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Abstract: Formic acid (FA) is one of the most prospective hydrogen carriers for renewable energy
transformation. In this context, the addition of extra-amine is always required for promoting the
reactivity of FA, which is still a key challenge. Herein, we report a simple but effective strategy to
synthesize Pd nanoparticles, supported on NH,-functionalized, phosphorous-doped glucose-based
porous carbon (NH;-P-GC). The introduction of NHj;- groups on the support acts as an immobilized
amine-additive for FA dehydrogenation, while phosphorus not only serves as an electronic promoter
to keep Pd in the electronic deficient state for FA dehydrogenation, but also as an enlarger of the
aperture size of the carbon. As a result, the Pd/NH,-P-GC has exceptional catalytic activity, 100% Hpy
selectivity, CO generation that is undetectable, and good reusability for hydrogen production from
FA. In the additive-free dehydrogenation of aqueous FA solution, the initial turnover frequency (TOF)
can reach 5126 h~! at room temperature, which is substantially higher than the best heterogeneous
catalyst so far recorded. Overall, the system’s high activity, selectivity, stability, and simplicity in
producing CO-free H, /CO; gas from FA, without the need for any additive, makes it attractive for
practical deployment.

Keywords: formic acid; dehydrogenation; amine functionalization; porous carbon; palladium nanoparticles

1. Introduction

Increased CO, emissions due to the ever-increasing consumption of fossil fuels have
led to global warming, affecting human beings with serious consequences [1-3]. In view of
this, replacing fossil fuels with sustainable energy sources is a prerequisite [4]. Hydrogen is
considered to be a future promising source of sustainable energy [5,6]. However, efficient
hydrogen storage is a challenge, as a result of low critical temperature and a small value of
volumetric energy density [7]. In this regard, chemical hydrogen storage has been widely
studied [8,9]. As one of the most prospective hydrogen carriers, formic acid (FA) has a high
energy density (53 g L—1,1.77kW L~1) [10,11], is non-toxic, and is convenient to use [12-14].
The decomposition of formic acid catalytically leads to the generation of Hy and CO,, due
to the favorable thermodynamic behavior (AG? = —32.8 k] mol~!) [15]. However, the
catalysts are poisoned due to the formation of CO and H,O, via undesirable dehydration
and decarbonylation pathways [16]. It is imperative to find suitable catalysts with high
activity under a mild condition, for selective dehydrogenation of FA, to produce ultrapure
Hy; for subsequent utilization in the fuel cells.
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Homogenous catalysts are widely investigated for dehydrogenation of FA [17-21], and
it has been found that the addition of additives, such as alkali metal formate and triethy-
lamine [22-24], has a great impact on enhancing their catalytic performances. However,
additives have been found to have a negative impact on the gravimetric and volumetric Hp
densities, as well as the overall system’s energy density. Many metal nanoparticles (NPs)
have been reported as heterogeneous catalysts, bringing about the dehydrogenation of
FA and they have the advantages of facile fabrication and outstanding reusability [25,26].
Among the reported heterogeneous catalysts, Pd-based catalysts have shown the most
encouraging results [27-32]; however, the heterogeneous catalysts have much lower activity
compared to the homogeneous counterparts. Compared with the large numbers of FA
dehydrogenation systems in the presence of additives, additive free dehydrogenation of
FA has been reported scarcely [33]. For the additive-free dehydrogenation of formic acid in
the presence of a newly synthesized PdAu-MnOx/N-5iO; catalyst, Karatas et al. obtained
an initial turnover frequency (TOF) value of 785 h~! at room temperature [34]. Yan et al.
used NiPd/NH,-N-rGO as the catalyst for the additive-free dehydrogenation of FA and
got an RT TOF value of 953 h~! [35]. Using freshly synthesized uniform electron-deficient
Pd clusters, supported on bi-amino group functionalized SiO,@graphene oxide, Lu and
co-workers obtained a TOF value of 1588 h~! for additive-free dehydrogenation of FA
at 298 K in 2019 [36]. Although attempts have been made to achieve the additive-free
dehydrogenation of FA by using the strategy of using amino-group functionalized catalysts,
but unsatisfactory catalytic activity is observed, especially at low temperatures. Therefore,
development of facile and effective catalysts for ultrapure additive-free H, production by
dehydrogenation of FA is most sought after.

