑡𝑡 =
𝑛𝑛𝑝𝑝𝑡𝑡

𝑛𝑛𝑟𝑟0
 

Where 𝑛𝑛𝑟𝑟0 and 𝑛𝑛𝑟𝑟𝑡𝑡  are number of moles of reactant at time 0 and 
time t respectively and 𝑛𝑛𝑝𝑝𝑡𝑡  is number of moles of product at time t. 

Density functional theory calculation 

Theoretical calculations were performed with the help of Vienna Ab 
initio Simulation Package (VASP) [27,28]. The projected augmented 
wave method was implemented to describe the electron-core 
interactions with a plane wave basis set energy cutoff of 470 eV 
[29,30]. We have used the generalized gradient approximation as 
formulated in Perdew−Burke−Ernzerhof (GGA-PBE) functional to 

consider the exchange and correlation interaction [31]. DFT-D3 
dispersion correction as implemented by Grimme was used [32]. 
During geometry relaxation, convergence criteria for the Force and 
electronic energy minimization was set to < 0.02 eV Å–1 and < 10–4 
eV, respectively. We have utilized DFT+U approach proposed by 
Dudarev with U= 1.7 eV for V2O3, where the U value was chosen 
based on the previous theoretical studies on similar systems [33–35]. 
All the calculations performed were spin polarized. Ru (001) slab 
was modelled with a (6×6) super cell having 4 layers. To design the 
Ru/ V2O3 catalyst surface with SMSI, we have deposited one V2O3 
(001) monolayer on top layer of the modelled Ru (001) slab as it is 
found to be the most stable surface of V2O3 in the previous studies 
[36]. A Γ-centered k-point mesh of 3×3×1 was used to sample the 
Brillouin zone. All the calculations were performed in gas phase. To 
avoid periodic interactions a vacuum of ~ 15 Å was added along 
the z-direction. The reaction free energy changes (∆𝐺𝐺) have been 
calculated using the following equation, 

∆𝐺𝐺 = ∆𝐸𝐸 + ∆𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑇𝑇∆𝑆𝑆 

where ΔE is the total energy difference between initial and final 
states, ΔZPE is the change in zero-point energy. T and ∆𝑆𝑆 denotes 
temperature and change in entropy for the reaction, respectively. 
Usually, the translational and rotational entropies are negligible for 
the intermediates adsorbed on solid catalyst surfaces. Whereas, 
vibrational entropy is calculated using the following statistical 
thermodynamic equation, 

𝑆𝑆𝑉𝑉 = 𝑅𝑅�
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Where, 𝑆𝑆𝑉𝑉 denotes the vibrational entropy, R denotes the gas 
constant, kB is the Boltzmann constant, T is the temperature, and ℏ 
= h/2π. 

The 300 K temperature has been considered for the entropy 
correction and zero-point energy can be calculated considering the 
following equation, 

𝑍𝑍𝑍𝑍𝑍𝑍 = �1
2� ℎ𝜈𝜈𝑖𝑖

𝑖𝑖

 

Where 𝜈𝜈𝑖𝑖  and h are the vibrational frequencies and Planck’s 
constant, respectively. 

Results and Discussion 

Characterization of Ru/V2O3 catalysts 

Supported Ru/V2O3 catalysts were prepared for succinic acid 
hydrogenation by impregnation with a Ru loading of 2 wt. %, which 
was optimized based on catalytic activity (Figure S2). This loading 
was fixed to minimize the influence of metal loading on catalytic 
performance and ensure a consistent evaluation of the SMSI effect. 
The catalysts were reduced at different temperatures to achieve 
varying degrees of SMSI. Figure 2 shows XRD profiles of the 
Ru/V2O3 catalysts prepared by reducing Ru(NO)(NO3)3 
impregnated V2O3 catalysts between 200–500 °C. All the catalysts 
showed peaks corresponding to V2O3 phase and no other phases 
of vanadium oxide were detected. The crystallite size of V2O3 was 
about 50 nm and did not change with the increase in reduction 
temperature. Ru crystallite size was beyond the detection limit of 



XRD as peaks corresponding to Ru nanoparticles were not 
observed in XRD pattern. 
 

