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a b s t r a c t  
 
Herein, we report for the first time the synthesis of preformed bimetallic Pd-Rh nanoparticles with dif-ferent Pd:Rh ratios 

(nominal molar ratio: 80–20, 60–40, 40–60, 20–80) and the corresponding Pd and Rh monometallic ones by sol 

immobilization using polyvinyl alcohol (PVA) as protecting agent and NaBH4 as reducing agent, using carbon nanofibers 

with high graphitization degree (HHT) as the desired support. The synthesized catalysts were characterized by means of 

Transmission Electron Microscopy (TEM) and inductively coupled plasma optical emission spectroscopy (ICP-OES). TEM 

shows that the average particle size of the Pd-Rh nanoparticles is the range of 3–4 nm, with the presence of few large 

agglomerated nanoparticles. For bimetallic catalysts, EDX-STEM analysis of individual nanoparticles demonstrated the 

presence of random-alloyed nanoparticles even in all cases Rh content is lower than the nominal one (calculated Pd:Rh molar 

ratio: 90–10, 69–31, 49–51, 40–60). The catalytic performance of the Pd-Rh cat-alysts was evaluated in the liquid phase 

dehydrogenation of formic acid to H2. It was found that Pd-Rh molar ratio strongly influences the catalytic performance. Pd-

rich catalysts were more active than Rh-rich ones, with the highest activity observed for Pd90:Rh10 (1792 h−
1
), whereas 

Pd69:Rh31 (921 h−
1
) resulted the most stable during recycling tests. Finally, Pd90:Rh10 was chosen as a representative sample 

for the liquid-phase hydrogenation of muconic acid using formic acid as hydrogen donor, showing good yield to adipic acid. 

 

 
  

 

 
1. Introduction 

 
Noble metals alloyed nanoparticles (NPs) are fundamental for several 

essential industrial processes. Although academia is switch-ing its attention 

on cheaper and abundant transition metals, indus-tries continue to employ 

noble metal-based catalysts due to their higher activity, stability and their well 

comprehended chemistry [1,2]. For these reasons a key challenge is to modify 

these cata-lysts, increasing their catalytic properties such as activity, selectiv-

ity and stability. In particular, palladium-based catalysts are widely employed 

in different types of heterogeneous catalytic reactions, such as hydrogenations 

[3] and oxidations [4,5]. 
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The addition of a second metal to Pd (Au, Ag, Ni, etc.) can tune the 

catalytic properties of the material, often enhancing activity, selectivity and 

stability of the catalyst due to the formation of new electronic states (ligand 

effect) combined with the strain of the lat-tice (steric effects) [6,7]. Rhodium 

also plays a fundamental role in many reactions such as the C–H activation 

[8]. The Pd-Rh system is barely studied. However, it was reported that 

alloying Rh to Pd it is possible to enhance the activity and stability of pure Pd 

in dif-ferent reactions, including hydrogenation of cyclohexene [9], oxida-tion 

of o-phenylenediamine [10] and ethanol steam reforming [11]. The problem is 

that it is difficult to obtain well-defined bimetallic Pd-Rh structure. Indeed, Pd 

and Rh are immiscible at the thermal equilibrium bulk state over the whole 

composition range, there-fore the alloy is in a segregated state at room 

temperature [12]. For this reason, alloys formed by these two metals have 

been ob-tained only in a metastable state by quenching the mixture at ex-

tremely high temperature, above 1000 K [13]. In the last decade, it 
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was report that Pd-Rh alloyed system can be obtained at low tem-perature, 