Herein, we prepare supported, well-dispersed Pd NPs, using NH,-functionalized and
P-doped hierarchical porous carbon as the support, by employing an effective and facile
method to use it as an additive free catalyst for dehydrogenation of an aqueous FA solution.
The P-doped porous carbons were produced by utilizing glucose as the carbon source,
MgO as template, sodium hypophosphite as the source of phosphorous by pyrolysis in
nitrogen atmosphere, and subsequent washing with dilute HCI. Then the as-prepared P-GC
was modified by (3-aminopropyl) triethoxysilane (APTES) to obtain NH,-P-GC. Further,
Pd?* can be deposited on NH,-P-GC, using NaBH} as a strong reducing agent, to obtain
uniform Pd NP catalysts. The as-prepared Pd/NH,-P-GC catalyst obtained 100% selectivity
for Hy, as well as high catalytic activity (up to 5126 molg, molpg ~! h™1), under ambient
temperature for dehydrogenation of FA that is completely additive-free, and the obtained
activity is even higher than the best reported catalyst so far.

2. Results and Discussion
2.1. Preparation and Characterization of Catalysts

Scheme 1 shows the synthesis procedure of P-GC. An aqueous solution, containing
MgO and sodium hypophosphite, is heated at a relatively low temperature (120 °C) in
the presence of glucose as a carbon source, to obtain a uniform distribution of MgO and
sodium hypophosphite in the precursor structure. Thereafter, thermal annealing of the
obtained powder was carried out in a nitrogen atmosphere. During this step, a mesoporous
template is formed via high temperature embedding of magnesium oxide in the carbon
framework. Simultaneously, a large volume of gases, such as PH3 and CO,, will be released
continuously, due to the reaction of the negative ions containing phosphorus during the
heating process. This will result in the formation of macropores on the intermediate product
due to uniform exfoliation by the gases. At the same time, the gases will be effectively
inserted into the carbon lattice by overcoming the van der Waals attraction between the
carbon layers, leading to the doping of the elements O and P, partially into the carbon
matrix. Decomposition of glucose during the process of carbonization and the activation of
gas may cause micropores. Finally, removal of magnesium oxide nanoparticles via washing
of the intermediate product with the HCI leads to the formation of mesopores. After
grafting 3-aminopropyltriethoxysilane (APTES) to P-GC, then obtained NH,-functional
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black powder P-GC was employed as a carrier to fix Pd NPs. The obtained Pd/NH,;-P-
GC after centrifugation and washing was subsequently characterized and applied for the
catalytic dehydrogenation reaction. Supplementary Table S1 gives the ICP determined Pd
content of the catalyst along with the results from the XPS investigation.

P-GC Pd/NH,-P-GC
. C atom . P atom J'.) Pd NPs

Scheme 1. Schematic illustration of the synthesis of the P-GC support and Pd/NH,-P-GC catalyst.

The transmission electron microscope (TEM) image of the parent NH,-P-GC, as shown
in Figure 1, clearly detected wrinkled carbon nanosheets. The carrier exhibits a layered state,
which has a rough surface. High-resolution transmission electron microscopy (HRTEM)
was conducted to characterize the morphology and microstructure of the typical Pd/NH,-
P-GC specimen. The TEM image indicated rich porous channels of the catalyst and evenly
dispersed distribution of the Pd nanoparticles in all the synthesized catalysts, owing to
the large surface area of the carbon support derived from biomass. The sizes of the Pd
nanoparticles were found to be substantially influenced by phosphorus incorporation in
the carbon support. Relatively wide distribution was observed for the size of Pd/NH;-
GC nanocatalysts, with an average size of 2.54 nm (Supplementary Figure S1). But for
the Pd/NH,-P-GC, prepared under identical experimental conditions (i.e., impregnation
followed by NaBH, reduction), narrower size distribution was observed, with a smaller
mean nanoparticle size of 1.47 nm. These results confirm that the P atoms serve as the
anchoring sites to the metal precursor, leading to well-distributed Pd nanoparticles with
a smaller size. Supplementary Figure S2 is the inverse FFT (IFFT) of the selected area of
the HRTEM photograph, showing typical lattice fringes and indicating 0.229 nm as the
distance between the crystal planes corresponding to the distance between the Pd {111}
planes [37]. The EDS spectra, along with EDS elemental mappings, confirm the co-existence
of N, Pd and P elements, which are uniformly dispersed. This proves that the carrier was
successfully doped with P atoms and APTES was hydrolyzed and grafted with -NH,.

