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Abstract 

Formic acid is obtained in equimolar amount with levulinic acid during the hydrolysis of 

cellulose and thus can be used as a sustainable hydrogen source in the direct levulinic acid 

hydrogenation towards gamma-valerolactone (biofuel additive). Ag-Pd catalysts prepared by 

various methods and containing different Ag:Pd ratio were investigated in this context. By 

combining activity tests, characterization of the main physicochemical properties of the 

catalysts and DFT study of formic acid decomposition, the key factors responsible for the 

activity of Ag-Pd catalysts in both the formic acid decomposition and the subsequent 

hydrogenation of levulinic acid were specified. Pd is shown to be active, but prone to 

poisoning by CO, while the CO poisoning remains limited on diluted Ag-Pd alloy with strong 



intermetallic interaction, where its adsorption is very weak thanks to the isolation of Pd atoms. 

Therefore, the catalyst containing 4%Ag-1%Pd/AlOOH showed the highest selectivity in 

formic acid decomposition as well as the highest activity in levulinic acid hydrogenation (34% 

conversion in 5 h at 190°C). 
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1. Introduction 

 

Formic acid (FA), besides being a suitable hydrogen storage material for fuel cell 

applications,1,2,3,4,5 is a sustainable hydrogen source for hydrogenation reactions.6 Although a 

lot of work has been recently done in the field of fuel cells, performing the selective 

decomposition of FA for hydrogen transfer reactions in the presence of different solvents and 

in high temperature reaction conditions still remains a challenge.7 Active catalyst capable of 

selectively decomposing FA via dehydrogenation path into H2 and CO2 is required. By 

contrast, the FA dehydration reaction into CO and H2O is undesirable due to strong CO 

adsorption on the metal surface, which might be a reason of the poisoning of the metallic 

active sites of heterogeneous catalysts.8,9 This is even more critical in the case of hydrogen 

transfer reaction where the hydrogen is produced in situ and directly used. The latter is a very 

appealing approach to valorize cellulosic biomass feedstock in a Green Chemistry based 

methodology. For instance, levulinic acid (LA) is formed in equimolar amount with FA during 

the hydrolysis of cellulose.10 LA is an important platform molecule derived from biomass, and 

it can be further hydrogenated to gamma-valerolactone (GVL), which is considered as a 

potential biofuel additive.11,12  

The conversion of LA to GVL is mainly addressed using an external source of hydrogen 

(pressure of H2 above 30 bar) and supported mono-metallic catalysts, i.e. Ru, Ni, Cu.13,14 One 

of the ways for boosting the catalytic efficiency is based on the modification of the properties 

of the catalysts via the addition of a second metal.15,16 This can significantly change the 

electronic properties of the active phase as well as the dispersion and the size of the metal 

particles on the support due to mutual interaction of the metals.17 While Au/TiO2 and Pd/TiO2 



were almost not active in LA hydrogenation (4% and 3% of conversion, respectively), Au-

Pd/TiO2 allowed to reach 90% of LA conversion and obtain GVL with 98% of selectivity as 

shown by Luo et al.18 

While several catalysts are performing extremely well in the levulinic acid hydrogenation 

using an external source of hydrogen (H2 pressure), not as much showed a reasonable activity 

when formic acid is used as an internal H2 source.19 The challenge is to find a catalytic system 

able to promote simultaneously the FA selective decomposition and the LA hydrogenation 

reactions.20 The chance for this is again in bimetallic catalysts, which were shown to perform 

better than their monometallic counterparts.21 ,22 ,23  Besides, during the investigations, FA 

decomposition was identified as a crucial step for further ongoing of the combined 

reaction.20,23  

Monometallic heterogeneous catalysts are mostly not showing satisfactory properties in FA 

decomposition, therefore there is intensive research for tuning their properties and optimizing 

the catalytic performances. A great attention has been put on the Ag-Pd systems due to their 

highly promising catalytic performances. So far, numerous preparation methods have been 

applied to synthesize Ag-Pd catalysts, which resulted in the synthesis of materials possessing 

different compositions, size and morphology of nanoparticles.24,25 However, the key factors 

controlling the catalytic performance are still debated. Neither the optimal ratio nor the most 

favorable morphology is established for getting active and selective catalysts in FA 

decomposition in a broad reaction condition range. 

Ag-Pd catalysts prepared by different methods and possessing different composition are 

reported as optimal for the FA dehydrogenation. Tedsree et al. communicated the 

advantageous usage of Ag@Pd core@shell catalysts in the hydrogen production from FA at 

room temperature in comparison to other core@shell Pd based materials.Erreur ! Signet non 

défini. They evidenced that Ag@Pd core@shell structured nanocatalysts were more active 

and selective to H2 than bare Pd, for a Ag:Pd molar ratio of 1:1. The improved catalytic 

properties were attributed to the charge transfer from the Ag metal core to the Pd shell, which 

lead to differences in term of work function and consequently strengthen the adsorption of 

formate. 

Following this, Hattori et al. synthesized AgPd@Pd/TiO2 catalyst,26 which allowed to enhance 

the hydrogen production at ambient temperature by 2-4 folds in comparison to that of the 

previous investigation of Tedsree et al. Such a good activity was explained by the lowering of 

the energy barrier caused by the strong electron-donating effects of TiO2 to Pd shells. The 



optimum Ag:Pd composition was however moved towards a higher content in Ag, i.e. at 

Ag82Pd18@Pd. 

These observations are in line with the work of Huang et al.,27 but a different optimal Ag:Pd 

molar ratio has been proposed in the case of nitrogen-modified graphene oxide supported 

bimetallic catalysts. The catalyst activity increased with the Ag:Pd ratio up to 6:1, and then 

decreased for higher ratios, which was related with AgPd alloy formation and existence of Ag-

Pd strong synergetic effects.  

On the other hand, Liu et al.28 showed that Ag:Pd ratio of 1:3 was optimal for getting a high 

activity in FA decomposition on bimetallic Ag-Pd agglomerated catalysts. 

In short, despite the significant findings showing the high activity in FA decomposition of the 

Ag-Pd catalysts, there are still many gaps in the current state of knowledge. The optimal metal 

ratio of Ag-Pd is still under debate as it strongly depends on the preparation method, support 

nature and on the reaction conditions. The reason of the very good catalytic performances 

achieved on Ag-Pd catalysts are still not fully clarified. 

DFT modeling was performed to better understand the catalytic activity of monometallic and 

bimetallic heterogeneous catalysts in FA (HCOOH) decomposition. Herron et al.29 showed 

that it proceeds preferentially on Pd, whereas Ag is predicted to be inert in the reaction. 

Without solvation, the formate (via HCOO) and carboxyl (via COOH) pathways are 

concurring FA decomposition routes on the Pd surface. Later, Wang et al.30 showed that the 

preferred reaction pathway depends on the pH, conditioned by the addition of reaction 

promoter. Bimetallic surfaces can be considered as core@shell or alloy type structures. 31,32  

Cho et al.33 investigated the effect of the thickness of Pd layer covering the Ag core, finding 

out that the dehydrogenation reaction is preferred over dehydration for thinner Pd shell. Alloy 

type Pd-Cu systems were studied by Zhang et al.34 showing that the addition of Cu improves 

the catalysts activity, and may influence the reaction selectivity towards H2 and CO2 vs H2O 

and CO. 