mixing the two metal at the atomic level, using a poly-ols method where 

poly(N-vinyl-2-pyrrolidone) (PVP) acts as stabi-lizer and ethylene glycol as 

reducer [9,14]. Ham and co-workers used theoretical calculations to 

demonstrate that the addition of Rh to Pd enhance the activity of pure Pd in 

the formic acid dehy-drogenation, enhancing the selectivity to H2 and 

avoiding the for-mation of CO which acts as poison for Pd catalysts [15]. The 

ben-eficial effect obtained by introducing Rh to Pd was attributed to a 

contraction of the Pd-Pd distance and the increase in the elec-tron density in 

surface Pd atoms compared to pure Pd [15]. Formic acid, that can be 

produced from lignocellulosic biomass, has at-tracted extensive attention as a 

promising renewable liquid-phase hydrogen donor due to properties such as 

high volumetric hydro-gen content (4.4%), liquid state at room temperature, 

high stability, environmental benignity and non-toxicity [16,17]. Formic acid 

de-composition in the liquid phase has been studied using a range of 

heterogeneous catalysts [18]. Heterogeneous catalysts, based on supported 

metal nanoparticles, such as, Pd, Au and the correspond-ing bimetallic 

systems have been reported in both the past and re-cent years [19,20]. 

However, the preparation of an active, selective and above all stable catalyst 

still represents a challenge. 

 

 

Our group has a good experience in the preparation of bimetal-lic systems 

(e.g. Au-Pd, Au-Pt, Au-Ru) using the immobilization of preformed metal 

nanoparticles with an alloy structure [21]. In this work, we utilized this 

technique to prepare Pd-Rh nanoparticles using polyvinyl alcohol (PVA) as 

protecting agent and NaBH4 as reducing agent. We choose highly graphitized 

carbon nanofibers (HHT) as support. Indeed, we have recently reported that 

the uti-lization of these materials can improve the catalytic activity of sup-

ported Pd nanoparticles compared to other carbonaceous supports [22]. The 

synthesized catalysts were tested in the decomposition of formic acid to 

produce hydrogen in liquid phase reaction condi-tions. The structure of the 

catalysts before and after reaction was carefully studied by means of electron 

microscopy. The most ac-tive catalysts were then tested in the liquid-phase 

hydrogenation of muconic acid in presence of formic acid as hydrogen donor. 

This is an important reaction to obtain bio-adipic acid starting from re-

newable resources and using the concept of in situ hydrogen gener-ation using 

high content H donors like formic acid, at mild reaction conditions [23,24]. 

 

 

 

 

2. Experimental 

 

2.1. Materials and chemicals 
 

Rhodium(II) acetate (Rh(CO2CH3)2]2) was purchased from Alfa Aesar 

(99.99%) and sodium tetrachloropalladate (II) (Na2PdCl4, 99.99%), sodium 

borohydride (NaBH4, 99.99%) and poly(vinyl al-cohol) (PVA, average molar 

weight 10,000, 87%–89% hydrolyzed) were used without any pre-treatment 

for the catalysts synthesis and they were purchased from Sigma-Aldrich 

(Haverhill, MA, USA). All the catalytic tests were carried out using Formic 

acid (≥95%, Sigma-Aldrich) and deionised water and ethanol (≥95%, Sigma-

Aldrich) as the substrate and the solvent, respectively. CNFs PR24-HHT 

(High Heat Treated carbon nanofiber) were obtained from Ap-plied Science 

Company (Cedarville, OH, USA). 

 

 

2.2. Catalysts preparation 

 
In a typical sol immobilization procedure [25], the catalyst was prepared 

adding the solution of the metal precursor salts (Na2PdCl4, [Rh(CO2CH3)2]2; 
Table 1) and the capping agent PVA (M/PVA=1/0.5 (wt/wt)) in 0.5 L of 

H2O/EtOH=1/1 vol/vol. Then,  
a fresh aqueous solution of NaBH4 (M/NaBH4=1/8 (mol/mol)) was added at 
once. The colloidal metal solution was supported on HHT 

 
Table 1. Summary of the amount of the metals for the preparation of the sol.  

