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A simple and straightforward strategy for synthesis
of N,P co-doped porous carbon: an efficient
support for Rh nanoparticles for dehydrogenation

of ammonia borane and catalytic applicationt
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Metal nanoparticles (NPs) deposited on nitrogen (N)- and/or phosphorus (P)-doped porous carbon have

been investigated as efficient catalysts for hydrolysis of ammonia borane (AB). However, the one-pot

synthesis of N,P co-doped porous carbon using low-cost and readily available sources is still

a tremendous challenge. Herein, a novel one-pot methodology is developed to fabricate N and P co-

doped porous carbon (ATP-C) using non-precious and easily available adenosine triphosphate (ATP). The

process of N and P doping does not need additional N or P sources in the material. Moreover, the entire
process did not require chemical activation agents, making it more practical for large-scale applications.

The resulting ATP-C supported Rh NPs (Rh/ATP-C) exhibit excellent performance for the catalytic

hydrolysis of ammonia borane toward hydrogen generation, with a total turnover frequency (TOF) value
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of 566 mol H, min~ (mol Rh)™ and activation energy (E,) of 26.3 kJ mol™*. The catalytic system has

shown an outstanding catalytic cycle life during the recycling tests. This work provides a novel method

DOI: 10.1039/d0na00007h

rsc.li/nanoscale-advances dehydrogenation applications.

1. Introduction

With the ever-increasing demands for energy consumption, new
sustainable energy conversion and storage devices have become
more and more important. Hydrogen (H,) has been recognized
as a potential clean energy carrier because of its high-energy
density and clean burning nature.> However, the safe storage
and efficient hydrogen release under ambient conditions are
still a challenge.*® As the simplest B-N based compound,
ammonia borane (AB) has a high hydrogen content (19.6 wt%)
with a low molecular weight (30.9 g mol ) and is stable under
ambient conditions.*” With suitable catalysts, 1 mole of
ammonia borane can release 3 moles of hydrogen upon
hydrolysis, as shown in eqn (1).*°

catalyst

+2H,0(1) NH," (aq) + BO, (aq) + 3Ha(g) (1)

Metal nanoparticles (MNPs), including noble metals (such as
Rh, Ru, Pd, and Pt)'*** and non-noble metals (such as Fe, Co,
Ni, and Cu),"" have drawn much attention due to their
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for the production of high performance carbon material supported metal NP catalysts for practical

excellent catalytic activity in AB hydrolysis. However, these
metallic catalysts with the nanoscale size are liable to cause
severe agglomeration, resulting in poor stability and efficiency,
and even get inactivated in successive recycles. In response to
this problem, deposition of different sizes of metal NPs on
suitable supports for hydrolysis of AB has been proposed. The
use of supports can disperse the MNPs well, and improved
hydrogen-generation rates have been efficiently achieved. More
importantly, supports can prevent MNP agglomeration and
improve their stability and utilization, which is particularly
crucial for noble metals considering their high-cost and scar-
city. In recent years, various supports consisting of SiO,," y-
Al,03," carbon nanotubes (CNTs),?* metal-organic frameworks
(MOFs),** and porous carbon® have been used for hydrolysis of
AB. In the exploration of these advanced supports, carbon
materials have attracted considerable attention due to their
high specific surface area and tunable porous structures.

On the other hand, doping with miscellaneous elements
could adjust surface charge distribution and improve the energy
storage/release performance. Porous carbon materials doped
with heteroatoms (B, N, and P)*->* are more effective in catalytic
performance. So far, the general method of N- or P-doping of
carbon materials requires extra N or P sources (NH; and PH3)*®
in the material preparation process or treatment of carbon
materials with high concentration N compounds (urea)®” or P-
containing acids (H;PO,). The existing preparation processes
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are cumbersome and very dangerous to some degree. The
straightforward access to N,P co-doped nanoporous carbon
derived from available and common raw materials is rare.
Therefore, the development of an economical, simple, and
efficient method to obtain nanoporous carbon with multi-
element doping (such as N and P) is a challenge, but it is in high
demand.