The porosities of different materials were examined by N, physisorption at 77 K. The
isotherms are presented in Figure 2a. The existence of micropores in all the materials is
shown in the adsorption isotherm of N; (strong adsorption at relatively low pressures,
close to zero), with adsorption in the P/Pj range of ~0.1-0.8, suggesting the existence
of small mesopores in all the materials. Thus, it can be verified that the as-synthesized
materials exhibit a hierarchical micro-/mesoporous structure. The pore size distribution,
depicted in Figure 2b, shows the presence of micro and small mesopores. A similar size
range of ~1.2-1.3 nm for all the materials is seen for the micropore system, except for
the Pd/NH;-GC. Meanwhile, the size of the mesopore system is centered at ~3.5 nm in
the case of GC and P-GC, which is enlarged to around 4-5 nm after the incorporation
of Pd NPs. Table 1 shows the various structural parameters of different materials. The
calculated surface areas of GC, P-GC, Pd/NH,-GC, and Pd/NH,-P-GC, based on the BET
method, were 1070, 1191, 482, and 495 ng’l, respectively. The significantly decreased
specific surface area, pore size, and pore volume of Pd/NH;-P-GC, and other catalysts,
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in comparison to P-GC and GC revealed successful modification of the surface of P-GC
by the amine group, and the evenly distributed small Pd NPs occupy the mesopores of
NH,-P-GC. Furthermore, it is evident that the addition of NaH,PO, in the precursor results
in an increasing population of the mesopores in the synthesized carbons, as demonstrated
by the decreased Vpic/Viotal ratio. The existence of a hierarchically porous structure is
conducive to mass transfer. Crystallographic structures of the as-prepared samples were
analyzed by XRD (Figure 2c). The amorphous nature of the carbon is indicated by the
diffraction peaks at 24.7, 43.1 and 79.8 °C, corresponding to the (002), (100) and (110)
planes, respectively [38]. The existence of typically broad absorption peaks at 20-30 °C,
in all the materials corresponding to the amorphous carbon, which can be ascribed to
the graphitic (002) plane, revealed that the framework integrity was maintained in the
course of the catalyst synthesis. The peak at around 43 °C corresponds to the graphite (100)
plane. For both the Pd/NH,-P-GCand Pd/NH;-GC, the absence of Pd diffraction peaks in
the wide-angle XRD pattern can be indexed to low metal loading and the well-dispersed
nature of the Pd nanoparticles. Figure 2d shows the FI-IR spectra of P-GC, NH;-P-GC and
Pd/NH,-P-GC. Before functionalization, the mesoporous carbon support P-GC showed
bands at 1576 and 2926 cm~! [39], corresponding to the C—C and C-H vibrations of the
graphite domain. The band observed at 3432 cm ™! can be indexed to the surrounding
atmospheric moisture bound to the carbon surface [39]. However, after amination, bands
at 754, 1020, and 3578 cm ! appeared, which may be ascribed to the out-of-plane bending,
C-N stretching and N-H plane of the -NH; group, respectively [40]. The shoulder at
3578 cm ™! arises from the N-H extension frequency of the -NH, group [41]. Two more
bands at 894 and 1621 cm !, corresponding to the out-of-plane and in-plane N-H bending
vibrations [35], respectively, confirmed the presence of amine groups (NH;-) on the P-GC.
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Figure 1. (a) TEM image of NH;-P-GC, (b) HRTEM image and histograms with Pd nanoparticle size
distributions of Pd/NH,-P-GC, (c—f) EDS elemental mappings of Pd/NH,-P-GC.
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Figure 2. (a) Nitrogen adsorption—desorption isotherms and (b) corresponding pore size distribution
curves of GC, P-GC, Pd/GC, Pd/P-GC, Pd/NH;-GC and Pd/NH,-P-GC. (c) XRD patterns of GC,
P-GC, NH,-P-GC, Pd/NH,-GC and Pd/NH,-P-GC. (d) FT-IR spectra of P-GC, NH,-P-GC and
Pd/NH,-P-GC.