 
Pd-Rh ratio Pd (mmol x10

−2
 ) Rh (mmol x10

−2
 ) 

Pd 4.70 – 

Pd8 Rh2 3.78 0.95 

Pd6 Rh4 2.86 1.90 

Pd4 Rh6 1.92 2.88 

Pd2 Rh8 0.97 3.86 
Rh – 4.86 

   

 

 
CNFs (0.495 g) under vigorous stirring. By using sulphuric acid, the 

suspension was acidified to pH 2 and stirred for 30 min in order to ensure the 

full immobilization of the nanoparticles on the support. The solid was filtered, 

washed with 0.5 L of H2O and dried in oven at 80 °C for 1 day. 

 

 
2.3. Catalytic tests 

 
Formic acid dehydrogenation: Liquid-phase Formic acid decom-position 

was carried out in a two-necked 100 mL round-bottom flask placed in a water 

bath equipped with a magnetic stirrer and a reflux condenser. 

 
Typically, 10 mL of an aqueous solution 0.5 M of HCOOH was placed in 

the reactor and the reaction temperature was set-up at 30 °C. The formic 

acid/metal molar ratio is 2000:1 and once the solution reached the desired 

temperature, the solution was stirred at 1400 rpm. At these experimental 

conditions we have shown pre-viously we operate under kinetic regime [22]. 

Recycle tests were performed on the most active catalysts using 25 mL of an 

aqueous solution of HCOOH 0.5 M in a 250 mL round-bottom flask at the 

same experimental conditions of the reaction previously discussed. 

 
Muconic acid (MA) hydrogenation: 25.3 mg of MA were placed in a 

round bottom flask with 15 mL of distilled water. Then 32 mg were added in 

10 mL flask to have a MA/FA ratio of 1/4 (mol/mol). Water was used as 

solvent for both the solutions. FA was therefore added to MA solution. The 

final concentration of MA was 0.007 M. Finally, the catalyst was added with 

a MA/metal ratio of 200/1 (mol/mol). The reactions were performed at 30 °C 

with a stirring rate of 1400 rpm. The reactor was left open to facilitate FA 

decom-position toward the production of H2. Periodic withdrawals were 

performed at different reaction times and the products were anal-ysed by High 

Performance Liquid Chromatography (HPLC). 

 
Product analysis: Formic acid and muconic acid conversion were analysed 

using high-performance liquid chromatography (HPLC). In particular an H+ 

chromatographic column was used (Alltech OA- 10,308, 300 mm 7.8 mm) 

with UV detector settled at 210 nm. Liquid samples were withdrawn 

periodically (200 μL) and diluted to 5 mL with H3PO4 solution (0.1 wt%) 

which was also the eluent of the analysis. The isocratic eluent flow was set at 

0.4 mL min−
1
. The gas phase was analyzed by gas chromatography (Agi-lent, 

mod. 7890) equipped with a TCD detector and a proper set up for the 

quantification of H2 and CO. 

 
 
2.4. Catalyst characterization 

 
Transmission electron microscopy (TEM) experiments were per-formed 

on a double Cs aberration-corrected FEI Titan
3
 Themis 60– 300 microscope 

equipped with a monochromator, a X-FEG gun and a high efficiency XEDS 

ChemiSTEM, which consists of a 4-windowless SDD detectors. HR-STEM 

imaging was performed at 200 kV and using a high-angle annular dark-field 

(HAADF) detec-tor with a camera length of 11.5 cm. The HAADF-STEM 

technique is sensitive to the atomic number of the elements, whose inten-sity 

is roughly proportional to the square of the atomic number (Z
2
), and it makes 

possible to distinguish small nanoparticles sup-ported on light supports. 

XEDS mappings were performed using 



   

Table 2. Nominal and calculated Pd-Rh molar ratio and average particle size for the Pdx -Rhy  catalysts.   
     