To the best of our knowledge, the studies devoted to the FA decomposition with Ag-Pd 

catalysts are only/mostly performed at low temperatures optimized for fuel cell applications. 

There is little information concerning the FA decomposition in the one-pot reaction for 

subsequent hydrogenation process. Moreover, the implementation of bimetallic Ag-Pd 

catalysts for two different and consecutive reactions (FA decomposition and LA 

hydrogenation) was not described before. Therefore, our work aims at optimizing the Ag-Pd 



catalysts for the hydrogen transfer reaction in the high temperature process. In order to 

demonstrate the catalytic performance in the tandem, one-pot process, we studied both the FA 

decomposition and the direct LA hydrogenation reactions. In addition, DFT computations 

were performed to investigate the FA decomposition by bimetallic catalysts. The main goal of 

this study is therefore to understand the factors responsible for the activity and selectivity of 

the Ag-Pd catalysts in liquid phase reaction conditions. Additionally, our aim is to determine 

the optimal ratio of Ag-Pd and preparation methods in bimetallic catalyst to reach high activity 

and selectivity in FA decomposition towards hydrogen and additionally subsequent 

hydrogenation in the one-pot tandem process. 

 

 

2. Experimental 

 

2.1 Catalysts synthesis 

High surface area hydrated aluminum oxide Brockmann II, neutral (AlOOH, boehmite; 123 

m2/g) was used as received from Roanal (Budapest, Hungary) in the synthesis of all the 

catalysts. 

Preparation of the monometallic catalysts 

The Ag monometallic catalyst supported on AlOOH was prepared with a 5 wt% metal 

content using solid silver nitrate (POCH S.A., pure). The support was impregnated by the 50 

mL aqueous solution of AgNO3 and aged for 24 h at room temperature. After evaporation of 

water, the catalyst was dried at 120°С for 2 h and reduced in hydrogen flow at 400°С for 1 h 

with a heating rate of 10°C/min. This sample is labeled as 5%Ag/AlOOH. 

The Pd monometallic catalyst supported on AlOOH was prepared with a 5 wt% metal 

content using PdCl2 (POCH S.A., pure) salt as a palladium precursor, which was dissolved in 

0.5 M HCl aqueous solution. The concentration of Pd in obtained solution was 1.18 g/L. The 

support was impregnated by the aqueous solution of PdCl2, diluted with 50 mL of water, and 

aged for 24 h at room temperature. After evaporation of water, the catalyst was dried at 120°С 

for 2 h and reduced in hydrogen flow at 400°С for 1 h with a heating rate of 10°C/min. This 

sample is labeled as 5%Pd/AlOOH. 

Preparation of the bimetallic catalysts 



Using the same catalysts precursors as in monometallic catalysts preparation, the Ag-Pd 

bimetallic catalysts supported on AlOOH, were prepared with a different total metal content 

of: 5 wt% with Ag:Pd wt. ratio of 4:1 and 4.5:0.5; 10 wt% with Ag:Pd wt. ratio of 9:1; and 15 

wt% with Ag:Pd wt. ratio of 14:1. Due to the very similar molecular mass of Ag and Pd, the 

wt. ratio is equivalent to molar ratio between the elements. The Ag-Pd bimetallic catalysts 

were prepared by following different impregnation procedures. 

The co-impregnation method (CIMP) 

The Ag-Pd bimetallic catalysts were prepared by the co-impregnation method (CIMP). The 

mass and solutions volume of the metal salts and the support amount were chosen to maintain 

given Ag:Pd wt.% ratio using  silver nitrate and palladium chloride as metal precursors. 

Catalysts were dried at 120°С for 2 h, then reduced in hydrogen flow at 400°С for 1 h with 

heating rate of 10 °C/min. These samples were labeled as 4%Ag-1%Pd/AlOOH(CIMP), 4.5% 

Ag-0.5%Pd/AlOOH(CIMP), 9% Ag-1% Pd/AlOOH(CIMP) and 14%Ag-1%Pd/AlOOH(CIMP). 

The subsequent impregnation method (SIMP) 

The AlOOH support was impregnated first with 50 mL of the aqueous silver nitrate solution 

and aged for 24 h at room temperature. The catalyst was further dried at 120°C for 2 h after 

complete evaporation of the solvent. The resulting powder was then impregnated with the 

palladium chloride solution. The sample was again aged for 24 h at room temperature, and 

after solvent evaporation, dried for 2 h at 120°C. At the end, the catalyst was reduced in 

hydrogen flow at 400°C for 1 h with heating rate of 10°C/min. This sample was labeled as 

4%Ag-1%Pd/AlOOH(SIMP). 

The co-impregnation method with chemical reduction (CIMP-CR) 

The 25 mL of aqueous silver nitrate solution was first mixed with water solution of poly(vinyl 

alcohol) polymer (PVA) (Mw = 9 000-10 000, 80% hydrolyzed, Sigma Aldrich), maintaining 

the mass ratio mAgNO3 : mPVA = 1:1. After 10 minutes of mixing NaBH4 was added, in 5-fold 

excess (nAg : nNaBH4 = 1:5). Then the aqueous solution of palladium chloride and PVA, with 

the same mass ratio, was added to the mixture and further reduced with use of NaBH4 in 5-

fold excess (nPd : nNaBH4 = 1:5). In the final step, AlOOH was added and the catalyst was stirred 

until solution decolorization (until impregnation of PVA stabilized metals on a support). The 

catalyst was filtered off with a water pump and washed intensively with distilled water. After 

drying at 90°C for 2 h, the catalyst was used in reaction without further treatment. This sample 



was labeled as 4%Ag-1%Pd/AlOOH(CIMP-CR). Whole synthesis was conducted under inert 

atmosphere, assured by Ar flow. 

The subsequent impregnation method with chemical reduction (SIMP-CR) 

The 25 mL aqueous silver nitrate solution was first mixed with water solution of PVA (Mw = 

9 000-10 000, 80% hydrolyzed, Sigma Aldrich), maintaining the mass ratio mAgNO3 : mPVA = 

1:1. After 10 minutes of mixing NaBH4 was added, in 5-fold excess (nAg : nNaBH4 = 1:5). Then, 

AlOOH was added and the resulting mixture was mixed until solution decolorization. After, 

the aqueous solution of palladium chloride and PVA, which was prepared in the same mass 

ratio, was added to the solution and further reduced again with use of NaBH4 in 5-fold excess 

(nPd : nNaBH4 = 1:5). At the end, the catalyst was stirred until solution decolorization and 

filtered off with a water pump and intensively washed with distilled water. After drying at 

90°C for 2 h, catalyst was used in reaction without further treatment. This sample was labeled 

as 4%Ag-1%Pd/AlOOH(SIMP-CR). Whole synthesis was conducted under inert atmosphere, 

assured by Ar flow. 

