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ABSTRACT. Excellent Pd supported on carbon catalysts for the dehydrogenation of formic acid 

were synthesized from a lignocellulosic biomass residue. The preparation of the carbon support 

consisted of a H3PO4-assisted hydrothermal carbonization (HTC) and activation of a hemp residue, 

and the subsequent nitrogen functionalization. It was observed that the presence of nitrogen groups 

influenced both the size and the electronic properties of the Pd nanoparticles, which ultimately 

affected their catalytic properties. Furthermore, the catalytic performance also depended on the 

synthesis conditions used in the preparation of the catalysts (i.e. reduction of the Pd nanoparticles 

with NaBH4 prior to the catalytic test or in-situ reduction). The best-performance catalysts (Pd/-

N-HTC (n.r.)), which was prepared by in-situ reduction of the nanoparticles, displayed a 

remarkable catalytic activity with a very high TOF number of 8365 h-1 (TOF value calculated for 

the 2nd catalytic run and expressed per surface Pd atom) and outstanding stability during 6 

consecutive reaction cycles, although the initial activity is maintained for 12 cycles. The catalytic 

system studied is among the most stable ever reported Pd-based heterogeneous catalyst for the 

dehydrogenation of formic acid. 

KEYWORDS. Biomass upgrading, N-doped carbon, formic acid, hydrogen production, 

palladium nanoparticles
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Introduction

A primary challenge facing society nowadays is the production of energy in a green and efficient 

way. Most of the energy used in all sectors comes from fossil fuels (coal, oil, and natural gas), 

which are intrinsically linked to the emission of CO2 and the subsequent harmful effects for 

humans and the environment. Since more than 75 % of the greenhouse gasses emission from 

human activities is related to the production of energy, finding alternative energy sources and use 

has become mandatory.1–3 Biomass is a renewable natural carbon resource, which is considered an 

auspicious alternative to fossil fuels, as well as a platform for the synthesis of high value-added 

products. 4 Biomass can be used as solid fuels and it can also be converted into gas and liquid fuels 

and different platform chemicals.4–8 The great possibilities of biomass utilization have led to the 

concept of “biorefinery”, that integrates conversion processes to produce fuels, power, heat, and 

value-added chemicals by targeting the utilization of all carbon atoms of the resource.4

Formic acid has recently received great attention as an interesting energy carrier that can be 

derived from biomass feedstocks. It can be obtained from hemicellulose, cellulose, lignin, and 

vegetable oils components using acid hydrolysis, wet oxidation, and catalytic oxidation 

processes.9,10

As for the role of formic acid in the energy scenario, it can be either used as a fuel in direct 

formic acid fuel cells (DFAFCs)11 or in the production of hydrogen, as a liquid organic hydrogen 

carrier molecule.12 Moreover, formic acid can be also used to produce other fuels and fuel 

intermediates, such as γ-valerolactone and methanol.9,13,14 Among those options, its advantages as 

hydrogen carrier molecule have been widely studied.15–20 Formic acid is the simplest carboxylic 

acid (HCOOH) and it has a volumetric hydrogen capacity of ∼53.4 g L-1, equivalent to 4.4 wt. % 

of H2, which is very close to the value set by the US Department of Energy for efficient H2 storage 
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substances for light-duty fuel cell vehicles.10,21,22 The dehydrogenation of formic acid into H2 can 

take place under mild conditions provided that suitable metal catalysts are used. Among those 

investigated options, heterogeneous Pd-based catalysts have been reported to be the most 

promising option; however, most of the systems lack of stability under reaction conditions, which 

is one of the most important drawbacks.16,23–25 Carbon materials are the preferred supports to 

develop efficient catalysts to boost the generation of hydrogen from formic acid, offering large 

surface area and surface functional groups that serve as the anchoring points of metal 

nanoparticles. In particular, nitrogen-doped carbon materials have been shown to result in high-

performing catalysts, which has been attributed to both the modification of Pd electronic properties 

and the direct participation of the nitrogen groups in the dehydrogenation of formic acid.26–29

Biomass valorization towards the development of efficient carbon-based materials for energy 

and environmental applications is the focus of great interest.30–38 In this work, we aim at 

emphasizing the potential of biomass upgrading by developing a N-doped biomass-derived 

activated carbon that was further used as support of catalysts applied in the production of hydrogen 

from formic acid, which, as previously mentioned, is considered a promising biomass-derived 

hydrogen source, thus emphasizing the sustainable approach herein addressed. A hemp residue 

was used as the starting material for the synthesis of low cost and high yield activated carbon by 

H3PO4-assisted hydrothermal carbonization (HTC) and further heat-treatment, which was 

subsequently doped with nitrogen through an organic reaction under mild conditions. The resulting 

N-doped carbon was loaded with Pd nanoparticles to obtain Pd-based catalysts, which displayed 

excellent performance and outstanding stability even after 6 consecutive catalytic cycles of 30 min 

at 75 ºC, thus circumventing one of the main limitations of most catalysts used for this application. 

Additionally, the best-performance catalyst preserved its initial activity (in terms of TOF value) 

Page 4 of 50

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

even after 12 consecutive reaction cycles, which makes this catalyst one of the most stable 

heterogeneous catalyst ever reported for the dehydrogenation of formic acid. The present study 

highlights the importance of biomass valorization towards the development of efficient carbon-

based materials for the production of hydrogen, which is a central issue in the sustainable energy 

and environmental scenario. 