Catalyst Nominal Pd-Rh molar ratio Calculated Pd-Rh molar ratio (EDX-TEM) Calculated Pd-Rh molar ratio (ICP) Average particle size (nm) 
     

Pd – – – 3.2 ± 0.8 

Pd used – – – 4.5 ± 1.3 

Pd8 Rh2 80:20 90:10 87–13 2.9 ± 0.9 

Pd8 Rh2  used 80:20 95:5 93–7 4.5 ± 1.0 

Pd6 Rh4 60:40 69:31 73–27 2.5 ± 0.6 

Pd6 Rh4  used 60:40 81:19 84–16 3.0 ± 0.7 

Pd4 Rh6 40:60 49:51 47–53 3.4 ± 1.3 

Pd2 Rh8 20:80 40:60 38–62 2.6 ± 0.7 

Rh – – – 3.5 ± 1.1 

 
 
a beam current of 200 pA and a dwell time per pixel of 128 μs. To improve 

the visual quality of the elemental maps obtained, these were filtered using a 

Gaussian blur of 0.8 using Velox software. Based on the STEM-HAADF 

images of the catalysts, the diameters of more than 200 metal particles 

randomly selected were mea-sured and the corresponding metal particle size 
distributions (PSD) were determined. Based on these PSDs, the average 

particle di-ameter (d) was calculated according to the following expression: d 

= nidi/ ni, where ni ≥ 200. Likewise, the total metal disper-sion was calculated 

according to D = Ns/Nt, where Ns is total num-ber of surface metal atoms and 

Nt is total number of atoms in the metal particle. For particle size calculation 

ImageJ software was used. 

 
 

Metal loading and metal leaching were analyzed by inductively coupled 

plasma optical emission spectroscopy (ICP-OES) using a Perking Elmer 

Optima 8000 emission. 

 
3. Results 
 

PdxRhy/HHT bimetallic catalysts with different Pd:Rh atomic ra-tio, and 

the corresponding Pd and Rh monometallic ones were pre-pared by sol 

immobilization method using polyvinyl alcohol (PVA) as protective agent 

(Table 2). Compared to the classical prepara-tion method [22] where pure 

water is used as solvent, a mix-ture of ethanol and water was used due to the 

low solubility of [Rh(CO2CH3)2]2 in water. 

 
 
3.1. TEM-STEM results 

 
The catalysts were characterized at the sub-nanometric scale by 

transmission electron microscopy. TEM image of the monometal-lic Pd/HHT 

was reported elsewhere [22] and a STEM image of Rh/HHT is reported in 

Fig. S1 in the supporting information. Both monometallic catalysts showed a 

similar average particle size of 3.2 and 3.5 nm, respectively (Table 2) with 

particles well dispersed on the surface of the carbon nanofibers. Figs. 1–4 

show represen-tative results obtained by STEM and investigation of the Pd-

Rh bimetallic systems. The catalysts show a similar average particle size in 

the range of 2.5–3.2 nm, Table 2, with a narrow particle size distribution, as 

shown in Figs. 1(c)−4(c). STEM-XEDS analy-sis was performed on 

individual particles to analyse their com-position (Figs. 1–4, Table 2). Line 

profiles of single particles are also included to illustrate the formation of 

bimetallic nanoparti-cles. Regarding sample with noPd2Rh8, (Fig. 1) an 

average particle size of 2.6 nm was obtained, although some big 

agglomeration of tiny crystallites was found in the sample (Fig. S2). 

Interestingly, the particles included in these agglomerations have a low 

content of Rh (< 10%) or even they are pure Pd (Fig. S2b). The small 

particles are always made of both Rh and Pd, with a Pd-Rh ratio different 

from particle to particle and average Pd-Rh molar ratio of 40:60 (Table 2, Fig. 

1b). 

 

 

Pd4Rh6 consists of particles with an average particle size of 3.2 nm 

(Table 2), with a broader particle distribution (Fig. 2). All the particles 
analysed were bimetallic with an average molar ratio 

 
 
of 49:51 (Pd:Rh), which indicates an enrichment of Pd, if we com-pare with 

the nominal composition (40:60). This composition also varies from particle 

to particle, (Fig. 2b). In addition, in this case, large aggregates were observed 

(Fig. S3a) with a lower content of Rh (Pd-Rh ratio of 79:21) in comparison 

with the one obtained for the small particles, (Fig. S3b). 