Whatever the catalyst prepared and the wet impregnation method used, known to allow a 

precise control of the catalyst metal content, the proportion of the metal content in the different 

catalysts is the feed ratio. 

 

2.2 Catalysts characterization 

The surface area and porosimetry measurements were carried out on a sorptometer 

Micromeritics ASAP 2020 V3.05 G (Surface Area and Porosity Analyzer). Samples were 

firstly outgassed at 350°C during 4 h. The BET specific surface area was calculated from the 

N2 adsorption isotherm. 

Temperature-programmed reduction (TPR) was used for examining the reducibility of 

catalysts. The measurements were performed on AMI1 system manufactured by Altamira 

Instruments, USA, equipped with a thermal conductivity detector. The samples after drying 

step were subjected to the measurements. For all samples, the TPR profiles were recorded 

from 30°C up to 500°C, with a heating rate of 10°C/min. 

X-ray diffraction (XRD) measurements were carried out on a D8 Advance Bruker 

diffractometer, in a  q/2q mode and using the Kα1 radiation of Cu at 1.5406 Å. The 

measurements were performed in 5-90° 2q range with goniometer rotation speed at 0.05 °/min. 



Secondary ion mass spectra were recorded with a Time-of-Flight Secondary Ion Mass 

Spectrometer (ToF-SIMS IV) manufactured by ION-TOF GmbH, Germany, equipped with 

25 kV pulsed Bi+ primary ion gun in the static mode. The samples were fixed to the sample 

holder by double sided adhesive tape. The analyzed area of the sample surface was 500 µm × 

500 µm. During analysis, a pulsed low-energy electron flood gun was used for charge 

neutralization. Every single sample was analyzed three times. 

X-ray photoelectron spectroscopy (XPS) characterization was performed on a 

respectively ThermoVGMultilabESCA3000 spectrometer (Al Kα anode at hλ = 1486.6 

eV). The energy shift due to electrostatic charging was subtracted using the 

contamination sp2 carbon C 1s band at 284.6 eV. Contributions with Doniach–Sunjic 

shape 35 and a’ S-shaped’ Shirley type background 36 were used. Surface atomic ratios 

were derived using the appropriate experimental sensitivity factors 37. 

 

2.3 Catalytic tests 

Formic acid (FA) decomposition 

In a typical formic acid (FA; Chempur, 85%) decomposition experiment, 0.4 mL of FA 

aqueous solution (0.0088 mol), 0.3 g of reduced catalyst and 30 mL of water were combined 

in a stainless-steel autoclave (Berghof, Germany), equipped with teflon insert with a maximum 

reaction volume of 45 mL. The reactor bed was flushed with hydrogen for 30 seconds and 

argon for 15 seconds. Then, the reactor was heated at 190°C and hold for the respective 

reaction time.  

 

Levulinic acid (LA) hydrogenation 

In a typical levulinic acid (LA; Aldrich Chemistry, 98%) hydrogenation experiment, 1 g of 

LA (0.0086 mol), 0.3 g of catalyst and 30 mL of water were combined in a stainless-steel 

autoclave (Berghof, Germany), equipped with teflon insert with a maximum reaction volume 

of 45 mL. The reactor was pressurized with H2 to 10 bar and temperature was maintained at 

190°C for 2 h. The chosen pressure is equal to the pressure cause by the FA decomposition 

during the reaction. 

Formic acid (FA) decomposition with simultaneous levulinic acid (LA) hydrogenation 

(FALA) 



In a typical LA hydrogenation experiment, 1 g of LA (0.0086 mol) and 0.4 mL of FA aqueous 

solution (0.0088 mol) corresponding to a LA/FA equimolar ratio were combined with 0.6 g of 

a catalyst in 30 mL of water were combined in a stainless-steel autoclave (Berghof), equipped 

with teflon insert with a maximum reaction volume of 45 mL. The temperature was maintained 

at 190°C for 5 h. 

Reaction product analysis 

Gaseous products which were collected at the end of the reaction in the trap were analyzed by 

gas chromatograph (VEB Chromatrom, Berlin) equipped with the TCD detector. Liquid 

products were analyzed by high-performance liquid chromatograph Agilent Technologies 

1260 Infinity manufactured by Perlan Technologies equipped with refractive index detector 

and Rezex ROA column. The sulphuric acid (H2SO4) with molar concentration of 0.0025 

mol/L was used as an eluent. 

2.4 Computational details 

Periodic Density Functional Theory (DFT) calculations were carried out with the Vienna Ab 

Initio Simulation Package (VASP).38 The exchange-correlation energy and potential were 

calculated with the generalized gradient approximation (GGA) using the PBE functional39 and 

including the dDsC dispersion correction,40,41 a combination recently benchmarked against 

experimental adsorption energies.42 A tight convergence of the plane-wave expansion was 

obtained with a cut-off of 400 eV. The electron-ion interactions were described by the 

projector augmented wave method (PAW).43,44 The self-consistent field convergence criterion 

was set at 10-6 eV and the tag controlling the numerical accuracy to Normal. 

Close-packed (111) monometallic (Ag and Pd) and bimetallic (Ag-Pd) surfaces were modelled 

by a four-layer slab, separated by at least 10 Å of vacuum and using p(3x3) supercell. A 

Monkhorst-Pack mesh of 3 x 3 x 1 K-points for all surfaces were used for the 2D Brillouin 

zone integration45. The two bottom layers were kept fixed at the optimized bulk-truncated 

positions (with an optimized metal-metal distance of 2.92 Å and 2.78 Å for Ag and Pd 

respectively, which corresponds to an overestimation of 1% versus experimental values). The 

coordinates of two uppermost layers and of the adsorbates were allowed to relax until forces 

were less than 0.015 eV/Å. Adsorption and reaction processes were realized on the upper 

surface of the slab. Two bimetallic (111) surfaces were used to model the Ag-Pd system. To 

represent the core@shell type structures, Ag@Pd is composed of one top Pd layer and three 

Ag layers underneath. To represent the sites where Pd is diluted in Ag, 1Pd-Ag exposes one 



isolated Pd atom in the topmost layer of a Ag slab. (For the slab structures see Figure S1 in 

Supporting Information.) Only composed of Ag, the bottom layers of the bimetallic structures 

are fixed at the optimal bulk Ag interatomic distance. 

The Gibbs energy of adsorption (∆Gads) of a molecule from the gas phase is considered as: 

∆Gads = Gads/slab - (Gslab+ Gmol) 

with Gslab the Gibbs energy of the pristine slab, Gmol the Gibbs energy of the molecule and 

Gads/slab the Gibbs energy of the molecule adsorbed on the surface. A negative Gibbs energy of 

adsorption corresponds to stabilizing interactions.  