We have reported that N or P-doped carbons as MNP
supports enhanced catalytic activities for AB decomposition.>**°
We have also been exploring a simple and effective method for
N,P co-doped nanocarbon fabrication, which is promising from
the viewpoints of both economical and environmental issues. In
the choice of raw material enriched with N or P, adenosine
triphosphate disodium (ATP) is an excellent candidate owing to
the high abundance of N and P offered by one adenine structure
and three phosphate groups, respectively. Furthermore, the
presence of the strong anchoring groups of ATP with intrinsic N
and P-coordination sites would facilitate the binding of metal
ions. The formation of nucleation sites around ATP can confine
the over-growth of Rh NPs and consequently control their
particle size. Herein, we exploit an N,P co-doped carbon mate-
rial derived from ATP for the first time and immobilize Rh NPs
on the porous carbon toward the catalytic dehydrogenation of
AB. The highly dispersed Rh NPs in the enriched N and P co-
doped carbon exhibit excellent catalytic performance for
hydrogen generation in the dehydrogenation of AB. The TOF of
hydrolysis dehydrogenation of AB by the Rh/ATP-C-800 catalyst
is 566 mol H, min~* (mol Rh) ™" at 25 4 0.2 °C, which is higher
than that of most reported Rh-based catalysts. These results
demonstrate the validity of using N and P-rich complexes in
constructing abundantly heteroatom co-doped porous carbon
and efficient metal supports for the high performance in prac-
tical catalytic applications.

2. Experimental

2.1 Materials and chemicals

RhCl;-nH,0 (Rh content of 39 wt%) was purchased from
Precious Metals Institute of Kunming, China. Adenosine
triphosphate disodium (C;oH;4N5Na,0;3P;, ATP-Na,) was
provided by Aladdin Reagent Company, Shanghai, China.
Ammonia borane (AB, 90%) was purchased from Sigma-Aldrich.
All chemicals were used without any purification. Deionized
water was used in all experiments.

2.2 Preparation of porous carbon (ATP-C) derived from
adenosine triphosphate disodium (ATP)

In a typical process, adenosine triphosphate disodium (3.0 g)
was evenly put into two porcelain boats, which were subse-
quently placed in a quartz tube and heated at 800 °C for 2 h
(heating rate of 5 °C min~') under an Ar atmosphere (flow rate
of 30 mL min~"). A gray-black solid was obtained and then
ground into a powder in an agate mortar. After being washed
with 1.0 M HCI and deionized water until the washing effluent
reached a neutral pH of 7 at room temperature, the powder was
dried at 60 °C for 10 h. The obtained carbon was named ATP-C-
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800. To further investigate the temperature effect of pyrolysis,
the carbonization temperatures of the porous carbons for
a similar treatment were selected to be 700 °C and 900 °C,
respectively. The final porous carbons were denoted as ATP-C-
700 and ATP-C-900, indicating the different carbonization
temperatures.

2.3 Preparation of Rh(m)/ATP-C

In a typical synthesis, 50 mg of ATP-C was stirred in 20 mL
methanol and dispersed for 20 min. After this, 7.4 mg RhCl;-
-nH,O was added into the solution and the mixture was
continually stirred in a water bath at a constant temperature of
60 + 0.2 °C. The solution was evaporated and the black powder
of Rh(ur)/ATP-C with 5.8 wt% Rh loading was obtained finally.
Furthermore, the corresponding powders of Rh(i)/ATP-C with
4.5 wt% Rh loading and 6.5 wt% Rh loading were synthesized to
measure the trend of hydrolysis performance.