 

Particles with an average size of 2.5 nm were found for Pd6Rh4 catalyst 

(Table 2), with the presence of large aggregations (Fig. S4). STEM-XEDS 

analysis (Fig. 3) confirms the presence of Pd-Rh bimetallic particles with an 

average molar ratio of 69:31, which again shows a higher Pd content that 

what it was expected. More-over, for this sample the Pd-Rh relative content 

varies from particle to particle (Fig. 3b). 

 

Pd8Rh2 shows highly and homogeneously dispersed metal nanoparticles 

with an average size of 2.9 nm and no aggregates were observed (Fig. 4). 

Particles exhibit an enrichment of Pd, with an average Pd:Rh atomic ratio of 

90:10, which it is also higher than the nominal one of 80:20. 

 

STEM-XEDS analysis performed on individual particles demon-strated 

that almost all the particles were Pd-Rh bimetallic, al-though the content of 

Rh is lower than the nominal one in all the prepared catalysts. Additionally, 

monometallic Rh and Pd particles were not observed. In order to demonstrate 

the formation of the bimetallic nanoparticles, EDS line profiles of isolated 

nanoparticles were collected (Figs. 1–4(g-h)). In all the analysed 

nanoparticles, we can observe the signals of Rh and Pd inside of the individ-

ual particles. Although the presence of really small particle size of 2–6 nm 

complicated the analysis, the obtained line profiles may indicate a relatively 

homogenous distribution of both metal and that there is not any preferential 

distribution of the elements such core-shell structure. To understand the 

discrepancy between nom-inal and calculated Pd:Rh atomic ratio, we utilized 

the inductively coupled plasma optical emission spectroscopy (ICP-OES) to 

analyse the metal loading of the synthesised catalysts (Table 2). The anal-ysis 

performed on the filtrated solution, after the immobilization of the metal 

colloid on the carbon nanofibers, revealed the pres-ence of Rh in solution. 

The same problem has been detected for the monometallic Rh catalyst which 

shows a calculated leading of 0.91% instead of the nominal one of 1%. 

 
 
 
 
3.2. Catalytic activity 

 
The catalytic performance of the Pd-Rh catalysts was evaluated in the 

liquid-phase decomposition of formic acid as a model reac-tion for hydrogen 

generation (Reaction conditions, 0.5 M HCOOH in water, 30 °C, stirring rate 

of 1400 rpm, substrate/metal molar ratio of 2000). The decomposition of 

formic acid follows two main pathways, (i) dehydrogenation (HCOOH → 

CO2 + H2, G=−48.4 kJ mol−
1
) and (ii) dehydration (HCOOH → CO + H2O, 

G=−28.5 kJ mol−
1
). The reaction conditions, in particular stirring rate and 

sub-strate/metal molar ratio were optimised in previous reports, in or-der that 

the reaction is taking place in chemical kinetic regime [22]. Fig. 5 presents the 

catalytic activity of the catalysts prepared by varying the Pd-Rh atomic ratio. 

To better correlate the effect 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. (a) STEM-HAADF image of Pd2 Rh8 catalyst, (b) particle size distribution, (c-f) STEM-XEDS of single nanoparticles (Pd-Rh atomic ratio: (1) 75:25, (2) 71:29, (3) 20:80, (4) 63:27, (5) 52:48, 

(6) 60:40, (7) 62:38, (8) 81:19, (9) 29:71) and (g-h) line profile of the particles 1 and 5, respectively. 