The Gmol is calculated within the harmonic approximation, the rigid rotator and the perfect gas 

model as follow: 

Gmol = Eelec + ZPE + nkBT - (Strans + Srot + Svib) ∙ T 

with: 

Eelec– electronic energy 

ZPE – zero-point energy 

n - factor, n = 4 for non-linear molecules, n = 3.5 for linear molecules 

kB - Boltzmann constant 

T – temperature (equal to 463.15 K = 190°C) 

Strans, Srot, Svib - translational, rotational and vibrational entropy, respectively 

To better approximate the reaction conditions, the entropy of species in the condensed liquid 

phase (FA and water) is evaluated as half of the one computed in gas phase.46 As well, an 

artificial energy correction of -0.43 eV was applied to the energy of CO in gas phase to correct 

the gas phase Gibbs energy of the formic acid dehydration reaction.47 

Upon adsorption, the adsorbate is assumed to completely lose its translational and rotational 

degrees of freedom, and thus Gads/slab and Gslab are considered as:  

Gslab	=	Eelec	+	ZPE	-	Svib∙T 

Gads/slab	=	Eelec	+	ZPE	-	Svib∙T 

Reactions paths have been studied by combining nudge elastic band procedures (NEB),48,49 

together with our local reaction path generator, OpenPath.50 Transitions states have been 

optimized using the dimer algorithm,51 and confirmed by the presence of a single imaginary 

frequency, which normal mode corresponds to a motion along the reaction coordinate. 



To determine the effective reaction energy barrier, the energy span model formalized by 

Kozuch and Shaik is applied.52,53 The energy span (δGspan) is defined as the difference in 

Gibbs free energy between the TOF-determining intermediate (TDI) and TOF-determining 

transition state (TDTS): 

δGspan	=	 "
GTDTS	-	GTDI																							when	TDTS	appears	after	TDI

GTDTS	-	GTDI	+	∆Gr																				when	TDTS	appears	before	TDI 

TDTS and TDI maximize this Gibbs Energy span and thus control the reaction kinetics. 

 

 

3. Results and discussion 

 

3.1 Catalytic activity in formic acid decomposition 

The activity of monometallic and bimetallic catalysts in formic acid decomposition is 

presented in Table 1. Let us start with the monometallic catalysts. The monometallic palladium 

supported on boehmite showed a higher conversion of formic acid (79%) than the silver 

catalyst (23%), whereas the thermal decomposition of FA lead to 5% conversion and the 

activity of the bare support was 11%. 

The highest selectivity towards hydrogen was observed for monometallic palladium, in that 

case only traces of CO were observed. For the monometallic Ag the situation was different 

and larger amount of CO was formed. 

 

Table 1. FA decomposition over mono- and bimetallic catalysts and support. 

Catalyst 
FA 

conversion 
(%) 

Gaseous products (%) 

H2 CO CH4 CO2 

- 5 37 29 0 34 

AlOOH 11 25 16 0 59 

5%Pd/AlOOH 79 55 2 0 43 

5%Ag/AlOOH 23 44 10 0 46 

4%Ag-1%Pd/AlOOH(CIMP) 100 49 11 2 38 

4%Ag-1%Pd/AlOOH(SIMP) 100 55 13 0 32 

4%Ag-1%Pd/AlOOH(CIMP-CR) 100 40 3 0 57 



4%Ag-1%Pd/AlOOH(SIMP-CR) 100 51 5 1 43 

Experimental conditions: 190°C; 2 h; 0.4 mL of FA; 0.3 g of catalyst. 

 
Table 2. FA decomposition over mono- and bimetallic catalysts and bare support for shortened 

reaction time.* 

Catalyst 
FA 

conversion 
(%) 

Gaseous products (%) 

H2 CO CH4 CO2 

4%Ag-1%Pd/AlOOH(CIMP) 65 52 0 1 47 

4%Ag-1%Pd/AlOOH(SIMP) 28 48 18 0 34 

4%Ag-1%Pd/AlOOH(CIMP-CR) 32 53 5 0 42 

4%Ag-1%Pd/AlOOH(SIMP-CR) 30 55 0 0 45 

Experimental conditions: 190°C; 0.4 mL of FA; 0.3 g of catalyst. 
* The reaction was conducted till the temperature reached 190°C and was stopped 

immediately after. 
 

Overall for all bimetallic catalysts an increased FA conversion, in comparison to the 

monometallic counterparts, was noticed. Indeed, when performing the reaction for 2 h, a 100% 

conversion was systematically reached whatever the preparation method (Table 1). To limit 

this conversion and allow a comparison, reactions were performed for shortened reaction time 

(Table 2). The highest conversion was observed for the material prepared by co-impregnation 

(CIMP) method. Also, the selectivity towards hydrogen was very high in this case, since no 

CO was identified. The catalysts prepared by the other methods (SIMP, and methods with 

chemical reduction: SIMP-CR and CIMP-CR) showed a bit lower activity in the reaction. 

These catalysts differ as well in the selectivity. The ones prepared by the chemical reduction 

allowed forming more hydrogen, whereas for the catalyst prepared by the SIMP method the 

highest amount of CO was observed. 

The next part of the investigations was devoted to the influence of the catalyst’s composition, 

particularly the Ag:Pd ratio, on their catalytic performance. Considering that Ag alone has 

limited activity in FA decomposition, our approach was to check the effect of the palladium 

dilution by silver NPs and the influence of the contact enhancement between these two metals. 

Therefore, the following Ag:Pd ratios of 4:1, 9:1 and 14:1 were investigated (Table 3). 

The highest FA conversion (92%) was observed in the case of 9%Ag-1%Pd/AlOOH catalyst. 

The increase of the conversion was however associated with a low selectivity, as 23% of CO 



was obtained. For both lower and higher Ag content the conversion of FA was similar (65 and 

61% respectively). The highest selectivity towards hydrogen was observed for 4%Ag-

1%Pd/AlOOH catalyst, whereas higher CO formation was noticed for Ag/Pd ratio higher than 

4:1. Comparing two catalysts with the same molar Ag:Pd ratio, but possessing different 

amount of active metal, we observed a decrease of the activity for the lower Pd content (9% 

Ag-1%Pd/AlOOH(CIMP) vs 4.5%Ag-0.5%Pd/AlOOH(CIMP) from 92 to 48%). This decrease was 

probably related with the lower accessibility of Pd. In the latter case no CO formation was 

however observed. 

 
Table 3. FA decomposition over bimetallic catalysts synthesized by co-impregnation (CIMP) 

method with different composition. 

Catalyst FA conversion 
(%) 

Gaseous products (%) 

H2 CO CH4 CO2 

4%Ag-1%Pd/AlOOH(CIMP) 65 52 0 1 47 

4.5%Ag-0.5%Pd/AlOOH(CIMP) 48 49 0 0 51 

9%Ag-1%Pd/AlOOH(CIMP) 92 42 23 0 35 

14%Ag-1%Pd/AlOOH(CIMP) 61 40 13 0 47 

Experimental conditions: 190°C; 0.4 mL of FA; 0.3 g of catalyst; reaction was 
conducted only till the temperature reached 190°C and was stopped immediately after. 