2.4 In situ formation of Rh/ATP-C and catalytic hydrolysis of
AB by Rh/ATP-C

Specifically, 10 mg of Rh(m)/ATP-C was dispersed in 4 mL
deionized water kept in a 25 mL two-neck flask. One neck of the
flask was connected to a gas burette to measure the volume of
hydrogen. After ultrasonicating for 20 min, the mixture was put
in a magnetic stirrer keeping the temperature constant at 25 +
0.2 °C. A solution of AB in 1.0 mL deionized water solution
(containing 1.0 mmol of AB) was quickly injected into the
reactor with a syringe. The catalytic hydrolysis of AB started
immediately and Rh nanoparticles were supported on ATP-C,
and the Rh/ATP-C catalyst was formed. For catalytic hydrolysis
of AB by the Rh/ATP-C catalyst, after the first run of the
hydrogen generation reaction was completed, the Rh/ATP-C
catalyst was isolated from the reaction mixture and rinsed with
water. The recovered black solid was transferred into the reactor
and another 1.0 mmol of AB aqueous solution was subsequently
added to the reaction system. The released gas was monitored
using the gas burette and the reaction was completed when
there was no more gas generation.

The reusability of the Rh/ATP-C catalyst was determined
using the recovered catalyst after hydrolytic decomposition of
AB. The recovered Rh catalyst from each cycle was washed three
times with water and ethanol. When the fresh AB aqueous
solution was introduced, the next recycling run was started.
Recycling tests were repeated eight times.

2.5 UV-vis absorption spectrum measurements of 4-
nitrophenol

The UV-vis absorption spectra of 4-nitrophenol (4-NPh) in the
presence of AB were monitored over the wavelength range from
250 to 500 nm. The process was carried out in a well-stoppered
quartz cuvette. In a typical process, 0.2 mL of the Rh/ATP-C
catalyst dispersion (0.2 mg mL ') was added to 2.0 mL of 4-NPh
stock solution (0.0625 mM). Then 1.0 mL of freshly prepared AB
aqueous solution (contain 1 mmol AB) was added to the above
solution and UV-visible absorption spectra were monitored at
different time intervals.

This journal is © The Royal Society of Chemistry 2020
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2.6 Characterization

Powder X-ray diffraction (XRD) measurements were carried out
using a Rigaku Ultima IV diffractometer with Cu Ko radiation.
Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-5310LV at 15 kV and 33 Pa in a low-vacuum
mode without metal coating on the aluminum support. The
morphologies of all the samples were observed using a trans-
mission electron microscope (TEM, JEM-2010). The X-ray
photoelectron spectra (XPS) were acquired with an ESCALAB250
(Thermo VG Corp). FT-IR spectra were collected at room
temperature by using a Thermo FTIR-iS10 instrument using KBr
discs in the 400-4000 cm ™' region. The surface area of the
samples is calculated by the Brunauer-Emmet-Teller (BET)
method.

3. Results and discussion

As illustrated in Scheme 1, ATP-C was synthesized from ATP by
a one-step heat treatment process. In addition to the carbon
source, ATP is also used as the N and P sources owing to its
high N (12.71%) and P (16.86%) contents. After the high-
temperature carbonization and being leached with 1.0 M HCI,
the black carbonaceous carbon product ATP-C was obtained.
In the process, the N and P co-doped porous carbon derived
from a low-cost material was formed. Most importantly, the
process for N and P-doping did not require additional N or P
sources (NH; and PH3) in the material or treatment of carbon
materials with strong bases, making its large-scale use more
practical. Then, a small quantity of RhCl;-nH,0 was added to
the above-mentioned ATP-C sample and Rh** can be uniformly
coated on the carbon due to the interaction between negative
N, O and P groups and Rh(m) cations. After the addition of AB
into the solution, the black Rh/ATP-C catalyst was finally
produced and the catalytic hydrolysis of AB started at the same
time.

\\l’\ I Na*
HO o o
HO O
N
-
P
N /
NH,
Hz v

Scheme 1 Schematic illustration of the synthesis process of Rh/ATP-C.