Table 1. Textural characteristics of various samples.

Sample Sper® (m?g™1)  VoP(em®g~1)  Vi¢(emPg1)  Dpore ¢ (<2nm)  Dpore (>2 nm)
GC 1070 0.84 0.65 1.2 3.2
P-GC 1191 1.37 0.74 1.3 3.8
Pd/GC 1143 1.23 0.76 1.2 3.2,4.6,9.1
Pd/P-GC 1055 1.04 0.64 1.2 32,49
Pd/NH,-GC 482 0.65 0.33 - 3.5,5.8
Pd/NH,-P-GC 495 0.66 0.31 1.3 4.1

2 Surface area was calculated using the BET method at P/Py = 0.05-0.3. © Total pore volume at P/Py = 0.99.
¢ Evaluated by the t-plot method. ¢ Pore diameters at the maximum of pore size distribution determined by the
NLDFT method.

2.2. Catalytic Performance for FA Dehydrogenation

Selective decomposition of FA, in the presence of Pd/NH,-P-GC, as well as other
materials as a catalyst, has been compared in Figure 3a. In the presence of Pd/NH,-P-GC
as catalyst, 244 mL of gases are released within 13 min, as evident in Figure 3a, representing
H, selectivity of 100% and an initial TOF value of 5126 h~!. Also important to note, the
gas mixture for the catalyst of Pd/NH,-P-GC comprised Hy and CO;, in the volume
ratio of 1:1, but no carbon monoxide (CO) could be detected using gas chromatography
(GC) (Supplementary Figure S3) and NaOH trapping (Supplementary Figure S4). As
compared, in the absence of P in the Pd NPs, the obtained catalyst Pd/NH,-GC showed
inferior catalytic activity (244 mL of gas released at a reaction time of 26 min). None of
the catalysts, Pd/NH,-P-GC and Pd/NH;-GC, required a base as additive to realize the
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FA dehydrogenation reaction. The initial turnover frequency (5126 h~!) of Pd/NH,-P-GC
for the dehydrogenation of formic acid is found to be the highest among all the additive-
free heterogeneous catalysts, reported in the literature (Supplementary Table S2), and
encouragingly, this value can even be compared with those of in the presence of additives
or/and at elevated temperature. However, the Pd/GC and Pd/P-GC are found to be nearly
inactive for the dehydrogenation reaction of FA. It can be ascribed to the Brensted basic
sites of amino groups on GC, which act as proton scavengers for formic acid by complexing
with the proton of the formic acid molecule to promote the activity of dehydrogenation of
FA. The existence of amino groups upon the surface of the catalyst, on the other hand, will
facilitate electron transport from the host to the Pd NPS, resulting in an electron-rich surface
and better catalytic efficiency for hydrogen production from FA [35,37,41]. As shown in
Figure 3c, the number of APTES (amine group) grafted on P-GC has a notable impact on
the catalytic activity of Pd/NH;-P-GC. Both small and large quantities of APTES showed
negative impact on the catalytic performance. If the APTES amount is lesser, the effective
stabilization of metal nanoparticles is not possible, leading to larger and coalescent particles.
However, if an excess amount of APTES was added, the active sites were encapsulated and,
hence, the reactants could not diffuse to the active sites. Though the surface grafted amino
groups (-NHy) of the carrier serve as the interaction sites for fixing the metal nanoparticles
and also prevent the aggregation of nanoparticles into large particles, excess amino groups
will block the pores of the carrier, resulting in the hinderance for the diffusion of reactants
to the active sites, and thereby reducing the catalytic activity. Therefore, the dosage of
APTES was set at 0.3 mL.
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Figure 3. (a) Gaseous generation during the decomposition of FA versus time in the presence of Pd
with/without different supports or APTES and (b) the corresponding TOF value (c¢) comparative
gaseous product generation for varying amounts of APTES in Pd/NH,-P-GC; (d) the calculated activa-
tion energy at different sample temperatures. (Black line representative of Pd/NH,-P-GC sample, red
line representative of Pd/NH;-GC sample) (Reaction conditions: 5 mL 1.0 M FA, npq /nga = 0.0037).