 

 

3.2 Catalytic activity in LA hydrogenation 

Our main aim was to design selective catalysts for FA decomposition which at the same time 

will show good activity in the chosen hydrogenation process of LA into GVL. As shown 

before,Erreur ! Signet non défini. one of the deciding factors for such a combined process is the 

presence of the CO which can easily poison the active metal, deactivating it for the following 

hydrogenation process. Consequently, we selected the catalyst showing the highest conversion 

in FA decomposition (9%Ag-1%Pd/AlOOH(CIMP)). However, as higher selectivity was 

observed for 4%Ag-1%Pd/AlOOH(CIMP) catalyst, it was also included in further investigations. 

To start, we compared their activity to the one obtained by monometallic counterparts in the 

hydrogenation of LA with an external source of hydrogen (10 bar of H2) and then in the 

hydrogen transfer process from FA to LA. 



3.2.1 With an external hydrogen source 

The catalytic tests in the hydrogenation reaction of LA in presence of 10 bar of H2 are reported 

in Table 4. The pressure of hydrogen was chosen to match the conditions reached by FA 

decomposition. Similarly to FA conversion tests (see Table 1), 5%Pd/AlOOH was more active 

than 5%Ag/AlOOH, with LA conversion of 39% and a GVL yield of 36%. This activity did 

not drop dramatically when switching to bimetallic catalysts: a LA conversion of 35% was 

reported for 4%Ag-1%Pd, while a more significant decrease was observed for a higher silver 

content with a 21% conversion for the 9%Ag-1%Pd.  

 

Table 4. LA hydrogenation with external source of hydrogen over mono- and bimetallic 

catalysts 

Catalyst 
LA conversion GVL yield 

(%) (%) 

5%Ag/AlOOH 4 3 

5%Pd/AlOOH 39 36 

4%Ag-1%Pd/AlOOH(CIMP) 35 31 

9%Ag-1%Pd/AlOOH(CIMP) 21 20 

Experimental conditions: 190°C; 2 h; 10 bar H2; 1.0 g of LA; 0.3 g of catalyst. 

 

 

3.2.2 With an internal hydrogen source 

Next, the same four catalysts were evaluated in the hydrogen transfer reaction from combined 

reaction of FA decomposition towards hydrogen and its direct use for LA hydrogenation 

(Table 5). In all cases, a 100% conversion of FA was reached, showing that this first step is 

not significantly hampered by the presence of LA. The 4%Ag-1%Pd/AlOOH gave 34% of LA 

conversion and 32% of GVL yield, which was significantly higher in comparison to both 

monometallic catalyst or the other bimetallic catalyst. The lack of the activity in the case of 

9%Ag-1%Pd/AlOOH was probably related to the formation of large amount of CO, which 

was observed in FA decomposition described previously (Table 3).  

Additionally, recyclability tests have been performed for the most active catalyst, i.e. 4%Ag-

1%Pd/AlOOH(CIMP), both in FA decomposition and in FALA reaction (Tables S2-S4). As 



main result, it was shown that in FALA, full FA conversion was obtained in all cycles, whereas 

a high LA conversion was nearly maintained up to the third cycle. Only in the 4th test cycle, 

a significant decrease was observed. More details concerning this issue are provided in SI. 

 

Table 5. LA hydrogenation using FA as an internal source of hydrogen over mono and 

bimetallic catalysts synthesized by co-impregnation method. 

Catalyst 
FA conversion LA conversion GVL yield 

 (%)  

5%Ag/AlOOH 100 12 7 

5%Pd/AlOOH 100 4 1 

4%Ag-1%Pd/AlOOH(CIMP) 100 34 32 

9%Ag-1%Pd/AlOOH(CIMP) 100 1 0 

Experimental conditions: 190°C; 5 h; 1.0 g of LA; 0.4 mL of FA; 0.6 g of catalyst; 

 

 

4. Characterization of the catalysts 

 

The results of the study of physicochemical properties of different Ag-Pd catalysts are 

presented in Table S1. The obtained data exhibit that the surface area was not affected 

significantly by the temperature treatment of the catalyst nor by the preparation method used. 

In most cases, the BET surface area ranged between 95-114 m2/g and was only slightly lower 

than the one noted for AlOOH (123 m2/g). In consequence, similar values for the pore volume 

and radius were observed. 

 

4.1. Surface analysis by ToF-SIMS of the catalysts 

The ToF-SIMS measurements were performed in order to determine the differences in metals 

and chlorine contents at the surface of the catalysts. The results presented in Table 6 revealed 

that the preparation method has a strong influence on the surface composition. For catalysts 

with the same composition (4%Ag-1%Pd), the lowest Pd+/Ag+ surface ratio was noted in the 

case of 4%Ag-1%Pd/AlOOH(CIMP) catalyst. This can be explained by the good dispersion of 



Pd at the surface, which is related with the high intensity of the Ag+ ion.54 This result was 

accompanied by the highest intensity of PdAg+ ions suggesting the formation of an alloy or 

some specific interactions between metals. Both 4%Ag-1%Pd/AlOOH(SIMP) and 4%Ag-

1%Pd/AlOOH(SIMP-CR) catalysts displayed similar Pd+/Ag+ and PdAg+ ion intensities, 

suggesting also the possible presence of an alloy. For them the highest Pd contribution in 

respect to Ag was identified on the surface. Further, the 4%Ag-1%Pd/AlOOH(SIMP-CR) catalyst 

exhibited the lowest intensities of ions which origin from metals, suggesting the smallest 

dispersion of the metals on the surface.  

 

Table 6. Normalized intensity of selected ions calculated on the basis of the mass spectra 

collected from the surface of selected Ag-Pd/AlOOH catalysts 

Catalyst 
Catalysts 

preparation  
method 

Normalized ion intensities 

Ag+ 

x 10-2 
Pd+ 

x 10-4 
Pd+/Ag+ 

x 10-2 
PdAg+ 

x 10-4 
Cl- 

x 10-1 
AgCl- 

x 10-3 
PdCl- 

x 10-4 

4%Ag-1%Pd/AlOOH 

CIMP 3.0 4.1 1.4 1.9 1.6 1.7 8.5 

SIMP 1.4 5.6 4.1 0.9 1.3 0.9 5.8 

SIMP-CR 0.9 3.5 3.8 1.0 1.3 0.9 4.7 

4.5%Ag-
0.5%Pd/AlOOH 

CIMP 

3.3 3.7 1.1 1.8 2.0 1.9 8.1 

9%Ag-1%Pd/AlOOH 3.9 3.3 0.9 2.0 2.1 2.2 9.0 

14%Ag-1%Pd/AlOOH 6.5 1.0 0.2 4.5 2.3 4.6 15.0 

 

An analysis of the mass spectra of the catalysts containing different percentage of metals 

(prepared via CIMP method) showed obviously increasing amount of Ag on the surface with 

the higher Ag loading. This was associated with the increasing amount of the possible alloy 

or strong interaction of Pd-Ag (observed as PdAg+ ion intensity increase).  