 
Figure 2. XRD of Ru/V2O3 catalysts reduced at different 

temperatures along with standard trigonal V2O3 from PDF2 
database. 

Figure 3a-h shows STEM images and the corresponding 
particle size distribution of the Ru/V2O3 catalysts. Ru particles were 
well distributed on the V2O3 surface with a narrow size distribution. 
The average particle size did not change drastically with increase 

in temperature, and most particles were less than 2 nm in size. 
However, Ru/V2O3-500 exhibited a wider Ru size distribution with 
an average particle size of 2.8 nm. The surface area of catalysts, 
calculated from N2 adsorption isotherms, was low and varied 
marginally between 5.6−4.7 m2g-1 (Figure S3, Table S1). The low 
average particle size of Ru despite the low surface area and high 
reduction temperature indicated that the temperature dependent 
aggregation of Ru nanoparticles was limited. 

Catalysts reduced at higher temperatures showed a 
pronounced amorphous phase around the particles, which 
suggests migration of V2O3 support over the surface of metal 
nanoparticles during thermal reduction. Figure 3i and Figure 3j 
show the HR–TEM images of Ru/V2O3-400 and Ru/V2O3-500, 
respectively, having encapsulating layers of V2O3 confirming the 
occurrence of SMSI. 

 Figure 4a shows the XPS of freshly reduced Ru/V2O3 catalysts 
at different temperatures. For all the catalysts an asymmetric 
photoemission signal centred at 280.0 eV was observed, which was 
assigned to Ru 3d 5/2 emission [37], and was fitted with two 
component peaks. The major component at 280.0 eV was assigned 
to metallic ruthenium species and the minor component at 280.7 
eV was assigned to Ruδ+ species. The presence of Ruδ+ species 
was attributed to Ru atoms at the interface with V2O3 

[38]. The 
percentage of metallic Ru on the surface increased with reduction 
temperature from 76 % for Ru/V2O3-200 °C to 91 % for Ru/V2O3-
500 °C (Figure S4). The increase in metallic component could be 
ascribed due to increase in reduction temperature, which causes 
reduction of the interface region to a higher extent. According to 
literature this reduction of interface leads to charge transfer from 
support to metal, which causes the SMSI phenomenon [39].  

 
 Figure 3.(a-d) STEM images of Ru/V2O3 catalysts reduced at different temperatures. (e-h) Particle size distribution of Ru/V2O3 at 
different reduction temperatures. (i, j) HR-TEM images of Ru/V2O3-400 and Ru/V2O3-500. 



 
In the O 1s region, two peaks centered at 530.0 eV and 531.6 

eV were observed, which were assigned to the lattice oxygen of 
V2O3 and surface hydroxyl groups, respectively. The abundance of 
surface hydroxyl groups reduced with an increase in reduction 
temperature because of dehydroxylation of support. This was 
further confirmed by a decrease in ratio of surface oxygen to 

vanadium with the increase in reduction temperature (Figure 4b). 
Despite the loss of some surface oxygen species the oxidation 
state of vanadium was V3+ as observed in the V 2p 3/2 region of the 
spectrum showing a single component peak at 515.6 eV (Figure 
4a).[40]. 

 
Figure 4.(a) Deconvoluted O 1s, V 2p and Ru 3d 5/2 XPS of Ru/V2O3 reduced at different temperatures. (b) Variation of surface elemental composition as a function 
of reduction temperature. (c) CO chemisorption amount on Ru/V2O3 at different reduction temperatures. 

Partial reduction of metal support interface is associated with 
the SMSI effect in supported metal oxides. Partial reduction lowers 
the work function causing charge transfer from support to metal 
nanoparticle and encapsulation of the metal nanoparticle [39]. 

Figure 4c shows that CO chemisorption amount decreased with an 
increase in reduction temperature, which corroborates with loss of 
chemisorption sites due to encapsulation of Ru nanoparticles by 
V2O3 layer as SMSI progresses. 