Experimental

Preparation of biomass-derived activated carbon and its N-doped counterpart

The biomass-derived activated carbon was obtained from hemp residue (HR) by H3PO4-assisted 

HTC.32 The synthesis was performed by mixing 1 g of HR with a low-concentrated aqueous 

solution of H3PO4 (25 wt. %) in a 50 mL Teflon‐lined stainless-steel autoclave (weight ratio of 

H3PO4/HR equal to 1). The autoclave was heated at 200 °C for 24 h. The resulting hydrochar was 

heated at 450 ºC for 2 h in N2 atmosphere (50 mL min-1). The obtained activated carbon was 

washed with distilled water at 65 °C and was dried at 110 °C overnight. The yield of the process 

was ~ 40 wt. % from the hemp residue precursor. The resulting activated carbon was denoted as 

HTC. The surface chemistry of the activated carbon was modified by introducing nitrogen groups 

(N-HTC) through an organic reaction under mild conditions, following the procedure described 

below: 45 mL of 2 M NH4NO3/DMF solution was prepared in a round bottom flask, then 300 mg 

of activated carbon was added under constant stirring. Subsequently, 45 mL of pyridine was added 

dropwise at room temperature (ratio of 1 g of activated carbon/300 mL solution). The mixture was 

kept stirring and its temperature was increased up to 70 °C and it was kept for 65 h. The N-doped 

activated carbon obtained was washed with abundant water and ethanol, filtered and dried at 110 

°C for 12 h.39 The as-synthesized support was denoted as N-HTC.
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6

Preparation of Pd-based catalysts

Both HTC and N-HTC were used as supports to prepare Pd-based catalysts by a conventional 

wet impregnation method.26 For that, 0.5 g of carbon support was dispersed in acetone (50 mL) 

and a specific volume of a 0.01 M Pd(OAc)2 solution was added to achieve a final metal content 

of 1 wt. % and the mixture was stirred for 4 h at room temperature. After that, the metal precursor 

was reduced with NaBH4 by stirring 1 h more, and the solvent was removed. Finally, the catalysts 

were washed with distilled water and dried at 60 ºC overnight. The resulting catalysts were denoted 

as Pd/HTC and Pd/N-HTC. An additional catalyst was prepared using N-HTC as support in which 

the reduction step was suppressed (Pd/N-HTC (n.r.)). A reference catalyst comprised of Pd 

nanoparticles supported on graphitic carbon nitride (g-C3N4) was also synthesized as reference 

material. For that, g-C3N4 was previously obtained from dicyandiamide by thermal decomposition 

at 520 ºC for 4 h (heating rate of 5 ºC min-1) in air, and the resulting solid was impregnated with 

the Pd precursor to achieve Pd/g-C3N4 by following the same experimental protocol as that used 

in the preparation of Pd/N-HTC. The Pd content was 0.71 wt. %, the BET surface area was 13 m2 

g-1 and the Pd average particle size as determined from TEM was 6±2 nm.

Characterization

The porous texture of HTC, N-HTC, and Pd-based catalysts was determined by physical 

adsorption-desorption of N2 at -196 °C using an automatic adsorption system (Micromeritics 

ASAP 2020 analyzer). Prior to the analysis, samples were outgassed at 200 °C for 6 h to remove 

any possible adsorbed impurity. The apparent surface area and total micropore volume (VDR N2) 

were calculated applying the Brunauer-Emmett-Teller (BET) method and the Dubinin–

Radushkevich (DR) equation to the N2 adsorption isotherm at -196 ºC, respectively. Mesopore 
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volume was determined by calculating the difference between the volume of N2 adsorbed at a 

relative pressure of 0.95 and the volume of micropores.40 Pore size distributions were obtained 

from the 2D-NLDFT heterogeneous surface model using the SAIEUS software (available online 

at http://www.nldft.com/).41 

The morphology of the catalysts was analyzed by Transmission Electron Microscopy (TEM) 

using a JEOL (JEM-2010) transmission electron microscope operating at 200 kV with a spatial 

resolution of 0.24 nm. Average nanoparticle size and size distribution were obtained after 

measuring ~ 100 nanoparticles in representative micrographs of each catalyst with the ImageJ 

software. The dispersion of Pd nanoparticle (D), defined as the number of Pd atoms on the surface 

of the sample divided by the total number of Pd atoms, was estimated by assuming spherical 

nanoparticle geometry.42,43 Pd content was determined by Inductively Coupled Plasma-Optical 

Emission Spectroscopy (ICP-OES) with a Perkin-Elmer Optima 4300 system. X-ray photoelectron 

spectroscopy (XPS) analysis was performed in a VG-Microtech Multilab 3000 spectrometer 

equipped with a semispherical electron analyzer and a Mg Kα (hν=1253.6 eV) 300 W X-ray 

source. For the proper analysis, binding energies were referred to the C 1s line at 284.6 eV in all 

cases. N 1s and Pd 3d, characterized by two well separated spin-orbit coupling components (i.e. 

Pd 3d5/2 and Pd 3d3/2), were analyzed. The different species of N and Pd and their relative contents 

were calculated from the deconvoluted spectra. The deconvolution of the spectra was carried out 

by using Gaussian functions with 20% of Lorentzian component. FWHM of the peaks was kept 

between 1.6 and 1.8 eV and between 1.3 and 1.6 eV for N and Pd, respectively. A Shirley line was 

used for estimating the background signal.

Catalytic tests
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The activity of the catalysts in the dehydrogenation of formic acid at 75 ºC was assessed by 

monitoring the gas evolution for 30 minutes. The catalytic runs were performed by placing 0.15 g 

of catalyst and the reaction mixture (an aqueous solution of formic acid and sodium formate with 

a molar ratio of 9 to 1, and a final concentration of 1 M) in a reactor, which was connected to a 

burette system. The stability of the catalysts was assessed by performing 6 consecutive reaction 

cycles and collecting the spent catalyst by filtration between two consecutive cycles. The stability 

of the best-performance catalyst was further evaluated by monitoring the reaction during 6 

additional reaction cycles (12 consecutive reaction runs in total). 