In addition, the chlorine residue was identified on the surface of the analyzed catalysts. Its 

amount was increasing for the catalysts containing more silver in the composition. Chlorine 

was associated both with Ag and Pd. Interestingly the highest Ag presence stimulated the 

highest chlorine affinity to the surface, and triggered the formation of PdClx and AgClx 

species. This was visible for both catalysts containing the same composition 4% Ag-1% 

Pd/AlOOH but prepared by different methods (CIMP vs SIMP) or containing different Ag 

content (14 vs 9 wt%). 



 

4.2. XRD analysis of the investigated catalysts 

The diffraction patterns of the monometallic and bimetallic catalysts are shown in Figure 1. 

The well-resolved diffraction peaks of the AlOOH support (Figure 1a) are visible at 2θ = 

14.4°, 28.2°, 38.3°, 44.4°, 48.8°, 49.2°, 64.0° and 64.7° for the (020), (120), (031), (131), 

(051), (200), (231), (002) planes (JCPDS 01-083-1506). For the 5%Pd/AlOOH monometallic 

catalyst additional diffraction signals have been observed at 2θ = 40.1°, 46.7° and 82.0°, and 

assigned to the diffraction of (111), (200) and (311) planes of metallic tetragonal Pd 

nanoparticles, respectively (JCPDS 05-0681). In the case of the 5%Ag/AlOOH catalyst, the 

diffraction lines at 2θ = 38.1°, 44.3°, 64.4°, 77.5° and 81.5° were assigned to the (111), (200), 

(220), (311) and (222) planes of metallic cubic Ag particles, respectively (JCPDS 04-0783). 

Additionally, for the bimetallic catalysts the diffraction peaks related to AgCl were observed. 

The diffraction signals at 2θ = 27.8°, 32.3°, 46.3°, 54.9° and 57.6° were assigned to the 

respective (111), (200), (220), (311) and (222) planes of AgCl (JCPDS 01-1013). This can be 

associated with the preparation procedure of catalyst, and related to presence of Pd precursor 

which constitute the source of chlorine. Also, in the case of 4% Ag-1% Pd/AlOOH(CIMP) a 

slight broadening of the signals between Ag and Pd (2θ = 38.1° and 40.1°, respectively) is 

observed. This broad signal might indicate the possible interaction between Pd and Ag. 55,56 

 
Figure 1. XRD patterns of (a) AlOOH support, (b) 5%Pd/AlOOH and (c) 5%Ag/AlOOH 

monometallic and (d) 4%Ag-1%Pd/AlOOH(CIMP), (e) 9%Ag-1%Pd/AlOOH(CIMP) and (f) 

Ag Ag Ag Ag Ag 



14%Ag-1Pd/AlOOH(CIMP) bimetallic catalysts. By dashed vertical lines the 2θ values for: 

AgCl in orange, Ag in red and Pd in blue are marked. 

 

4.3. TPR analysis of the catalysts 

The TPR profiles for selected mono- and bimetallic catalysts are presented in Figure 2. In the 

case of monometallic Ag catalyst one wide irregular peak was identified within a broad 

temperature range (50°C - 280°C) and with two maxima at 95°C and 194°C. This can be 

related to the reduction of AgOx oxides or (Ag2O)3AgNO3 species.57,58,59,60 The TPR profiles 

of monometallic 5%Pd/AlOOH exhibits typical behavior for palladium catalysts. The negative 

peak with maximum at 62°C corresponds to the decomposition of palladium hydride (β-PdH) 

which was formed upon absorption of hydrogen in metallic palladium. This behavior was not 

observed in the case of bimetallic catalysts. The absence of negative reduction peak could be 

related to the presence of smaller Pd particles61,62 or this behavior may be connected with the 

presence of chlorine ions adsorbed on the catalysts surface, as formation of the hydride 

depends as well on the nature of the Pd support interface.63 

For all Ag-Pd catalysts two reduction ranges were identified. For catalysts having a low silver 

loading (4 and 9%), the low temperature reduction peak is found around 140°C and may be 

associated with the reduction of AgOx not containing chlorine and possibly PdOx species. 

Hydrogen consumption appears in a similar region for both cases, therefore, the reduction of 

Ag-Pd species cannot be excluded.59,60 The slight temperature difference can be related to the 

different particle size presence and by this different interaction with the support. For 14%Ag-

1%Pd, the TPR profile is clearly different in the low temperature range with a peak at 83°C. 

Due to the very high metal loading, the formation of large particles is more likely, and these 

particles would interact weaker with the support, explaining the easiest reduction. For all 

catalysts, the high temperature peak showed a similar maximum around 400°C suggesting 

similarities in the formed species. It differs only in the hydrogen uptake intensity which is the 

lowest for 4%Ag-1%Pd and increases with the Ag loading. We hypothesize that this signal 

may be related with the reduction of silver AgOxCly species associated with chlorine. Those 

species could be formed in situ during the catalysts preparation. Longer TPR measurements 

were also performed (400°C duration of 1 h) and they showed that after this time there is no 

more hydrogen consumption, justifying the choice of 400°C as the catalysts reduction 

temperature. 



 

Figure 2. Temperature programmed reduction profiles of the investigated catalysts: 

(a) 5%Ag/AlOOH, (b) 4%Ag-1%Pd/AlOOH, (c) 9%Ag-1%Pd/AlOOH, (d) 14% Ag-

1%Pd/AlOOH, (e) 5%Pd/AlOOH. 

 

4.4. XPS surface investigation of the catalysts 

Figure 3 shows the Pd 3d orbital region of the XPS spectra for the catalysts, while both the Ag 

3d orbital region and the wide scan survey spectra are reported in Figure S2. The Pd 3d orbital 

XPS spectra for the monometallic Pd catalyst exhibited a main doublet contribution at 334.5 

eV and 339.8 eV (with a 3d5/2-3d3/2 spin-orbit coupling constant of 5.26 eV) assigned to 

metallic Pd. The strong peak asymmetry resulted from the presence of higher doublet 

contributions at 336.3-341.6 eV and 338.7-344.0 eV. They were assigned respectively to the 

usual oxidized surface Pd species, and also to Pd atoms in interaction with residual chloride 

species (eg. as Pd oxychloride species, similarly to what has been already proposed for 

Pd/Al2O3 or by analogy to Al2O3 and C supported Ru systems prepared with chloride 

precursors).XX,64,65 The presence of residual chlorine in sample was evidenced on the wide 

scan survey spectrum, in agreement with ToF-SIMS results. The available data do not allow 

to distinguish whether the additional peak corresponds to Pd oxide(s) or hydroxide(s). The 

value recorded for metallic Pd was about 0.5 to 1 eV lower than the reported binding energies 

for bulk Pd, evidencing the existence of a metal-support interaction between the Pd 

nanoparticles and the support with charge transfer to the supported metal, as often observed 

for oxide supports. 