The kinetics of the FA dehydrogenation were assessed to further examine the unique
catalytic behavior of this Pd/NH,-P-GC catalyst. As shown in Figure 4a, the temperature-
dependent catalytic activity of Pd/NH;-P-GC was investigated by studying the dehy-
drogenation reaction of FA at different set temperatures (298, 313, 323 and 333 K) and
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the corresponding initial TOF values were 5126, 7299, 9577 and 13,479 h-1, respectively.
Increasing the temperature provides the required activation energy of the reaction quickly
for facilitating the reaction, making apparent activation energy (E,) a key index for the
dehydrogenation system. The apparent activation energy for the dehydrogenation of FA in
the presence of Pd/NH,-P-GC as a catalyst was found to be 22.44 k] /mol from the plot of In
(TOF) vs. 1/T (Figure 3d), as per the Arrhenius equation, indicating lower activation energy
compared to other values reported (Supplementary Table S2) [42-45]. For example, as a
catalyst for the dehydrogenation of formic acid, the corresponding calculated activation
energy for the Pd, supported on N-doped porous carbon, was found to be 48.8 k] mol~! by
Chaparro-Garnica et al. [46]. Luo et al., found the activation energy of 30.14 k] mol~! for
the H, production from FA, using dispersed IrPdAu alloy nanoparticles on amine-modified
mesoporous SiO,(NH,-SBA-15) [47]. In addition, for the Pd/NH2-GC catalyst, the ap-
parent activation energy of the catalyst was found to be 24.15 kJ/mol, thereby proving
that the doping of P in the carrier has an excellent effect on the dehydrogenation of FA.
The values of Ea lying in the typical diffusion energy barriers range (20~30 kJ mol 1)
suggested that mass transport was the restricting factor for the performance of Pd NPs,
supported on mesoporous and microporous materials of this kind and the apparent Ea was
indicating the diffusion energy barrier in actuality [48]. Moreover, we have explored in
depth the variation of formic acid concentration, as shown in Figure 4c. The results of the
correlational analysis are set out in Figure 4c,d, in terms of formic acid concentration, the
dehydrogenation reaction appears as a zero-order reaction.
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Figure 4. Gaseous generation during the decomposition of FA with respect to time in the pres-
ence of Pd/NH,-P-GC at different (a) reaction temperatures, (b) corresponding initial TOF values,
(c) FA concentrations, and (d) reaction kinetics for the concentration variable. (Reaction conditions:
Npgq /I’IFA = 00037)

To further study the chemical valence and electronic states of various elements for
different catalysts, X-ray photoelectron spectroscopic (XPS) analysis of all the catalysts
was prepared. Supplementary Figure S5 depicts the XPS full spectrum of the Pd/NH,-
P-GC sample, from which the characteristic peaks of C, N, O, P, Si, Pd can be accurately
identified. As revealed by the P 2p spectrum (Supplementary Figure S6), the P species
present in Pd/NH,-P-GC are the ones typically found in carbon materials, i.e., P—C
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(132.6 eV) and P—O (133.4 eV) [49]. The presence of N 1s peak at about 400.0 eV, at-
tributed to the NH; group in Figure 5a [50], which illustrates the successful grafting of
amine functional groups on P-GC, and is consistent with the FT-IR spectra (Figure 2d).
In order to investigate the electronic states of Pd, XPS analysis was carried out on the
catalysts Pd/NH,-GC, Pd/NH,-P-GC and Pd/P-GC, the high resolution XPS spectra of
Pd 3d for different catalysts could be deconvoluted into two doublets, corresponding to
PdY and Pd2* 3d electron states [51]. As can be seen in Figure 5b, metallic PdO0 is the
main component of Pd for Pd/P-GC (Pd%: 54%, Pd?*: 46%) and Pd/NH2-GC (Pd’: 76%,
Pd?*: 24%). Pd/NH2-P-GC showed a shift of ~0.2 eV (from 336.4 eV to 336.6 eV) towards
higher binding energies in the Pd spectrum, compared to that of Pd/NH,-GC, which
confirmed the modification of the electronic properties of the Pd species by their interaction
with the phosphorus functionalities incorporated in the catalysts. Meanwhile, for both
the Pd/P-GC and Pd/NH;,-P-GC catalysts, the binding energies of zero-valent Pd 3d for
Pd/NH;-GC (336.2 and 338.0 eV) shifted towards higher values (336.6 and 338.9 eV), con-
firming that the functionalization of amine groups enhances the strength of the interaction
among the carrier and metal, thus, changing the valence electron state of Pd [52-54]. Such
a positive shift of Pd spectra suggests the generation of electron-deficient Pd species and
is additionally verified by the relative proportion of Pd” and Pd?* (Pd®: 47%, Pd?*: 53%,
Pd’/ Pd?* almost as 1:1) in Pd/NH,-P-GC. This is because a part of Pd?* is not reduced due
to strong metal-support interactions (SMSI), even when exposed to a strong reducing agent
of the type of NaBHy, such that nitrogen atoms and amine functional groups, incorporated
in the support, tend to stabilize the Pd?* species [36]. Therefore, Pd/NH,-P-GC potentially
owes its better catalytic activity to the smaller size and high dispersion of Pd NPs and SMSI
by amine groups and the doping of P in the carrier.