TOF values (h-1) were calculated with the following equation (1):

                (1)TOF (h ―1) =  
produced H2 (mole)

Pd atoms (mole) × time (h)

where the produced H2 (mole) is the mole of H2 obtained after 4 min of reaction, and Pd atoms are 

determined from the Pd content obtained by ICP-OES analysis. Moreover, TOF values were also 

calculated on the basis of surface Pd atoms. For that, surface Pd atoms were calculated from the 

TEM average nanoparticle size (dTEM) and Pd nanoparticle dispersion (DTEM, which is defined as 

the percentage of atoms exposed on the surface of the nanoparticles), using the following 

expression (2):

               (2)Surface Pd atoms =
molePd ∗  DTEM

100

The nanoparticle dispersion was estimated assuming spherical nanoparticle geometry and using 

the following equation (3):42

            (3):DTEM = 1021 6Mρsite

ρPdNdTEM
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Where M (106.42 g/mol) is the atomic weight, ρsite (12.7 atoms/nm2) is the Pd surface site density, 

ρPd (12.02 g/cm3) is the metal density, N is Avogadro´s constant (6.022 * 1023 mol-1), and dTEM is 

the average diameter of the nanoparticles (nm).

Results and discussion

Catalysts characterization

Figure 1 depicts the N2 adsorption-desorption isotherms (Figure 1(a)) and the pore size 

distribution profiles calculated by NLDFT (Figure 1(b)) of the carbon supports and Pd-based 

catalysts studied. As can be seen, all samples have a type I isotherm, according to the IUPAC 

classification,40 which is characteristic of microporous solids. Pore size distribution profiles 

indicate that most of the pores are between 0.5 and 3 nm. Neither the introduction of nitrogen 

functional groups nor the incorporation of Pd nanoparticles modified considerably the porous 

texture of the starting activated carbon (HTC). 
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Figure 1. N2 adsorption-desorption isotherms at -196 ºC of carbon supports and Pd-based 

catalysts (a) and their pore size distribution (b). 

Page 9 of 50

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

Table 1 includes the textural properties determined from the N2 adsorption-desorption isotherms. 

The as-prepared activated carbon has an apparent surface area of 1535 m2 g-1, which is mostly 

preserved after nitrogen functionalization and Pd loading. This is also the case for the micro and 

mesopore volumes.

Table 1. Porous texture characterization.

Sample SBET (m2 g-1) VDR N2 (cm3 g-1) Vmeso N2 (cm3 g-1)
HTC 1535 0.64 0.10

N-HTC 1455 0.63 0.08
Pd/HTC 1465 0.63 0.08

Pd/N-HTC 1520 0.65 0.08
Pd/N-HTC (n.r.) 1420 0.60 0.10

As it was mentioned in the introduction section, most of the catalysts used in the 

dehydrogenation of formic acid lack of stability. Getting insight into the processes that lead to the 

deactivation of the catalysts under reaction conditions is crucial to achieving highly stable 

catalysts. Thus, the catalysts evaluated in the present study were characterized before and after 

performing 6 consecutive catalytic cycles and the results will be included in this section. As some 

reports have already addressed,15,44,45 one of the main aspects to be checked is the nanoparticle 

size and distribution. In this study, such information was obtained by TEM analysis. Figure 2 

includes representative TEM micrographs of the three Pd catalysts (both fresh and used) along 

with the histograms with the nanoparticle size distributions. Table 2 contains the average 

nanoparticle size and dispersion, as well as the Pd content determined by ICP analysis. 

As can be seen in TEM images, Pd nanoparticles are well-dispersed and homogeneously 

distributed in all the as-prepared catalysts, which is due to the large surface area of the biomass-

derived carbon support. The incorporation of nitrogen in the carbon support affects significantly 

the average Pd nanoparticle size. Pd/HTC catalyst has an average nanoparticle size of 3.9 nm and 
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11

relatively wide nanoparticle size distribution, whereas smaller average nanoparticle size and 

narrower size distribution were observed in the case of Pd/N-HTC prepared under the same 

experimental conditions (i.e. impregnation and subsequent reduction with NaBH4). It should be 

noted that well-defined nanoparticles with an average particle size of 3.1 nm can also be observed 

in the catalyst Pd/N-HTC (n.r.), in which the reducing step with NaBH4 was not carried out. As it 

will be later discussed, the electronic properties of the Pd nanoparticles present in Pd/N-HTC (n.r.) 

differ from those of Pd/N-HTC, since no Pd0 was detected due to the suppression of the final 

reduction step. These results confirm the crucial role of nitrogen atoms in serving as anchorage 

sites for the metal precursor, thus resulting in smaller and well-distributed Pd nanoparticles.46

After performing 6 consecutive catalytic cycles (vide infra), Pd nanoparticles experienced an 

increase in the average size (and, thus a corresponding decrease in dispersion values). The size 

increase is of 72, 46, and 100 % for Pd/HTC_used, Pd/N-HTC_used, and Pd/N-HTC (n.r.)_used, 

respectively, as compared to their fresh catalyst counterparts. This observation indicates that both 

the incorporation of nitrogen in the catalyst and the previous reduction step affect the stability of 

the nanoparticles against sintering. On the one hand, the presence of nitrogen results in more stable 

nanoparticles when catalysts with pre-reduced nanoparticles are compared (Pd/HTC and Pd/N-

HTC), once again confirming the ability of nitrogen functionalization in serving as metal 

anchoring sites and thus increasing the metal-support interaction.26 On the other hand, the 

comparison of Pd/N-HTC and Pd/N-HTC (n.r.) suggests that pre-reduced nanoparticles display 

better stability against sintering than those in-situ reduced nanoparticles present in Pd/N-HTC 