 
 Figure 5. (a) Activity of Ru/V2O3 catalysts as a function of reduction temperature, reaction conditions – succinic acid 0.118 g (1 mmol), 
catalyst 0.05 g, water 5 mL, H2 5 MPa, 150 °C, 4 h. (b) Succinic acid hydrogen reaction time course, reaction conditions – succinic acid 
0.118 g (1 mmol), catalyst Ru/V2O3-400 (0.05g), H2 5 MPa, 150 °C. (c) Catalyst recycling study of Ru/V2O3-400 at full conversion, reaction 
conditions – succinic acid 0.118 g (1 mmol), catalyst 0.05 g, H2 5 MPa, 150 °C, 6 h. Unknown in the figures represents difference between 
succinic acid conversion and total yield of detected products, total height of the bars in bar plots represent total conversion.



 
Succinic acid hydrogenation 

 Figure 5a shows the result of succinic acid hydrogenation at 
150 °C in water in the presence of Ru/V2O3 catalysts as a function 
of the reduction temperature. In all cases, GBL was the major 
product with small amounts of BDO, THF, butanol (BuOH), and 
propionic acid (PA). Possible reaction pathways for all these 
products are shown in Figure S5. Direct hydrogenation of one of 
the carboxylic acid groups of succinic acid, followed by a 
spontaneous cyclization would lead to the formation of GBL. The 
yield of GBL increased with an increase in reduction temperature 
up to 400 °C. Further increase in the reduction temperature to 
500 °C decreased the catalytic activity for succinic acid 
hydrogenation. The evolution of products over time was studied to 
understand the optimal reaction time using Ru/V2O3-400 catalyst 
(Figure 5b). Succinic acid conversion reached 97 % in 6 hours and 
GBL yield was 77 %. The Ru/V2O3-400 catalyst was found to be 
recyclable for at least up to 5 cycles and there was no loss of activity 
(Figure 5c). The XRD analysis of the used catalyst showed V2O3 
crystal structure was intact with emergence of a small peak for the 
VO2 phase (Figure S6). However, since there is no loss of activity 
over five cycles, this phase change is likely occurring in V2O3 

regions that are away from the catalytic active center and do not 
influence the hydrogenation of succinic acid. 

Role of SMSI in minimization of substrate induced poisoning 
on hydrogen dissociation. 

The results of succinic acid hydrogenation, with the catalyst 
reduced at 400 °C, at different hydrogen pressures are shown 
Figure S7. There is a gradual increase in activity with an increase 
in hydrogen pressure, which suggests that hydrogen dissociation is 
important in the reaction. As the catalyst reduced at 200 °C showed 
low activity for succinic acid hydrogenation even though it 
contained the highest number of exposed Ru particles as per CO 
chemisorption, SMSI might have a role to play in hydrogen 
dissociation. Furthermore, the apparent activation energy for 
Ru/V2O3-400 was determined to be 32 kJ mol-1, (Figure S8) which 
as lower than the reported value for Ru/Al2O3 (78.9 kJ mol-1) [3], 
suggesting a distinct reaction mechanism facilitated by SMSI. To 
investigate the role of SMSI on catalytic activity we studied the 
hydrogen dissociation over the catalyst by H2-D2 exchange in the 
presence and absence of an adsorbate. 

 
 Figure 6. (a-d) Mass intensity of HD in the presence of Ru/V2O3 catalysts in the absence and presence of formic acid on the surface. (e, f) Schematic representation 
of the effect of formic acid adsorption on the catalysts with and without SMSI. 

A mixture of H2-D2 was flowed over a freshly reduced catalyst 
while measuring the HD intensity. The H-D exchange reaction was 
allowed to reach a steady state at 50 °C. All catalysts except 
Ru/V2O3-200 showed similar HD intensity in the absence of any 
adsorbate (denoted as clean surface in Figure 6 a-d). Because the 
degree of SMSI was higher as temperature increased, we propose 
that hydrogen spillover at the interface of Ru and V2O3, formed via 
SMSI, contributed towards the higher rate of H-D exchange. 