This journal is © The Royal Society of Chemistry 2020
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To understand the effect of temperature on the specific
surface area and porosity of ATP-C, N, adsorption-desorption
analysis was performed (Fig. 1a). The BET surface areas of the
as-prepared ATP-C-700, ATP-C-800 and ATP-C-900 were 118.7
m®g ', 154.2 m*> g " and 51.2 m” g~ ", respectively, all of which
were small and decrease sharply at carbonization temperature
higher than 800 °C. It is worthy to mention that the average pore
diameter of ATP-C-800 (6.83 nm) was larger than that of ATP-C-
700 (3.96 nm) and ATP-C-900 (3.89 nm), confirming the pore
forming effect of temperature (Fig. 1a and S1f). Based on the
above results, 800 °C was considered to be the optimal
carbonization temperature. The FT-IR spectra of ATP-C-800 and
Rh/ATP-C-800 proved the existence of O-, N- and P-containing
groups on the surface of the samples (Fig. 1c). The broad
absorption peak in a range of 3269-3335 cm ™" was assigned to
the stretching vibrations of N-H and the characteristic peaks at
2882-2958 cm ™' correspond to ~CH,. The peaks at 1626 cm ™
and 1050 cm ™' can be attributed to the vibration frequencies of
the C=0 group and C-O group, respectively. It is worthy to note
that the stretching peak at 1440 cm ™" corresponds to the C-P
bond,** which was well consistent with the elemental mappings
and XPS results of Rh/ATP-C-800. The microstructure variations
of ATP-C-800 and Rh/ATP-C-800 were characterized by XRD
(Fig. 1d). The two weak broad diffraction peaks at 24° and 43° in
the XRD patterns indicate that the ATP-C-800 was an amor-
phous carbon containing a highly disordered structure. No
obvious diffraction peaks about Rh species were observed,
which might be due to low Rh NP loading and the traps of
ultrafine Rh NPs in the pores of ATP-C-800.

The scanning electron microscopy (SEM) image shows the
morphology of ATP-C-800 resembling an irregular sheet struc-
ture (Fig. 2a). The energy-dispersive X-ray spectroscopy (EDX)
mapping analysis of ATP-C-800 proves the coexistence and
homogeneous dispersion of N, O, and P elements (Fig. 2b).
Besides, the weight ratios of O, N and P elements on the surface
of the carbon framework were about 14.82%, 2.54% and 0.3%.
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Fig. 2 (a) The SEM image of ATP-C-800. (b) The C, N, O, and P
elemental mappings of ATP-C-800. (c) The TEM image of Rh/ATP-C-
800 (inset shows the HRTEM image of Rh/ATP-C-800). (d) The particle
size distribution of Rh/ATP-C-800 with 5.8 wt% Rh loading.

The acid cleaning in the synthesis process might result in the
loss of phosphate to some extent. On the other hand, the higher
N content might be related to its stable forms of graphitic/
pyridine/pyrrole nitrogen. However, P-doping occurs with the
bonding configuration of C-P/O-P. The lower content of P is
similar to the other N, P and S co-doped carbon.?*>* After

1688 | Nanoscale Adv, 2020, 2, 1685-1693

loading the Rh NPs, the transmission electron microscopy
(TEM) image of the ATP-C-800 sample was flaky, and the metal
nanoparticles were obviously deposited on the surface of the
carbon nanosheets (Fig. 2¢). A lattice fringe of 0.22 nm could be
obtained in the high-magnification TEM images of the Rh/ATP-
C-800 catalyst. The dark spots of Rh nanoparticles were found to
be well dispersed with an average particle diameter of 2.33 +
0.36 nm by performing particle size statistics (Fig. 2d).