(n.r.). Such observation might be related to the different nanoparticle reduction and growth kinetics 

in both Pd/N-HTC and Pd/N-HTC (n.r.) catalysts. In the case of Pd/N-HTC, Pd nanoparticles are 

reduced by NaBH4 prior to the catalytic test, so that they might not be significantly affected by the 
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reducing atmosphere originated in the reaction medium caused by the formation of H2 from formic 

acid. The pre-reduced Pd nanoparticles present in Pd/N-HTC might be stabilized by NaBH4-

derived species interacting with the surface of the nanoparticles, thus minimizing the sintering 

phenomena under reaction conditions.47

However, in Pd/N-HTC (n.r.), in which the metal species are not pre-reduced, most of the Pd 

nanoparticles are in-situ formed upon reduction with H2 generated in the medium. The different 

reducing ability of NaBH4 and H2 and the different reduction conditions in both Pd/N-HTC and 

Pd/N-HTC (n.r.) catalysts might lead to different nanoparticle reduction and growth kinetics.48,49 

The relatively slow reduction rate for the in-situ reduction of Pd nanoparticles in Pd/N-HTC (n.r.) 

and the absence of species that may “protect” the nanoparticles growth, might be responsible for 

the larger nanoparticles increase and the wider particle size distribution observed in this catalyst. 

ICP analysis confirmed that Pd was successfully loaded in all the fresh catalysts and that no 

significant metal leaching took place after performing 6 consecutive reaction runs. Such 

observation demonstrates the strong metal-support interaction between Pd nanoparticles and the 

biomass-derived carbon support synthesized in this study. 
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13

Figure 2. TEM micrographs and histograms with Pd nanoparticle size distributions for Pd/HTC, 

Pd/N-HTC, and Pd/N-HTC (n.r.).  

Table 2. Results of TEM and ICP analysis.
Catalyst dTEM (nm) D (%) Pd loading wt. % (ICP)
Pd/HTC 3.9 ± 1.5 23.1 0.77

Pd/HTC_used 6.7 ± 2.6 12.9 0.74
Pd/N-HTC 2.6 ± 0.6 34.6 0.66

Pd/N-HTC_used 3.8 ± 1.6 23.7 0.63
Pd/N-HTC (n.r.) 3.1 ± 1.4 29.0 0.72

Pd/N-HTC (n.r.)_used 6.2 ± 3.8 14.5 0.68
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Catalytic activity towards H2 production

The results obtained from the catalytic tests are included in Figure 3. It should be mentioned that 

gas generation was not detected with the bare N-HTC support. 

Figure 3. (a) Gas evolution profiles achieved in the 1st reaction cycle for Pd/HTC, Pd/N-HTC, 

and Pd/N-HTP (n.r.); (b) Gas evolution profiles of Pd/HTC in the 1st, 3rd and 6th cycle; (c) Gas 
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evolution profiles of Pd/N-HTC in the 1st, 3rd and 6th cycle; and (d) Gas evolution profiles of 

Pd/N-HTC (n.r.) in the 1st, 3rd and 6th cycle. 

Figure 3 (a) depicts the gas evolution profiles achieved with the three catalysts in the first 

reaction cycle. Pd/HTC and Pd/N-HTC did not display induction time and the reaction proceeds 

smoothly, whereas with Pd/N-HTC (n.r.) an induction period of ~ 3 min was needed. This 

difference observed in the catalytic performance during the first reaction minutes can be ascribed 

to the different Pd species present in the catalysts. In this sense, Pd/HTC and Pd/N-HTC have pre-

reduced Pd nanoparticles, so that the gas produced from the dehydrogenation of formic acid is 

rapidly accounted for the volume monitored. In the case of Pd/N-HTC (n.r.), not only the initial 

catalytic activity may be lower due to the lower amount of reduced Pd species, but also part of the 

H2 generated  during the first minutes of the first reaction cycle might be utilized in the reduction 

of Pd species. The differences in the electronic properties of Pd species in the three fresh catalysts 

can be clearly seen in Figure 4 (a) (vide infra). 

The comparison of the gas evolution profiles achieved in the first reaction cycle also evidenced 

the positive role of nitrogen species. Even though the initial reaction rate observed in the Pd/HTC 

catalyst is comparable to that of Pd/N-HTC, the total volume of gas generated by N-containing 

catalysts is much larger than that produced by Pd/HTC (104, 87, and 75 mL of gas for Pd/N-HTC, 

Pd/N-HTC (n.r.), and Pd/HTC, respectively). Such positive effect of nitrogen in attaining good 

catalytic performance in the dehydrogenation of formic acid has been attributed to both the 

participation of nitrogen atoms in the reaction by interacting with formic acid molecules and 

increasing the local concentration close to the Pd active sites, and the role of nitrogen in modifying 

the electronic properties of Pd atoms. 26,50,51 

This latest effect can be checked by analyzing XPS results included in Figure 4. 
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Figure 4. XPS Pd 3d of (a) fresh catalysts and (b) used catalysts (after 6 cycles).

XPS Pd spectrum contains two asymmetric doublets that can be assigned to 3d5/2 and 3d3/2 

transitions, at lower and higher binding energies, respectively. As can be seen in Figure 4 (a), 

Pd/N-HTC showed a shift of ~ 0.4 eV towards higher binding energies in the Pd spectrum 

compared to that of Pd/HTC, which confirmed the modification of the electronic properties of Pd 

species by their interaction with the nitrogen functionalities incorporated in the catalysts.24,52 Such 

positive shift of Pd spectra indicated the formation of electron-deficient Pd species and it is further 

corroborated by the relative proportion of Pd0 and Pd2+ in Pd/HTC and Pd/N-HTC (77 and 23 % 

of Pd0 and Pd2+, and 51 and 49 % of Pd0 and Pd2+, in Pd/HTC and Pd/N-HTC, respectively), which 

indicated that the presence of nitrogen makes difficult the reduction of Pd2+ to Pd0, even when a 

strong reducing agent (i.e. NaBH4) is used,53 so that Pd2+ species are stabilized by the nitrogen 

atoms incorporated in the support.29 As for Pd/N-HTC (n.r.), only oxidized Pd species are present 

in the catalyst, since no pre-reduction step has been performed. Two possible contributions could 

also be distinguished in its spectrum, being both of them attributed to Pd2+ either in the free 

Pd(OAc)2 (at 338.2 eV) or Pd2+ interacting with the N atoms of the support (at 337.1 eV).54 The 
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XPS results of the used catalysts (Figure 4 (b)) indicated that both Pd0 and Pd2+ are present in the 

nanoparticles, being Pd0 the most abundant species in all of them.