T
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Figure 5. High-resolution XPS spectra of (a) N 1s and (b) Pd 3d in Pd/NH,-GC, Pd/NH,-P-GC and
used Pd/NH,-P-GC.

2.3. Catalytic Mechanism and Stability

To prove the mechanism of FA dehydrogenation, we conducted comparative experi-
ments under different conditions. As shown in Figure 6a, the Pd/P-GC catalyst has almost
no catalytic activity in the presence of FA or formate. When the ratio of FA to formate is
1:1, Pd/P-GC showed obvious catalytic activity, and the FA decomposition was completed
within 26 min, showing that the FA dehydrogenation reaction takes the formate path.
Figure 6b depicts a possible chemical route for hydrogen synthesis from FA catalyzed by
Pd/NH;-P-GC, based on the aforementioned findings and prior reports [55-59]. When the
FA molecule comes close to the active sites of the Pd NPs, the surrounding amine group
affords Brensted basic sites and acts as a proton scavenger to speed up the deprotonation
of the O-H band. The production of the -Pd-HCOO™~ complex and the -[H,NH]* group fol-
lows the deprotonation process. The -Pd-HCOO™ complex and -[H,NH]* group undergo
additional dehydrogenation to liberate H, and CO, via the elimination pathway, thanks
to the electron-rich Pd NPs surface. Finally, other FA molecules will be able to access the



Catalysts 2022, 12, 240

9of 14

electron-rich surface active sites of Pd NPs. As a result, it is plausible to conclude that the
surface amine groups on P-GC, as well as the high dispersion of ultrafine and electron-rich
Pd NPs, with plentiful and accessible active sites, lead to improved catalytic performance
for quick hydrogen production from FA solution.

(@
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Figure 6. (a) Gaseous generation during the decomposition of different reagents with respect to time
in the presence of Pd/P-GC. (b) Schematic illustration of plausible mechanism for the decomposition
of FA over Pd/NH,-P-GC.

Finally, the stability of the Pd/NH,-P-GC catalyst during FA decomposition was tested.
As can be seen in Supplementary Figure S7 (Supplementary Materials), the H, generation
rate and production remained almost unchanged, even after five cycles, indicating the
excellent stability of the Pd/NH,-P-GC catalyst. Notably, also, Supplementary Figure Sle,f
shows that the Pd particle size of the used catalyst increased slightly, from 1.47 nm to
1.86 nm. The decreased contact between the Pd NPs and the grafted functional groups
during the processes can explain the small increase in the size of Pd NPs after recycling.
Furthermore, it was discovered using XPS analysis that attributed to the small loss of
surface amine functional groups, which was supported by the results in Supplementary
Table S1. The minor activity attenuation is most likely due to the lowered amine groups
and increased catalyst particle size.

3. Materials and Methods
3.1. Chemicals and Characterization Techniques

Formic acid (FA, HCOOH, 96%, Sigma-Aldrich, St. Louis, MA, USA), MgO powder
(Sinopharm Chemical Reagent Beijing Co., Ltd, Beijing, China), glucose(CsH12,0¢), sodium
hypophosphite(NaH,PO5), (3-aminopropyl) triethoxysilane (APTES, CoHp3NO5S5i, 99%,
Aladdin Chemistry Co., Ltd., Shanghai, China), palladium (II) chloride (PdCl,, Pd >59%,
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), sodium chloride (NaCl, >99.5%,
Sinopharm Chemical Reagent Co., Ltd.), sodium borohydride (NaBHy4, 96%, Sinopharm
Chemical Reagent Co., Ltd.) were used during the experiments. Aqueous solutions were
prepared by using de-ionized water having a specific resistance of 18.2 MQ-cm.