The X-ray photoelectron spectroscopy (XPS) analysis was
conducted to determine the elements of the catalyst and their
corresponding chemical states. The full scan spectrum of Rh/
ATP-C-800 distinctly revealed the presence of C, N, O, and P,
which was in good agreement with the EDX mapping analysis.
High-resolution XPS spectra of the detected elements were
recorded accordingly. The binding energies of 314 and 309.3
eV were attributed to Rh(m) of Rh 3d;,, and Rh 3ds,,, while the
characteristic peaks of Rh(0) of 3d;, and 3ds,, appeared at
312.3 and 307.6 eV (Fig. 3b).>* The detectable Rh(i) species
can be ascribed to the surface Rh combined with oxygen in the
atmosphere during the catalyst preparation and storage
process, which is similar to the other Rh-based catalysts.>**”
Owing to the presence of oxygen-containing groups observed
from the spectra of O 1s and C 1s, it is very hard to quantita-
tively determine the Rh to O molar ratio. Therefore, the
resulting Rh(im) species of Rh/ATP-C-800 was denoted as RhO,.
Due to the N and P influence on the surface electrons of the
Rh/ATP-C-800 catalyst, a value of 0.4 eV was derived from the
theoretical values (311.9 and 307.2 eV). The peaks of C 1s were
at 284.5, 285.2, 286.2, and 287.6 €V, corresponding to the sp2
carbon, C-N, C-P and C-O, respectively (Fig. 3c). The peaks of
N 1s at 400.6, 399.4 and 398.5 eV were assigned to graphitic N,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The XPS spectrum of the Rh/ATP-C-800 catalyst. (b—f) The high-resolution spectra: (b) Rh 3d, (c) C 1s, (d) N 1s, (e) O 1s, and (f) P 2p,

respectively.

pyrrolic N, and pyridinic N, respectively (Fig. 3d).*® The three
peaks of O 1s at C-O, P-O and O-H correspond to 532.3, 531
and 530.2 eV (Fig. 3e). The two peaks of P 2p at 133.3 and 132.4
eV could be attributed to the P-O bond and the P-C bond,
respectively (Fig. 3f).*

To shed light on the role of ATP-C-800 as the efficient
support in improving the catalytic performance, we studied
the rate of hydrogen evolution of AB hydrolysis with the ATP-C-
800, Rh NPs, Rh/XC-72R and Rh/ATP-C-800 as catalysts,
respectively (Fig. S31). In the absence of Rh NPs, the ATP-C-800
did not catalyze AB dehydrogenation. The Rh NP catalyst
without any supports had a low dehydrogenation capability of
54 mol H, min~" (mol Rh) ™", primarily due to the aggregation
of the Rh NPs during the catalysis of AB. The Rh NPs supported
on carbon black (Rh/XC-72R) without nitrogen and phos-
phorus showed catalytic activity with a TOF of 167 mol H,
min~" (mol Rh)™". When Rh NPs were deposited on ATP-C-
800, the same Rh loading (5.8 wt%) provided an efficient
performance for hydrogen release, giving the initial turnover

This journal is © The Royal Society of Chemistry 2020

frequency of 566 mol H, min~' (mol Rh)™". It has been re-
ported that heteroatom-doped carbon materials would change
the catalytic performance of the catalyst due to the intercon-
nectedness of the surface metal atoms and heteroatoms,
increasing the dehydrogenation rate.** Thus, we presumed
that the contribution of ATP-C enriched with N and P-atoms
not only dispersed the Rh NPs and inhibited the metal NP
aggregation, but also endowed Rh NPs with more accessible
surface active sites.

The effects of the Rh concentration, the amount of AB and
the reaction temperature on the AB dehydrogenation rate were
measured to interpret the kinetics of AB hydrolysis. When the
Rh concentration was 1.13 mM, a TOF value of 566 mol H,
min~' (mol Rh) ™" was obtained, which was higher than most of
the reported results (Table S17).1%2%374143 A good linear rela-
tionship was observed between the In rate and the In[Rh]. The
hydrolysis follows first-order kinetics with respect to the Rh
concentration (Fig. 4b). The logarithmic plots of the hydrogen
generation rate versus AB concentration are shown in Fig. 4a

Nanoscale Adv., 2020, 2, 1685-1693 | 1689
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and b, where the line slope was calculated to be 0.45, suggesting
that the dehydrogenation of AB by Rh/ATP-C-800 was zero order
in terms of the AB concentration.** When the reaction temper-
ature was increased, the hydrogen generation rate increased,
indicating that the hydrolysis temperature had a positive effect
on the catalyst activity. The Arrhenius equation (2) was used to
calculate the activation energy (E,) of the Rh/ATP-C catalyst for
the dehydrogenation of AB.*

E,

InK=InA- RT

(2)

An activation energy of 26.3 k] mol~" was obtained from the
plot of In k versus 1/T, which was lower than most of the re-
ported values.'®***”*** The lower activation energy indicated
the excellent catalytic performance of the as-synthesized Rh/
ATP-C-800.