By contrast, the Pd 3d orbital spectra for the Ag-Pd bimetallic catalysts revealed only the 

presence of a single doublet contribution assigned to metallic Pd, and no contributions 

corresponding to surface oxidized Pd or to Pd species in interaction with residual chlorine 

were observed. Further, the metallic Pd doublet contribution was shifted to lower binding 

energy when compared to the monometallic Pd counterpart catalyst, the stronger shift of 0-7-

0.8 eV being observed for both SIMP and CIMP catalysts with a 4:1 Pd:Ag ratio , and a shift 

of 0.4 eV being observed for both higher Ag contents. This downward shift in the case of 

bimetallic Ag-Pd catalysts revealed the existence of Pd-Ag intermetallic interactions. 

According to the electrostatic model, it results from the higher electronegativity of Pd vs. Ag 

and corresponds to an electronic enrichment of the metallic Pd. This is in agreement with the 

work of Lamb et al. 66 and with the observation of partial charge transfer from Ag to Pd 67,68. 

This electronic enrichment might explain the stronger resistance of Pd to surface oxidation 

observed for AgPd bimetallic catalysts whatever the Pd:Ag ratio. In a mirrored reversed 

manner, the corresponding electronic depletion of Ag in the bimetallic catalysts compared to 

the monometallic Ag counterpart was evidenced by the 0.3 eV upward shift of the binding 

energy assigned to metallic Ag in the Ag 3d orbital spectra (from 366.5 eV to ca. 366.9 eV 

whatever the Pd:Ag ratio), although less pronounced than for Pd due to the excess of Ag vs. 

Pd (Fig. S2). 



 

Figure 3. XPS Pd 3d core orbital spectra recorded for the catalysts with a) 5%Pd, b) 4%Ag-

1%Pd (CIMP), c) 4%Ag-1%Pd (SIMP), d) 9%Ag-1%Pd and e) 14%Ag-1%Pd. 

 

In addition, the catalysts with the higher Ag:Pd bulk ratio of 9:1 and 14:1 were characterized 

by Ag/Pd surface atomic ratios of 82 and 48, respectively, far higher than their respective bulk 

values. This indicated a very pronounced sub-concentration of Pd at the surface of the 

bimetallic catalysts. By contrast, both 4%Ag-1%Pd/AlOOH(CIMP) and 4%Ag-1% 

Pd/AlOOH(SIMP) catalysts behave differently, and displayed a Ag/Pd surface atomic ratio of 

1.8 and 1.6, respectively, slightly lower than the bulk ratio of 4. This indicated a slight over-

concentration of Pd at the surface of the bimetallic catalysts, that however remained composed 

of Pd atoms dispersed in the Ag atom network. 

 

 

 

 



5. DFT investigations of FA decomposition 

 

As underlined in section 3, the activity and selectivity of FA dehydrogenation is crucial for 

the LA hydrogenation using FA as an internal hydrogen source. To provide a better rational, 

the FA reactivity was investigated by periodic DFT using slab models of Ag(111), Pd(111) 

and Pd-Ag(111) surfaces. It is well known that FA can either be dehydrogenated yielding H2 

and CO2, either be dehydrated yielding CO and H2O.69 The general mechanism is represented 

in Scheme 1 and contains two main routes. The first one starts with the O-H scission and 

produces adsorbed formate HCOO. It adsorbs preferentially in a bidentate mode, HCOOB, by 

two O atoms. For its further decomposition, it needs to rotate and reach the monodentate mode 

(HCOOM, adsorbed via O and H atoms), in which the C-H is more likely to break since it 

points towards the metallic surface. The second route, starts with C-H dissociation and yields 

to the carboxyl intermediate COOH. This is a branching point between dehydrogenation 

(subsequent O-H scission) and dehydration (following C-OH scission). Last, if the 

dehydration steps are equilibrated, the water gas shift reaction may occur, converting CO and 

H2O into the more stable CO2 and H2 products through the carboxyl intermediate (and maybe 

also FA and formate), opening another channel to produce the desired H2. 

 

Scheme 1. FA (HCOOH) dehydrogenation and dehydration mechanisms 

 

These pathways were considered on monometallic Ag(111) and Pd(111) surfaces, and on two 

bimetallic systems: Ag@Pd, that can model a core@shell structure, with 1 layer of Pd over 3 

layers of Ag and 1Pd-Ag with an isolated Pd atom in the topmost layer surrounded by Ag, 

modelling a diluted Pd alloy with Ag. (For the unit cell structures see Figure S1.) The 

bimetallic systems were chosen to explain the difference in activity observed experimentally 
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between the catalysts exposing more Pd on the surface (core@shell model in the 

computations) and catalysts containing more Pd-Ag alloy sites (model with one Pd atom 

surrounded by Ag). 

 

5.1 The formate pathway 

The formate pathway is the most likely path to produce H2 and CO2. The corresponding Gibbs 

energy profiles are shown in Figure 4, comparing the four model surfaces. 

On Ag(111) (shown in grey), the adsorption of most molecules and intermediates is 

endergonic, with the exception of FA (-0.23 eV). The high scissions barriers (above 0.90 eV) 

together with high energy span (1.27 eV) yield to a low activity predicted for Ag catalysts. In 

contrast, FA, intermediates and H2 are strongly chemisorbed on Pd(111). The O-H scission is 

easy with a barrier of 0.31 eV and the overall process is limited by the strong adsorption of 

HCOOB (see blue profile). Its rotation to HCOOM is thermodynamically demanding (0.66 eV) 

and thus the C-H scission requires an overall barrier of 0.70 eV, which is also the overall 

barrier of the reaction (see insets on Figure 4 for a representation of the structure of this 

transitions state). This clearly indicates that Pd is predicted being active. However, the rather 

strong adsorption of H2 (-0.34 eV per hydrogen atom) may be a source of surface poisoning, 

limiting the overall activity with the pressure of hydrogen building up. 

Let us turn now to alloy models. The core@shell model (Ag@Pd, green labels) exhibits a 

behavior that is very close to Pd, but with a noticeably higher overall barrier (0.77 eV vs. 0.70 

eV) and a stronger adsorption of H2 (-0.42 eV vs. -0.34 eV), due to the strain imposed by the 

underlying Ag. When diluting Pd in a large excess of Ag, a Pd-Ag alloy can be formed that 

shows several types of sites such as isolated Pd, labeled here 1Pd-Ag. On this surface, the 

energy landscape is strongly modified, with a profile (in red) lying in between the one of Ag 

and the ones of Pd and Ag@Pd. The energy difference between HCOOB and HCOOM is equal 

to 0.70 eV and the energy span of the path is 0.93 eV, hence higher than the ones on Pd (0.70 

eV) and on the core@shell model (0.77 eV). This is detrimental to a high activity, but may be 

compensated by an exergonic desorption of H2, yielding to more sites available to perform the 

dehydrogenation of FA. Indeed, hydrogen atom is chemisorbed by 0.09 eV, and this implies 

a short residence time on the metallic surface. 