Next, we adsorbed formic acid on the catalysts to test the H-D 
exchange ability in the presence of an adsorbate with a carboxyl 

group. Formic acid was chosen over succinic acid as an adsorbate 
because formic acid is volatile and can be deposited over the 
catalyst in situ after reduction. The HD intensity over Ru/V2O3-200 
decreased further in the presence of formic acid, indicating that Ru 
surface without a suitable extent of SMSI was poisoned by the 
adsorbate and the hydrogen dissociation ability reduced. However, 
with the increase in catalyst reduction temperature, the HD intensity 
for Ru/V2O3-400 in the presence of formic acid was similar to the 
HD intensity over clean surface. These results suggest that 
coverage of Ru surface by V2O3 mitigates the poisoning of the 



catalyst. In the catalyst with a higher extent of SMSI the formic acid 
would adsorb over the V2O3 layer instead of Ru sites and would 
prevent the loss of hydrogen dissociation ability (Figure 6 e-f).  

Hydrogen dissociation and spillover over interface of Ru/V2O3 

Through the HD exchange experiment, it was evident that SMSI 
enhanced the H2 dissociation ability in the presence of an 
adsorbate. In the catalyst with SMSI, hydrogenation of succinic acid 
adsorbed on the V2O3 layer would require spillover of H2. The 
spillover was studied by analyzing the reduction of WO3 in a 
physical mixture of Ru/V2O3 and WO3. First, temperature 
programmed reduction (TPR) of Ru/V2O3 (Figure 7a) was 
measured, which showed a broad reduction peak between 300 °C 
and 480 °C. In comparison, the TPR profile of Ru/SiO2 (prepared 
as a control catalyst) was narrower and spanned from 200 °C to 
300 °C, suggesting a stronger interaction between Ru and V2O3 

compared to that of Ru and SiO2. The larger area and the 
asymmetric shape of the reduction peak in case of Ru/V2O3 
suggest partial reduction of V2O3 support. Partial reduction of 
support is known to trigger the diffusion of support phase onto the 
metal nanoparticle in case of reducible oxides to cause SMSI [39] 

TPR profile of physical mixture of tungsten oxide and Ru/SiO2 
was similar to pure Ru/SiO2 with a rising tail around 600 °C. The 
reduction of physically mixed tungsten oxide would require the 
spillover of dissociated hydrogen to reduce WO3 as shown in 
Figure 7c. When the TPR experiment was conducted with a 
physical mixture of WO3 and Ru/V2O3 a new peak centered around 
500 °C appeared, which was assigned to reduction of WO3 via 
spillover of dissociated hydrogen. XPS of the physical mixture after 
the TPR experiment showed the presence of significant amount of 
W5+ (Figure 7b), which confirmed the ease of hydrogen spillover 
over V2O3. 
.

 
 Figure 7. (a) TPR profiles of Ru/V2O3 and Ru/SiO2 and their physical mixture with WO2. (b) W 4f XPS of physical mixtures of Ru/V2O3 
and Ru/SiO2 with WO3 after the TPR experiment. (c) Scheme showing surface reduction of WO3 in physical contact with Ru/V2O3 due to 
hydrogen spillover. (d) In situ D2 FTIR over Ru/V2O3 400 catalyst. 

Hydrogen spillover involves either the migration of a hydrogen 
atom or a proton from the metal to support. While the electrons 
would enter the conduction band of the support, the protons would 
bond to the surface oxygen species. In the absence of reactants, 
the formed OH groups would eventually lead to the formation of 
either surface or gas phase water molecules, which was monitored 
by in situ IR spectroscopy. When D2 was flowed through the sample 
reduced in situ at 400 °C, there was a gradual increase in signal 
around 2500 to 3000 cm-1 region and 1300 to 1000 cm-1 as shown 