 
of the metal ratio and the activity, the calculated Pd-Rh instead of the nominal 

molar ratio will be now considered. The activ-ity is expressed as mol of 

formic acid reacted per total mol of metal per hour and calculated after 5 min 

of reaction. The high-est initial activity was obtained using Pd90Rh10 (1793 

h−
1
), fol-lowed by monometallic Pd and Pd69Rh31 which showed similar 

results (979 and 921 h−
1
, respectively). Increasing the Rh con-tent, the 

activity progressively decreased and the monometallic Rh showed very low 

activity (Fig. 5). However, this trend was not fol-lowed by Pd40Rh60 which 

showed an activity two times higher (696 h−
1
) than Pd48Rh52 (341 h−

1
). We 

could not find the reason to fully justify the observed catalytic trend. Indeed, 

the two cat-alysts showed similar bimetallic structure, even the particle size is 

slightly larger for Pd48Rh52 (3.4 nm) than the other bimetal-lic catalysts 

(2.4–2.9 nm) (Table 2). In general, the influence of particle size in catalyst 
activity for this series of catalysts seems to be negligible compared to that of 

Pd-Rh composition. Table 3 presents a comparison of the activity of various 

Pd based bimetal-lic catalysts for the liquid phase dehydrogenation of formic 

acid under mild conditions. Pd90Rh10 shows an activity better of most of the 

catalysts presented in the literature. Fig. 6 showed simi- 

 

lar reaction profiles for all the catalysts and no evident deactiva-tion 

phenomena seem to be present. Pd90Rh10 showed the high-est conversion 

after 2 h of reaction (81%). Interestingly Pd69Rh31, despite showing a similar 

initial activity than monometallic Pd, showed a higher conversion after 2 h 

than this latter one (54% and 28%, respectively, Fig. 6). The products 

detected in the gas phase were mainly CO2 and H2 with presence of CO 

under the detec-tion limit of the instrument (5 ppm) for the bimetallic systems 

and of 12 ppm for the monometallic Pd catalyst. Therefore, these catalysts 

can be used for the production of H2 in fuel cells, since CO is the main issue 

for chemical poisoning in the case of using hydrogen fuel cells for the 

generation of energy and it is impor-tant to be kept below 10 ppm level. 

Stability tests have been per-formed using Pd90Rh10, Pd69Rh31, with the 

catalysts presenting the highest conversion after 2 h and compared to the Pd 

monometal-lic one (Fig. 7). Recycling experiments were carried out by filter-

ing and using the catalyst in the next run without any further purification. 

Palladium catalyst rapidly deactivated after the first run, in agreement with 

previous studies [22] (Fig. 7a). Agglomer-ation and coalescence of the 

particles was observed, and the aver-age particle size increased from 3.0 to 

4.7 nm (Table 2). ICP analy- 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. (a) STEM-HAADF image of Pd4 Rh6 catalyst, (b) particle size distribution, (c-f) STEM-XEDS of single nanoparticles (Pd-Rh atomic ratio: (1) 67:33, (2) 40:60, (3) 28:72, (4) 15:85, (5) 60:40, 

(6) 75:25, (7) 57:43, (8) 59:41, (9) 53:47) and (g-h) line profile of the particles 1 and 9, respectively. 

 

 
sis performed on the filtrated solution revealed the leaching of 5% of Pd 

during the reaction. Moreover, Pd active sites can be poi-soned by the CO 

produced (11–15 ppm, in the different cycles). It is well known, indeed, that 

CO can poison Pd catalysts even when present at ppm level [26]. A similar 

trend was observed for Pd90Rh10, the most active catalyst. STEM analysis 

evidenced the coalescence of the particles with growing of the average 

particle size from 2.9 to 4.5 nm (Fig. 8c). The STEM-XEDS analysis showed 

an enrichment in Pd of the particles, which have an average com-position of 

95:5 with the presence of segregated monometallic Pd particles (Table 2). ICP 

results demonstrated that this is due to the partial leaching of Rh in the 

reaction solution, whereas no leach-ing of Pd was observed. On the contrary, 

Pd69Rh31 showed a good stability during the 6 cycles (Fig. 7c). STEM 

analysis of the used catalyst evidenced a limited growing of the average 

particle size from 2.5 to 3.0 nm (Table 2). The analysis of the atomic 

composi-tion of the single nanoparticles showed an enrichment in Pd with a 

Pd-Rh atomic ratio of 81:19, (Fig. 9b), due to the leaching of Rh in the 

solution. The high stability might be attributed to a cata-lyst with a Pd-Rh 

composition similar to the most active ones. The higher activity of the new 

phase is offset by the leaching of metal in the solution, and the conversion 

was constant during the 6 cy-cles. The partial Rh leaching observed for the 

bimetallic catalysts can be due to the fact that Pd-Rh structures are not stable 

upon 

 