For accurate estimation of Pd content, inductively coupled plasma-atomic emission
spectroscopy (ICP-OES, PerkinElmer 8300, PerkinElmer, Waltham, MA, USA) was used
to analyze the as-prepared catalysts. The electrical and compositional properties of the
surface elements and valence states were examined using an X-ray photoelectron spectrom-
eter (XPS) with a Thermo Fisher ESCALAB 250XI instrument (Thermo Fisher Scientific,
PerkinElmer, Waltham, MA, USA) and a K-alpha spectrometer. Hitachi SU8010 and JEOL-
JEM-2010 instruments were respectively used to obtain scanning and transmission electron
microscopy (SEM and TEM) photographs. The materials’ XRD patterns were measured by
making use of a Bruker D8 Advance equipment with Cu-Ka radiation (40 kV, 55 mA). Room
temperature IR of the specimens was measured by Fourier Transform Infrared spectrometer
(Nicolet iS10). An automated gas sorption analyzer (Belsorp Max) was used to obtain the
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N, adsorption—-desorption isotherms of specimens, after degassing the samples at 200 °C
for 6 h to measure the surface area of the specimens by employing the Brunaure-Emmert-
Teller (BET) technique. Pore size distribution was determined from the Belsorp Max
instrument software package employing the nonlocal density functional theory (NLDFT)
model. Analysis of the evolved gases during the H, generation process was carried out by
gas chromatography (Panna A91 Plus) with a Porapak Q column (4.0 m x 2.0 mm) using a
TCD detector.

3.2. Preparation of Phosphorus-Doped Porous Carbon

Carbonization at elevated temperature which followed a preliminary heating was
used to prepare the phosphorus-doped porous carbons (P-GC). In the first step, a solution
of MgO powder in deionized water was prepared by employing a continuous ultrasonic
agitation over a period of 1 h and subsequently the mixture was boiled for 24 h under
reflux. After that, the mixture was filtered and dried followed by calcination at 550 °C for
1 h for the removal of water subsequently forming porous MgO template [37]. Then, in two
different containers, two different dispersions were prepared, in one dispersion of 9.0 g
glucose and 10.0 g MgO template in 50 mL deionized water and in the other one dispersion
of 1.0 g sodium hypophosphite in another 25 mL deionized water. The latter dispersion
was then vigorously agitated into the previous mixture to generate a homogenous solution.
The solution was then heated in an oven at 120 °C for 12 h to produce a brown powder.
After that, the powder was annealed by heating it in a tube furnace at 800 °C for 1 h under a
nitrogen environment at a rate of 5 °C min~!. From the as-obtained intermediate products,
removal of MgO template was achieved by washing with 1 M HCI solution. In the final
step, overnight drying of the samples took place at 80 °C after filtering the sample and then
washing with abundant distilled water. The as-obtained samples were labeled as P-GC.
Identical preparation method was followed in the absence of sodium hypophosphite to
prepare GC for comparative study.

3.3. Preparation of Pd-Based Catalysts

Initially NapyPdCly (Pd: 4 wt%) aqueous solution was prepared by solubilizing NaCl
(0.44 g) and PdCl, (0.66 g) into 8.9 g H,O under magnetic stirring for 3 h. Typically,
Pd/NH,-P-GC preparation involves the addition of APTES (0.3 mL) into the P-GC aqueous
solution (2 mg/mL, 75 mL) and sonicated for 30 min at 298 K. Subsequently, Na,PdCl4
(Pd: 4 wt%, 150 mg) was added into the prepared mixture under magnetic stirring for 1 h.
Finally, the solution was again magnetically stirred for 1 h to dissolve NaBH,4 (100.0 mM,
125 mg) in the above mixed solution. The resultant black product was separated and
washed with water and ethanol several times and was termed as Pd/NH,-P-GC. We also
synthesized Pd supported on GC, Pd/P-GC and Pd/NH,-GC using the same procedure
with/without APTES.