 
Figure 4. Gibbs free energy profiles for FA (HCOOH) decomposition via formate path at 

190°C (in eV) on Ag(111) (grey), alloys model 1Pd-Ag (red) and Ag@Pd (green), and Pd(111) 

(blue). Adsorbed species are labeled with a “*”. Insets are showing the structure of the C-H 

scission transition state on Ag(111), 1Pd-Ag, Ag@Pd and Pd(111) surfaces. 

 

5.2 The carboxyl pathway 

The carboxyl pathway is systematically less likely than the formate path to produce H2 (higher 

lying transition state for the C-H scission and/or the following O-H scission). However, it is 
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critical regarding the CO production and the subsequent possibility of poisoning. The 

corresponding Gibbs energy profiles are shown in Figure 5, the branching towards CO 

production being shown with dashed lines. 

On Ag(111), the carboxyl intermediate COOH is less likely to be reached than the formate 

HCOOB: first, the C-H scission requires a higher input of energy than O-H (0.50 eV more) 

and second, the carboxyl is less stable by 1.02 eV. Thus, generating H2 or CO is very unlikely 

through this route on Ag. Similarly, on Pd(111), the carboxyl pathway is less likely than the 

formate one to produce H2 since the transition state of C-H scission is lying higher in energy. 

However, HCOOB is slightly less stable than the carboxyl COOH. From HCOOB the backward 

reaction to COOH has an overall barrier of 0.96 eV to be compared with its forward conversion 

to CO2 and H2 that necessitates an energy input of only 0.70 eV. As a consequence, COOH 

production flux will be small, but, once this intermediate is reached, the branching towards 

CO is easy. Indeed, the C-OH scission barrier is only of 0.46 eV (vs. 0.56 eV for the O-H) and 

CO is strongly chemisorbed, likely to poison the surface (∆Gdes = +1.05 eV). The overall 

picture is the same for the core@shell model Ag@Pd but not for the isolated Pd (1Pd-Ag). In 

the later case, the carboxyl intermediate COOH is slightly less stable than the formate HCOOB 

(by 0.05 eV) but is easier to reach than on Pd and Ag@Pd, with a barrier of only 0.67 eV to 

isomerize HCOOB into COOH. Then, the O-H scission in COOH is particularly hard with a 

barrier of 0.96 eV while the C-OH scission is very easy (0.43 eV), yielding to a massive 

production of CO from COOH. In addition, adsorption of CO is only slightly exergonic (∆Gads 

= -0.1 eV) since it is hardly stabilized. The weak interaction of CO with 1Pd-Ag results from 

the very weak interaction of CO with Ag and the limited interaction of CO with the isolated 

Pd, compared with Pd surfaces, since it can build only one Pd-CO bond and not three (see 

Figure 5, CO adsorbs preferentially in top position on 1Pd-Ag at the Pd atom, while it adsorbs 

in a ternary site on other Pd-reach metal surfaces). This intermediate adsorption strength 

prevents CO poisoning. Last, the water gas shift (WGS) reaction is strongly facilitated on it 

with an overall barrier of only 1.03 eV. 



 
Figure 5. Gibbs free energy profiles for FA (HCOOH) decomposition via carboxyl path at 

190°C (in eV) on Ag(111) (grey), alloys model 1Pd-Ag (red) Ag@Pd (green) and Pd(111) 

(blue). The dehydrogenation path is shown with a solid line and a straight font, while the 

dehydration path is shown with a dashed line and an italic font. Adsorbed species are labeled 

with a “*”. Insets are showing the structures of CO adsorbed at Ag(111), 1Pd-Ag, Ag@Pd, 

and Pd(111). 

 

5.3 A rational for the observed activity 

The values of energy spans for FA (HCOOH) dehydrogenation via HCOO, water-gas shift 

reaction and adsorption energies for H and CO species are collected in Table S5 for all the 

investigated surfaces. Based on the results, Ag is clearly predicted being not active in the 

production of H2 and CO2. In contrast, Pd and core@shell Pd-Ag (Ag@Pd) are very active 
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through the formate pathway with a reaction energy span of 0.70 eV and 0.78 eV, respectively. 

However, intermediates are strongly bonded and these catalysts risk to be poisoned by 

chemisorbed hydrogen and by accumulation of chemisorbed CO. Isolated Pd in Ag (1Pd-Ag) 

is less efficient in term of overall barrier (0.93 eV), but the Gibbs free energy profile is much 

flatter and the metallic surface is thus less likely to be poisoned by intermediates (in particular 

H). CO can be easily produced but it cannot block the surface and can be easily converted 

back to H2 through the WGS reaction. This process will be facilitated by the fact that water is 

here the solvent70 and later by the subsequent utilization of hydrogen to hydrogenate LA. Thus, 

this is why experimentally 4% Ag-1% Pd/AlOOH is the best catalyst for the hydrogen transfer 

reaction from FA to LA. 

 

Conclusions 

In the quest of new green chemical processes, deeper understanding of catalytic processes is 

a corner stone, in particular when multiple reactions are involved such as in the hydrogenation 

of levulinic acid into gamma-valerolactone using formic acid as internal hydrogen source. 

Combining Ag and Pd, several metal-supported catalysts were prepared and characterized. To 

start, they were tested in the formic acid decomposition. The ones obtained by co-

impregnation method showed the best activity. The dilution of Pd in Ag modified the activity 

and the selectivity: the 4% Ag-1% Pd/AlOOH showed the best selectivity in formic acid 

decomposition, while the best activity was reached using the 9% Ag-1% Pd/AlOOH. These 

two bimetallic catalysts were selected together with monometallic counterparts and used to 

perform the levulinic acid hydrogenation into gamma-valerolactone. When using an external 

source of hydrogen, Pd and Ag-Pd alloys were all efficient, whereas when turning to the 

hydrogen transfer from formic acid to levulinic acid, only the 4% Ag-1% Pd showed a good 

activity. However, targeting a one-pot approach (FALA), the side dehydration route needs to 

be avoided to limit the poisoning of the metal supported catalysts by CO. Strong Ag-Pd 

interaction observed in the case of this bimetallic catalyst 4% Ag-1% Pd showed to have 

crucial role in catalytic performance in FALA process. Based on performed characterizations, 

several models were built and compare to rationalize the observed catalytic activity using 

periodic DFT computations. Pd is shown to be active, but prone to poisoning by CO, which is 

limited on diluted Pd-Ag alloy where the CO adsorption is very weak thanks to the isolation 

of Pd atoms. In addition, this site is efficient at catalyzing the water gas shift reaction, 

producing H2 that can be use in the hydrogenation of levulinic acid in the one-pot process. 
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FA – formic acid 

LA – levulinic acid 

GVL – gamma-valerolactone 

CIMP – co-impregnation method 

SIMP – subsequent impregnation method 
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SIMP-CR - subsequent impregnation method with chemical reduction 

WGS – water-gas shift reaction 

TPR – Temperature-programmed reduction 
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