 

hydrogen absorption/desorption, leading to a partial segregation of the two 

metals [13,27]. Probably, segregated Rh is more prone to leaching than when 

alloyed.  
Many studies have reported in the last 10 years the utilization of formic 

acid as hydrogen source for the hydrogenation of biomass derived molecules 

[16]. In this work we utilized formic acid for the upgrade of muconic acid 

(MA), a molecule which can be obtained from cellulose and lignin to produce 

bio-adipic acid (Scheme 1). The reaction proceeds in two-steps as we have 

recently shown [23]. In the first one, monounsaturated acids are produced 

((2E)-hexenedioic acid and (3E)-hexenedioic acid), followed by the hy-

drogenation of the second C=C bond to obtain adipic acid. 

 

Pt and Pd based catalysts have been used for this reac-tion [23,37], using 

molecular hydrogen. However, Pd based ones showed the best activity even 

under mild conditions. Therefore, we combine the ability of Pd catalyst to 

generate hydrogen from formic acid (H-source) and at the same time to 

activate H2 under mild conditions to hydrogenate muconic acid to bio-adipic 

acid. Muconic acid hydrogenation was performed under similar reaction 

conditions utilized for the dehydrogenation of formic acid (Reac-tion 

conditions, 0.007 M MA in water, MA/Formic acid ratio of 1/4 (mol/mol), 30 

°C, stirring rate of 1400 rpm, substrate/metal molar ratio of 200). The two 

most active bimetallic catalysts, Pd90Rh10 and Pd69Rh31 were compared to 

monometallic Pd. In Fig. 10 it is 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. (a) STEM-HAADF image of Pd6 Rh4 catalyst, (b) particle size distribution, (c-f) STEM-XEDS of single nanoparticles (Pd-Rh atomic ratio: (1) 40:60, (2) 62:38, (3) 89:11, (4) 75:25, (5) 67:33, 

(6) 62:38) and (g-h) line profile of the particles 2 and 3, respectively. 

 
 
 
Table 3. Comparison of catalytic activity of Pd-based bimetallic catalysts for the liquid phase dehydrogenation of formic acid under mild conditions.  
 

Catalyst T(°C) Reagent TOF (h
−
 
1
 )  Ref.  

     Initial 2 h   
        

 Pd90 Rh10 /HHT 30 Formic acid (0.5 M) 1793  This work  

 Pd69 Rh31 /HHT 30 Formic acid (0.5 M) 921  This work  
 Pd/HHT 30 Formic acid (0.5 M) 979  This work  

 Pd/C 21 Formic acid (1.33 M) 18 15 [28]  

  30  48 28   

 Au41 Pd59 /C 50 Formic acid (1 M) 230  [29]  
 Ag@Pd (1:1) 35 Formic acid   156 [30]  

 Ag/Pd alloy (1:1) 20    144 [30]  

 Ag42 Pd58 50 Formic acid (1 M) 382  [31]  
 Pd-MnOx /SiO2 –NH2 20 Formic acid (0.265 M) 140  [32]  
  50  1300    

 Ag0.1 Pd0.9 /rGO 25 Formic acid 105  [33]  
 PdNiAg/C 50 Formic acid (0.175 M) 85  [34]  

 Pd50 Cu50 /resin 75 HCOOH/HCOONa=9:1 810  [35]  
 20 wt% PdAu/C–CeO2 102 9.94 M formic acid–3.33 M sodium formate solution 832  [36]  



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Activity vs Pd-Rh ratio in the formic acid dehydrogenation.  