As mentioned above, the significantly better performance observed in Figure 3 (a) for Pd/N-

HTC compared to Pd/HTC catalysts may be related to the electronic properties of the Pd 

nanoparticles. Such aspect has been the focus of discrepancy in the literature, since there are 

authors who claim that electron-rich Pd species are the preferred active sites for the 

dehydrogenation of formic acid,55 whereas the important role of electron-deficient Pd species has 

also been highlighted in other studies.29 Recent studies have emphasized the role of both electron-

rich and electron-deficient Pd species.15,29,55 

Assuming the simplified reaction mechanism illustrated in Scheme 1,55 the role of both electron-

rich and electron-deficient Pd species could be understood. In that mechanism, the first reaction 

step consists in the adsorption of formate ion on the surface of Pd nanoparticles, which could be 

favoured by the presence of electron-deficient Pd species, whereas electron-rich Pd species favor 

the cleavage of the C-H bond of the adsorbed formate ion,56 which is the second reaction step and 

has been reported to be the rate-limiting step in the overall catalytic reaction.15,55 The reaction is 

finalized by release of H2 and the regeneration of the catalyst. 
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Scheme 1. Simplified reaction mechanism for the production of H2 from formic acid.

Figure 5 includes the XPS N 1s spectra in the N-doped biomass-derived activated carbon support 

(N-HTC) and Pd/N-HTC catalysts. 

Figure 5. XPS N 1s spectra of N-HTC and N-HTC-supported Pd-based catalyst.

The XPS N1s spectrum of N-HTC shows three contributions, which can be attributed to the 

presence of pyridone/pyrrole, amine/amide, and pyridine groups, with a relative proportion of 26, 

Page 18 of 50

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

45, and 29 %, respectively.57 As can be seen, the incorporation of Pd nanoparticles in Pd/N-HTC 

did not modify either the functional groups or their relative proportion. XPS analysis also indicated 

that the surface nitrogen content was ~ 1.8 at. %. This, together with the results of the catalytic 

performance, reveal that the positive role of the incorporation of nitrogen can be evidenced even 

with such low nitrogen content. 

As for the reusability of the catalysts under reaction conditions, Figures 3 (b)-(d) depict the gas 

evolution profiles achieved in the 1st, 3rd, and 6th reaction cycle of Pd/HTC, Pd/N-HTC, and Pd/N-

HTC (n.r.), respectively (the profiles recorded in the other cycles are not plotted for the sake of 

clarity). As can be seen, the three studied catalysts preserved relatively good catalytic activity even 

after 6 consecutive reaction cycles, after which they only lost 33, 40, and 9 % of the initial activity 

of Pd/HTC, Pd/N-HTC, and Pd/N-HTC (n.r.), respectively, in terms of total gas generated. Such 

aspect indicated that, even though better performance was achieved in the 1st reaction run for Pd/N-

HTC than for Pd/N-HTC (n.r), the superior performance of Pd/N-HTC (n.r) is demonstrated by its 

outstanding stability under reaction conditions (it preserved 91 % of the initial activity, in terms 

of total volume of gas generated, after 6 consecutive cycles). In the light of the performance 

observed for Pd/N-HTC (n.r.), a first cycle is required in this case to attain the optimum working 

conditions of the catalyst, after which it shows extraordinary catalytic activity (TOF of 1214 h-1 

and 8365 h-1 in the 2nd cycle, expressed on the basis of total Pd atoms and surface Pd atoms, 

respectively) and outstanding stability. None of the changes observed in the spent Pd/N-HTC (n.r.) 

catalyst compared to its fresh counterpart led to the deactivation of the catalysts, which 

demonstrated the applicability of the present catalytic system. Such great stability might be thus 

related to some other features, such as the slower Pd reduction rate and high surface area of the 

biomass-derived activated carbon, which, together with the incorporation of nitrogen functional 
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groups, is responsible for the stabilization of Pd nanoparticles and their excellent resistance against 

leaching under reaction condition (as demonstrated by the almost identical Pd loadings determined 

in fresh and used catalysts). Furthermore, it should also be mentioned that the catalytic activity 

displayed by Pd/N-HTC (n.r.) is superior than that shown by a reference catalyst comprised of Pd 

nanoparticles supported on graphitic carbon nitride (Pd/g-C3N4), which had a TOF of 761 h-1 (on 

the basis of the total Pd atoms) under identical experimental conditions and it was stable for only 

one cycle.  

It can be also deduced that the experimental protocol used in the synthesis of the catalysts plays 

an important role in their final stability. In this case, it has been observed that the in-situ reduction 

of the metal nanoparticles performed in Pd/N-HTC (n.r.) gives rise to more stable and active 

catalysts, which might be attributed to the suppression of additional reducing agent (i.e. NaBH4), 

which could result in partial poisoning or blocking of the active sites of the surface of the 

nanoparticles and their long-term stability. The strong interaction between NaBH4 (and its 

derivatives) and the surface of the nanoparticles is a well-reported aspect.58 The different reduction 

rate of the Pd precursor in Pd/N-HTC and Pd/N-HTC (n.r.) might also affect the Pd-N interaction, 

thus affecting the final catalytic performance of the resulting catalysts. 

The excellent stability attained by Pd/N-HTC (n.r.) was further evaluated by performing 6 

additional catalytic cycles, so that it was evaluated for a total of 12 consecutive reaction runs. 