The recyclability and stability of catalysts play a key role in
practical applications. After completion of hydrolysis of AB, the
Rh/ATP-C-800 catalyst was isolated from the reaction mixture.

1690 | Nanoscale Adv., 2020, 2, 1685-1693

The recovered catalyst was rinsed with water, transferred into
a reactor, and rapidly injected with another equivalent of AB to
start the next recycling. The Rh/ATP-C-800 catalyst still retains
63% of its initial catalytic activity after the eighth catalytic run,
indicating that the Rh/ATP-C-800 catalyst has good potential for
practical applications (Fig. 5a and b). After recycling tests, the
catalyst was filtered, and the morphology and size of the recy-
cled catalyst were investigated by XRD and TEM analysis. The
XRD pattern indicated that there was no significant structural
change of Rh/ATP-C-800 during the recycle tests, but the TEM
image indicated that some of the MNPs had been agglomerated
after the eighth test (Fig. S4 and S57%). The agglomeration of the
MNP catalyst after eight runs could be due to the increased
viscosity of the solution mixture during the hydrolysis of AB.
Furthermore, the XPS spectrum showed that there was no
discernible change of the valence state of Rh species during the
hydrolysis reaction (Fig. S6t). Therefore, the decrease of cata-
Iytic activity could be due to the agglomeration of some Rh NPs
and the loss of a small amount of catalyst in the course of the
test carried out many times.

This journal is © The Royal Society of Chemistry 2020
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It is worth mentioning that the Rh/ATP-C-800 catalyst could
be applied to other catalytic reactions. We evaluated the cata-
lytic performance of Rh/ATP-C-800 in the reduction of 4-NPh.
The characteristic absorbance of 4-NPh at A = 400 nm could be
readily monitored by UV-vis spectroscopy. After the reaction
period of time, a new characteristic peak appeared at A = 295
nm. In the presence of Rh/ATP-C-800 (0.04 mg) and AB (1
mmol), 4-NPh (0.125 M) was completely reduced within 10
minutes (Fig. 6a). The linear relationship between In(A,/4,) and ¢
(min) is shown in Fig. 6b, representing the absorbance at the
intervals and the initial stage of 4-nitrophenolate ions. The
pseudo-first-order rate constant (k) is estimated to be 0.26
min~"', which was superior to that of Rh-based catalysts under
ambient conditions.***” Such a catalytic activity further
demonstrates the potential application of this catalyst in the
catalytic field.

4. Conclusions

In summary, a facile and straightforward heat-treatment
strategy to prepare N,P-functionalized porous carbon materials
derived from available ATP has been developed. In addition to
carbon sources, ATP was used as the N and P sources owing to
its high nitrogen and phosphorus contents. The ATP-C with self-
doped N- and P-group immobilized Rh NPs (Rh/ATP-C) exhibi-
ted an unexpected talent for catalytic dehydrogenation of AB
hydrolysis and provided excellent stability and recyclability in

This journal is © The Royal Society of Chemistry 2020

(a) UV-vis spectra of gradual reduction of 4-NPh catalyzed by Rh/ATP-C-800 at room temperature. (b) The corresponding slope of the

the catalytic reaction. Such an enhanced catalytic activity was
demonstrated toward the 4-NPh reduction reaction and showed
superior catalytic performance, illustrating the potential appli-
cations of the catalyst. This work may offer a new method for the
exploration of advanced carbon supported catalysts, combining
the advantages of both a feasible strategy and promising prac-
tical applications.
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