 
Scheme 1. Conversion of muconic acid into bioadipic acid. 

 

 
plotted the concentration of the reactant MA, the mono unsatu-rated 

intermediates and adipic acid as a function of reaction time. All the catalysts 

were highly active in the first step, almost quan-titatively converting MA to 

the intermediates after 1 h of reaction. However only the two bimetallic 

catalysts were able to convert the intermediates to adipic acid, in particular in 

the case of Pd69Rh31. The lower activity of Pd can be attributed to the lower 

activity and stability in the generation of hydrogen from formic acid 

compared to bimetallic counterparts. However, it can be observed that after 2 

h of reaction the concentration of the products remains stable. Future studies 

will be performed to improve the catalytic perfor-mance of the present 

catalysts and to understand the reason of de- 

 
Fig. 6. Reaction profiles for Pd-Rh catalysts in the formic acid dehydrogenation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. (a) STEM-HAADF image of Pd8 Rh2 catalyst, (b) particle size distribution, (c-f) STEM-XEDS of single nanoparticles (Pd-Rh atomic ratio: (1) 92:8, (2) 82:18, (3) 99:1, (4)  
90:10, (5) 89:11) and (g-h) line profile of the particles 4 and 6 respectively. 



   
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Recycling tests for (a) monometallic Pd, (b) Pd90 Rh10 and (c) Pd69 Rh31 .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. (a) STEM-HAADF image, STEM-XEDS of single nanoparticles and (b) particle size distribution of Pd90 Rh10 used catalyst.  

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9. (a) STEM-HAADF image, STEM-XEDS of single nanoparticles and (b) particle size distribution of Pd69 Rh31 used catalyst.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Activity of (a) monometallic Pd, (b) Pd90 Rh10 and (c) Pd69 Rh31 catalysts in the muconic acid hydrogenation using formic acid as hydrogen donor. 

 

activation in the muconic acid hydrogenation in presence of formic acid as 

hydrogen donor. 

 
4. Conclusions 
 

A series of preformed colloidal PdxRhy nanoparticles and the 

corresponding monometallic supported Pd and Rh nanoparticles were 

prepared by sol immobilization method and deposited on highly graphitized 

carbon nanofibers (HHT). Using this technique we report for the first time, 

the ability to prepare preformed 

 

bimetallic random alloyed Pd-Rh nanoparticles with average par-ticle size in 

the range of 2–4 nm even at low temperature as con-firmed by STEM-

HAADF and STEM-XEDS analyses. However, the composition of the 

particles is not homogeneous from particle to particle and a general 

enrichment in Pd was observed compared to the nominal Pd-Rh ratio. These 

results were attributed to the un-successful quantitative immobilization of Rh, 

as evidenced by ICP analysis. Bimetallic catalysts showed good activity in the 

dehydro-genation of formic acid in liquid phase, in particular for Pd-rich 

bimetallic systems (Pd90Rh10 and Pd69Rh31). Comparing the prod- 



  

 
uct analysis of liquid and gas phase products, we concluded that the major 

reaction pathway towards the production of CO2 and H2 was obtained for all 

the catalysts, with minor formation of CO in the range of 5–15 ppm. 

However, in the case of monometal-lic Pd, traces of CO (11–15 ppm) were 

observed. A good stability during 6 consecutive runs was observed for 

Pd69Rh31 compared to monometallic Pd which rapidly deactivate. The low 

stability of this latter one was attributed to the growing of particle size due to 

coalescence of the particle, partial Pd leaching and presence of CO which acts 

as poison for Pd-based catalysts. Furthermore, monometallic Pd, Pd90Rh10 

and Pd69Rh31 were tested in the mu-conic acid hydrogenation using formic 

acid as hydrogen donor, un-der mild conditions. The catalysts showed good 

activity for the first step of the reaction, towards the production of 

monounsaturated products. Only in the case of using bimetallic catalysts the 

second step of the reaction towards the formation of adipic acid was en-

hanced. 
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