Figure 6 depicts the TOF values (calculated on the basis of surface Pd atoms) achieved by Pd/N-

HTC (n.r.) for the 3rd, 6th, 9th and 12th cycle, together with Pd XPS and TEM characterization 

results registered for the spent catalyst after the 12th reaction cycle. 
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Figure 6. Results achieved for Pd/N-HTC (n.r.) after 12 consecutive reaction cycles: (a) Initial 

TOF values calculated on the basis of surface Pd atoms; (b) Pd XPS spectrum; (c) TEM 

micrograph; and (d) histogram with Pd nanoparticle size distributions.

The gas generation profiles registered from the 7th to the 12th cycles indicated that there was a 

partial loss of the catalytic activity after the 6th run, since the volume of gas generated per mass of 

catalyst decreased from 734 mLgas/gcatalyst in the 6th cycle to 427 mLgas/gcatalyst in the 7th cycle and 

declined further to the 12th cycle in which 332 mLgas/gcatalyst were generated. However, it is worth 

mentioning that the initial catalytic activity of Pd/N-HTC (n.r.) was preserved after the 12 cycles 
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monitored in this study, as evidenced by the TOF values plotted in Figure 6 (a), which were 

calculated considering the Pd surface atoms. 

The XPS characterization of the spent catalysts (Figure 6 (b)) indicated that there were not 

changes in the electronic properties of Pd nanoparticles as compared to those determined after the 

6th run (i.e. the relative proportion of Pd0 and Pd2+ after 12 cycles was determined to be of 83 and 

17 %, respectively, which is nearly identical to those determined after the 6th cycle (82 and 18 %, 

for Pd0 and Pd2+, respectively)). ICP analysis after 12 reaction cycles revealed that the final Pd 

content was of 0.57 wt.%, demonstrating the stability of the nanoparticles against leaching, which 

may be related to the positive effect of nitrogen functional groups serving as anchorage points.

Concerning the morphology of Pd nanoparticles (Figure 6 (c)), TEM analysis indicated that the 

nanoparticles preserved their spherical shape, and relatively good dispersion was maintained even 

after 12 cycles. However, the average nanoparticle size was slightly changed after 12 cycles and 

it increased up to 7.9 ± 3.8 nm (Figure 6 (d)), compared to the average size determined after the 

6th run (6.2 ± 3.8 nm). TOF values and XPS results suggest that there is no poisoning of the catalyst 

due to any species that may remain chemisorbed and that increase in the average nanoparticle size 

might be responsible for the partial loss of the catalytic activity expressed as mLgas/gcatalyst.  

The performance of Pd/N-HTC (n.r.) was further evaluated by checking the effect of the reaction 

temperature and monitoring the reaction at 45, 55, 65, and 75 ºC, and the result of the Arrhenius 

plot is depicted in Figure 7. The results of the reaction rate were used to determine the apparent 

activation energy, which was calculated to be of 48.8 kJ/mol. 
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Figure 7. Arrhenius Plot for Pd/N-HTC (n.r.).

One of the most remarkable aspect of the developed catalytic system is its extraordinary stability. 

To the best of our knowledge, this is an unprecedented work in which the activity of a 

heterogeneous catalyst is evaluated in the decomposition of formic acid for 12 consecutive 

catalytic cycles. It should be pointed out that most of the studies barely investigate the stability of 

the catalysts in more than 5 consecutive cycles. For instance, Yan et al. reported a complex 

synthesis of a Pd-based catalyst (denoted as AuPd-MnOx/ZIF-8-rGO), which exhibited an 

important activity loss, in terms of reaction rate, after 3 consecutive runs.59 A total activity loss 

was observed by Navlani-García et al. in the case of PdCo/g-C3N4 (1/0.7) after 3 cycles.60 Zhang 

et al. reported a bimetallic catalyst based on PdAu nanoparticles (PdAu/C-P) that exhibited high 

activity; however, the catalyst showed an activity loss of 43 %, expressed as final volume of gas 

generated, after 3 runs.61 Du et al. reported a monometallic Pd-based catalyst (Pd/NCt@WO3), 
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which showed an important decrease of the reaction rate after 5 cycles.53 Wang et al. reported that 

catalysts based on AgPd–MnOx supported on carbon nanospheres maintained only 82 % of its 

initial catalytic activity after 5 cycles.62 Fan et al. observed that the reaction was sluggish after 

performing 5 consecutive reaction cycles with a catalyst comprising Pd and Ni(OH)2 supported on 

porous carbon (Pd-Ni(OH)2/PC) and a much longer time was needed to reach the maximum 

volume of gas evolved in the 6th cycle.63 Xiang et al. recently reported on a complex catalyst based 

on Pd and Co2P nanoparticles supported on N-doped carbon microsheets (Pd-Co2P/NPC), with a 

very high Pd loading of 9.81 %, which was claimed to be stable after 7 reaction cycles performed 

at 50 ºC, but the reaction was progressively sluggish along the monitored cycles.64

It should also be mentioned that the experimental conditions used in the tests, such as the reaction 

time and temperature, also affect the stability of the catalysts (i.e. longer reaction times and higher 

temperatures are expected to lead to sharper activity decay). For instance, a stable catalyst based 

on Pd nanoparticles anchored on amino-functionalized hierarchically porous carbon was reported 

by Wang et al.65 The stability of that catalyst was evaluated at 25 ºC during 5 cycles which lasted 

only ~10 min each, which are much milder conditions than those applied in the test monitored in 

the present study (i.e. 12 consecutive reaction runs of 30 min each, and reaction temperature of 75 

ºC). Zhang et al. reported on N‑doped activated carbon-supported Pd catalysts,66 which displayed 

relatively good stability for 5 consecutive reaction runs at 30 ºC, which are also milder conditions 

than those used in the present study. Yao et al. evaluated the stability of a catalyst based on Pd 

nanoparticles assembled on a porous carbon (Co@CN) which derived from ZIF-6 by using mild 

conditions (i.e. 30 ºC and only 5 cycles).67 Shokouhimehr et al. evaluated the stability of a catalyst 

based on nano-sized Pd particles stabilized within the pores of diamine groups grafted open metal 

site metal-organic frameworks of Cr-MIL-101 (Pd@ED/Cr-MIL-101).68 It was claimed in that 
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study that the prepared catalyst was stable, even though its activity was assessed only for 3 cycles. 