in Figure 7d. The former was attributed to OD stretching frequency 
and the latter to OD bending frequency [44–46]. The OD formation on 
oxide supports could also occur via exchange of D with support 
hydroxyl protons. However, loss of hydroxyl protons in such a 
manner must be accompanied by the development of negative 
peak around OH region in the IR spectrum, which was not observed. 
Hence, the formation of OD could be assigned to the spilled over 
D+ ions indicating formation of a proton-hydride pair and spillover 
mechanism for Ru/V2O3 catalysts with SMSI. 
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 Figure 8. Reaction free energy (∆𝐺𝐺 in eV) profile of various intermediates in the succinic acid hydrogenation over bare ruthenium 
surface and Ru/V2O3 surface.

DFT calculation to show hydrogen heterolysis is more 
efficient in succinic acid hydrogenation 

Experimental observations of SMSI and its effect in enhancing 
hydrogenation of succinic acid were also evaluated by theoretical 
calculations. The Ru/V2O3 catalyst with SMSI was modelled 
considering a monolayer of V2O3 deposited on Ru (001) and it was 
compared with bare Ru (001) as a model for catalyst without SMSI 
(Figure 8, and Figure S9-S10). Calculation results showed that 
homolytic dissociation of H2 was preferred over bare Ru (001) 
surface (Int 2, Figure S9). In contrast, H2 underwent heterolytic 
cleavage on the Ru/V2O3 surface where V2O3 monolayer is 
present on the surface exposing Ru surface partially (Int 2, Figure 
S10). The heterolytic cleavage on Ru/V2O3 was possible due to 
the presence of electron rich O of V2O3 layer and the partially 
exposed electron deficient Ru, which attracted the proton and the 
hydride, respectively. Upon introduction of succinic acid, a 
sequential hydrogenation pathway was observed on the bare Ru 
(001). Consecutive transfer of dissociated H occurred from the 
bare Ru (001) surface to the carbonyl carbon and oxygen atom of 
succinic acid. The overall change in reaction free energy (Figure 
8) for the consecutive steps was 1.02 eV (-3.10 eV to -2.08 eV). 
However, for Ru/V2O3, hydrogenation with proton and hydride in 
a concerted mechanism was more favored. The change in 
reaction free energy was 0.40 eV (-2.05 eV to -1.65 eV), which 
was less than that for bare Ru(001) without SMSI. In addition, the 
desorption of the product from the Ru/V2O3 surface was more 
favored with a desorption energy of 0.83 eV. Whereas the 
desorption of product from bare Ru(001) surface requires much 
higher energy of 1.53 eV. Therefore, the calculation results show 
that succinic acid hydrogenation through heterolytic dissociation 

of H2, desorption of product and regeneration of the active site 
would be facile on the Ru/V2O3 catalyst surface with SMSI, which 
aligns with the experimental outcomes 

Conclusion 

In conclusion, the SMSI effect, along with hydrogen spillover in 
Ru/V2O3 could lead to effective hydrogenation of succinic acid at 
mild condition by reducing substrate induced poisoning of 
hydrogen dissociation sites. STEM and TEM images along with 
XPS and CO pulse chemisorption confirmed the occurrence of 
SMSI effect in Ru/V2O3 catalysts reduced at higher temperature. 
The catalyst reduced at 400 °C with optimal SMSI degree 
produced a GBL yield of 77 % at mild condition of 150 °C and in 
the presence of water. A decrease in HD formation from H2–D2 
exchange reaction in presence of adsorbed formic acid illustrated 
poisoning of hydrogen dissociation sites in catalysts without SMSI. 
In situ D2 IR confirmed formation of proton-hydride species on 
V2O3 surface owing to heterolytic dissociation. According to 
density functional theory calculations, easier hydrogenation and 
facile desorption of product from the Ru/V2O3 surface in SMSI 
state make it a better catalyst for the process compared to clean 
Ru surface. The enhanced activity at mild conditions along with 
improved stability due to SMSI enables economical and long-term 
operation in an industrial setting. Moreover, the ability to operate 
under aqueous conditions enhances its feasibility for industrial 
applications. 
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