3.4. Catalytic Activities and Recycling Stability for Dehydrogenation of FA

50 mg of the as-prepared Pd/NH;-P-GC catalyst was placed inside a two-necked
round-bottom flask to evaluate its catalytic activity. One neck was attached to a gas burette,
while the other was connected to a pressure-equalization funnel for the entry of aqueous
formic acid (FA) (1.0 M, 5.0 mL). After adding the FA solution, the catalytic reaction was
started with magnetic stirring (600x g rpm). Monitoring of the evolved gas was done by the
gas burette. After the first run of the dehydrogenation reaction was completed, the spent
catalyst was separated by centrifugation and washed with water and ethanol, then dried in
vacuum at 60 °C. Afterwards, the recovered Pd/NH;-P-GC catalyst was redispersed, and
the dehydrogenation reaction re-started with 5.0 mL FA solution readded into the reaction
system and gas evolution was measured in the burette. Similar method was applied to
study the catalytic activities of other catalysts for FA decomposition. In all the experiments,
molar ratio of metal:FA (n metal/n FA) for all the catalysts was maintained at 0.0037.
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Temperature during all the experiments was maintained at 298 K under ambient pressure
except for specified. All the experiments were carried out twice with repeatable results.

3.5. Calculation Methods

The turnover frequency (TOF) value was computed on the basis of the total number
of Pd atoms supplemented into the reaction system, and is calculated from the following
equation:

X, — Pathgas/RT (1)
“ anA
Patm Vioas/ RT
TOFitiar = % ()
meta

where X is the conversion rate; Vs is the volume of the gas (H, + CO;) produced by the
reaction; Py, is the atmospheric pressure (101,325 Pa); T is the room temperature (298 K);
R is the universal gas constant (8.3145 m3-Pa-mol~1-K~1); g is the number of moles of
formic acid; TOF;;;;s represents the initial conversion frequency (h~!) when X reaches
20%; ypepq1 Tepresents the moles of metal Pd in the catalyst, and t denotes the reaction time
(h) required for X « to reach 20%.

4. Conclusions

In summary, a facile impregnation-reduction strategy has been applied successfully
to prepare a Pd/NH,-P-GC catalyst by using P-GC as the support for the catalytic dehy-
drogenation of formic acid. The effective synergy between NH,-P-GC and Pd NPs realized
the transformation of Pd NPs from the inactive to the active state for H, generation from
FA, and the resulting Pd/NH,-P-GC catalyst exhibited excellent catalytic activity, with a
TOF value of up to 5126 moly; molpg ! h~! and 13,479 moly, molpg ' h~1 at 298 K and
333 K, good stability and 100% Hj selectivity for additive-free dehydrogenation of FA. As
such, the presence of amino functional groups facilitates the anchoring of dispersing NPs
on substrate, it facilitates deprotonation of FA. The P doping of the carrier acts as a pore
expander, as well as an electron promoter, to modify electronic properties of Pd NPs for the
dehydrogenation of formic acid. That electron deficient Pd was the active center in the FA
dehydrogenation reaction, proved by detailed XPS analysis. We predict this generalized
fabrication method can also be adapted to fabricate uniform and functionalized Pd catalysts
for other catalytic applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/catal12020240/s1, Figure S1: HRTEM image and histograms with Pd nanoparticle size
distributions of Pd/P-GC (a,b); Pd/NH,-GC (c,d) and Pd/NH,-P-GC-Used (e,f), Figure S2: HRTEM
image and corresponding FFT pattern of Pd/NH,-P-GC, Figure S3: GC spectrum using TCD for
the evolved gas from FA aqueous solution, Figure S4: Volume of generated gas (H; + CO,) versus
time for the dehydrogenation of FA without additive at 298 K over Pd/NH,-P-GC with/without
10M NaOH trap, Figure S5: XPS survey spectra of Pd/NH;-P-GC, NH,-P-GC and P-GC, Figure Sé6:
High-resolution XPS spectra of P 2p in Pd/NH,-P-GC, Figure S7: Recyclability of Pd/NH;-P-GC for
FA dehydrogenation, Table S1: ICP-OES (Pd) and XPS analyses (P, N, C, and Si) for Pd/NH,-P-GC
before/after dehydrogenation reaction, Table S2: Initial TOF values for the decomposition of FA
without additive over various heterogeneous catalysts.
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