Cai et al. explored the reusability of Pd/C and Pd@Bi/C catalysts by monitoring 3 consecutive 

runs at 30 ºC and they observed that 50 % of the initial activity (in terms of TOF values) dropped 

after the 3rd cycle in Pd/C, while Pd@Bi/C attained better stability, but it was only evaluated during 

3 runs.69 

Another aspect which deserves mention is the high TOF values achieved by Pd/N-HTC (n.r.) 

(average TOF of 8365 h-1 calculated for the 2nd reaction cycle and on the basis of the surface Pd 

atoms, which maintains for 12 cycles), which is among the highest value ever reported for Pd-

based catalysts.21,70 It should also be considered that the higher TOF values achieved by most of 

the catalysts reported elsewhere are linked to the use of bimetallic or multimetallic nanoparticles, 

which usually contain other noble metal, such as Ag and/or Au.71 Upon Pd alloying, some of the 

effects responsible for the deactivation of the catalysts (i.e. adsorption of poisonous intermediates) 

are partially alleviated by modulation of the surface properties and composition.21,72 However, the 

preparation of bimetallic and multimetallic catalysts usually requires more complex experimental 

protocols, such as consecutive reductions of the metal precursor, galvanic replacement, etc.,73,74 

thus achieving stable monometallic catalysts for the present application is highly desirable yet 

challenging. This reinforces the remarkable performance of the catalysts developed in this study. 

The assessment and comparison of the activity and stability of the catalysts is not 

straightforward, since neither benchmark experimental conditions nor benchmark catalysts for the 

decomposition of formic acid are stablished so far in the literature. In order to make a proper 

assessment of the achievements of our Pd/N-HTC (n.r.) catalyst, Table 3 compiles a summary of 

many representative catalysts evaluated in the decomposition of formic acid. Details of the 

properties of the catalysts (metal loading and nanoparticle size), the experimental conditions 
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(reaction temperature, nmetal/nFA, and presence of additives) and the criteria followed in the 

calculation of the TOF values (surface metal atoms or total metal atoms) are indicated in Table 3.  

Table 3. Comparison of the catalytic performance of some representative Pd-based catalysts.

Catalyst
Metal

(loading) [wt%]
NP Size 

[nm]
T

[ºC]
nmetal/nFA Additive

TOF

[h-1]a)

Ea

[kJ mol-1]
Ref.

Pd/N-HTC (n.r.) Pd (0.72) 3.1 ± 1.4 75 0.001 HCOONa
1214b)

8365c)
48.8 This 

study

Pd/MSC-30 Pd (9.6) 2.3 ± 0.4 50 0.01 HCOONa 2623d, e) 39.1 75

Pd/N-MSC-30 Pd (4.0) 1.4 60 0.02 HCOONa 8414d) 43.7 76

Pd/CN0.25 Pd (10) 3.1 25 0.0075 None
5530f)

752e)
48.8 77

Pd@CN Pd (8.0) 4.0 15 0.0015 None 71 - 78

Pd/C_m Pd (6.0) 1.4 ± 0.3 60 0.006 HCOONa 7256e) 39.6 79

Pd/NC400@WO3 Pd (0.44) 2.3 ± 0.2 50 0.004 HCOONa 1225 37.03 53

Pd/APC Pd (4.58) 2.3 50 0.011 HCOONa 2230 46.31 80

Pd/HTNC-950 Pd (4.68) 2.8 ± 0.7 30 0.0021 HCOONa 1631e) 33.67 66

Pd/NMC-400 Pd (3.2) 2.7 ± 0.6 25 0.0009 None 913 36.86 81

Pd/CZIF-8-950 Pd (3.325) 3.02 ± 0.02 30 0.0028 HCOONa 1166d) 34.9 82

Pd/NHPC-NH2 Pd (5.8) 2.5 25 0.01 None
1265e)

3798f)
46.3 65

Pd/NHPC-AC Pd (2.7) 1.88 ± 0.48 60 0.0057 HCOONa 4115 21.5 83

Pd@CN900K Pd (9.3) 1.1 ± 0.2 60 0.017 HCOONa 14400d, e) 46.9 84

Pd/C Pd (2.3) 2.1 ± 0.3 25 0.004 HCOONa 835f) 48.0 85

Pd-CNTs-in Pd (4.69) 4.2 ± 0.8 30 0.0042 HCOONa 1135f) 36.60 86

Pd/mpg-C3N4 Pd (9.5) 1.7 ± 0.49 25 0.0045 None 144 29.1 87

Pd@TU-PMO Pd (3.7) 2.3 80 0.0021 None 32 63 88

SBA-15-Amine/Pd Pd (3.4) 1.9 26 0.0016 None 293 - 89

Pd/NH2-MIL-125 Pd (0.5) 3.1 32 0.00023 HCOONa 214e) - 90

Pd/POP-2 Pd (3.1) 3.7 ± 0.5 60 0.03 None 167 66.76 91
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Au2Pd8/SBA-15-Amine Au (3.69) Pd (9.04) 4.5 ± 0.5 50 0.035 HCOONa 1786e) 47.6 92

Ag1Pd9/NPC Ag (0.97) Pd (9.03) 3.5 50 0.02 HCOONa 3000 44.48 93

Co48Au5Pd47@MIL-101-NH2
Co (2.33) Au (0.71) Pd 

(4.14) 2.5 50 0.027 HCOONa 361f) 67.1 94

Au3Pd1/C Au (48.23) Pd (8.70) 4.18 92 - NH4HCO2 407.5e) 23.3 95

Ag10Pd90/0.2CND/SBA-15 Ag (0.93) Pd (9.26) 4.5 ± 0.5 50 0.032 HCOONa 893 43.2 96

0.8Pd0.2Ni(OH)2@S-1 Pd (0.56) Ni (0.08) 1.7 60 0.012 None 5803 52.4 97

a) TOF values calculated on the initial time or initial conversion of formic acid; b) TOF value calculated for the 2nd 

reaction run and considering the total Pd atoms; c) TOF value calculated for the 2nd reaction run and considering surface 

Pd atoms; d)TOF values calculated on the complete time of gas generation; e)TOF values calculated on basis of the 

noble metal atoms; f)TOF values calculated on the basis of surface metal sites.

The superiority of the developed Pd/N-HTC (n.r.) is not only evidenced by its excellent catalytic 

activity and stability over 6 consecutive reaction cycles, but also from the easy experimental 

protocol used in its synthesis and the sustainable approach followed. In this line, the synthesis 

method proposed in this study to prepare the catalytic support involves an environmentally friendly 

process using biomass residues as a precursor, which afforded an activated carbon with excellent 

properties. It is important to highlight the interest of using biomass residues as raw materials to 

obtain high added value products, since this is a very interesting alternative to reduce production 

costs and environmental problems. The use of biomass residues as a precursor to obtain activated 

carbons has widely been explored. However, harsher experimental conditions, as well as activating 

agents with high concentrations and protocols with more steps, are traditionally employed.83,98–102 

The protocol herein used comprises a HTC process, which contributes to the effective 

concentration of organic matter and carbon precursors are converted into valuable materials using 

processes at low temperatures and under self-generated pressures, and possesses notable 

advantages from the practical view point while being an environmentally friendly process.32,103,104 

In the present study, a HTC synthesis was combined with a chemical activation process, producing 
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higher yields and better development of porosity. Low-concentrated H3PO4 was used in this case 

because it has positive aspects compared to other chemical activation agents, such as lower 

polluting effect, which is further reduced when low concentrations are used, which in turns reduced 

also the final cost of the material.32,105–107 As for the functionalization with nitrogen groups, an 

organic reaction was used in mild conditions at low temperature and avoiding the previous 

oxidation process, which allowed the introduction of nitrogen functional groups preserving the 

porous texture characteristic of the pristine activated carbon. Generally, chemical functionalization 

to introduce nitrogen functional groups requires more complex experimental protocols with high 

temperatures, more aggressive conditions, and more experimental steps.57,84,93,108–110 Common 

synthesis methods involve CVD (chemical vapor deposition), carbonization of N containing 

sources and electrochemical functionalization.111,112 All these aspects make the proposed synthesis 

of activated carbon a promising alternative from the industrial point of view to produce biomass 

carbon materials of high yield and low cost, providing an important contribution in the sector of 

renewable energy. 

In addition, the superiority of the system herein studied is not only evidenced by its impressive 

stability under reaction conditions, but also by the straightforward method used for the synthesis 

of the catalyst, in which the pre-reduction step with an additional agent such as NaBH4 is not 

required. Moreover, it should be also pointed out that no additional thermal or washing treatment 

was performed between two consecutive cycles, and the spent catalyst was easily collected from 

the reactor by filtration, thus emphasizing its practicality over all the homogeneous catalysts and, 

more important, over most of the heterogeneous catalytic systems previously studied, in which a 

lack of stability is reported or additional treatments of the catalysts are necessary for their 

regeneration.113Moreover, it should be also highlighted that the resulting Pd/N-HTC (n.r.) catalyst 
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is competitive cost-wise, not only because a biomass precursor is used for the synthesis of the 

support and the resulting catalyst can be reused during several times without showing significant 

activity decay, but also because it has a much lower Pd loading compared to most of the catalysts 

reported in other studies (See Table 3).

Conclusions

Pd-based N-doped activated carbon catalysts were prepared by a H3PO4-assisted hydrothermal 

carbonization of a hemp residue followed by nitrogen functionalization and impregnation with the 

Pd precursor and their activity in the production of hydrogen from formic acid was assessed. 

Catalysts with promising activity and excellent stability were achieved, which was related to both 

the properties of the catalysts and the synthetic protocol used. Among investigated, Pd/N-HTC 

(n.r.) catalyst, in which no pre-reduction step was carried out, displayed excellent stability even 

after 6 consecutive reaction cycles. Further insight on the stability of Pd/N-HTC (n.r.) were 

achieved by performing 6 additional catalytic cycles, so that its stability was assessed in a total of 

12 consecutive reaction cycles, which is an unprecedented evaluation of the stability of the 

catalysts used in the dehydrogenation of formic acid. The results of those tests revealed that the 

initial activity of Pd/N-HTC (n.r.) was preserved along the 12 consecutive cycles. That 

characteristic, together with the high TOF value achieved by Pd/N-HTC (n.r.) (TOF of 8365 h-1 

calculated for the 2nd reaction cycle and on the basis of the surface Pd atoms) makes the present 

catalytic system a very interesting candidate for the efficient hydrogen production from formic and 

with great commercial application potential. 

The results herein obtained are expected to motivate further efforts towards the design and 

development of new biomass-derived metal-based catalysts as an auspicious option of biomass 
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upgrading, which is a crucial aspect in the desirable sustainable energy and environmental 

scenarios.
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SYNOPSIS. Highly active and stable catalysts from biomass upgrading were designed as a 

platform for the sustainable hydrogen production from formic acid. 
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