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To unveil the origin of the hydrogen-storage properties of rhodium nanoparticles (Rh NPs), we investigated

the dynamical structural change of Rh NPs using in situ dispersive X-ray absorption fine structure

spectroscopy (XAFS). The variation of the Rh–Rh interatomic distance and Debye–Waller factor of Rh

NPs with a size of 4.0 and 10.5 nm during hydrogen absorption and desorption suggested that they have

a different mechanism for hydrogen absorption, which is that the hydrogen absorption on the inner site

has a greater contribution than that on a surface for Rh 4.0 nm. In the case of Rh 10.5 nm, it is opposed

to Rh 4.0 nm. This study demonstrates a powerful in situ XAFS method for observing small local

structural changes of metal nanoparticles and its importance for understanding of the hydrogen-

absorption properties of Rh NPs with an interesting hydrogenation mechanism.
1 Introduction

Metal nanoparticles (NPs) have recently attracted much atten-
tion as advanced materials1–3 related to hydrogen-storage due to
their unique abilities to store hydrogen compactly and safely as
a consequence of the stability of hydrides. Rhodium (Rh) is an
effective catalyst for various chemical reactions in the 4d tran-
sition metal series. The synthesis of metal NPs for improving
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catalytic activities and obtaining unexpected properties is a very
hot topic owing to the quantum size effects and high surface
area-to-volume ratios exhibited by NPs.4–6 For instance, while
bulk Rh metal does not absorb hydrogen, Rh NPs do. Kusada
et al. observed that the hydrogen-storage capacity of Rh NPs
increases with decreasing particle size.7 They also reported that
the enthalpy of hydrogen-storage in the Rh NPs changes from
endothermic to exothermic with decreasing their particle sizes,
with a critical size between 7.1 and 10.5 nm. These phenomena
might be caused by a change in an electronic state of Rh with
decreasing particle size.8,9 However, an origin of the hydrogen-
storage property and performance of Rh NPs can hardly be
described as one parameter and has not yet been revealed.
Therefore, investigating the local crystal structure of such NPs is
very important for understanding their catalyst properties. Song
et al.10 reported that from the bond-orientational order analysis,
the localized disordering is distributed over the surface part
than the core part a lot and hydrogen, can be trapped on the
surface part of Rh NPs, increased with decreasing NP diameter.

A Rh hydride phase is only formed the smaller Rh NPs (below
to 2.3 nm size) under ambient pressure.11–13 On the other hand,
bulk Rh absorbs hydrogen only a limited extent under ambient
pressure and does not form a Rh hydride phase.14 Therefore,
researchers have investigated the small size of Rh NPs to
observe the Rh hydride. However, studies of hydrogen absorp-
tion on Rh NPs over 3 nm-diameter have been insufficient up to
now. To deeply understand the hydrogen-storage property of Rh
NPs, it is needed to observe the change of local structure during
hydrogen absorption/desorption process.
RSC Adv., 2020, 10, 19751–19758 | 19751
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X-ray absorption ne structure (XAFS) measurements are
a powerful probe for observing the geometric and electronic
structural change of metals during a reaction in solution.
Especially, a dispersive XAFS mode adopting a bent crystal
enables us to observe an XAFS spectrum without mechanical
movement at all.15,16 The dispersive mode has been mainly
applied for the real-time observation during chemical
reaction.17–21

In this study, we report the investigation of the local struc-
ture changes of Rh NPs of two particle sizes with an average
diameter of 4.0 and 10.5 nm, using in situ dispersive X-ray
absorption ne structure spectroscopy (DXAFS). We discuss
an origin of their hydrogen-absorption capability by compar-
ison of the particle size/temperature dependence of the
hydrogen absorption/desorption speed and hydrogen-storage
capacity of the Rh NPs.

2 Experimental
2.1 Sample preparation

We investigated Rh NPs having two different sizes 4.0 and
10.5 nm in diameter, as shown in Table 1. The Rh NPs were
fabricated by chemical reduction method. Poly(N-vinyl-2-
pyrrolidone) (PVP) as the stabilizing agent was dissolved in
ethylene glycol (EG), which was used as both the solvent and the
reducing agent (solution 1). RhCl3$3H2O as a metal precursor
was dissolved in water (solution 2). While solution 1 was heated
at 196 �C with stirring, solution 2 was added to solution 1 over
10 min. The solution mixture of solution 1 and solution 2 was
maintained for 1.5 h. The Rh NPs were achieved by centrifu-
gation. The detailed recipe was described in ref. 7. The particle
sizes of the prepared samples were determined from trans-
mission electron microscopy (TEM) images. The details of the
determination of NP sizes from the size histograms and
temperature dependences for the hydrogen pressure-
composition (PC) isotherms are also described in Note 1 and
2 in the ESI.†

2.2 Dispersive X-ray absorption ne structure (DXAFS)

The mixture of powdered Rh NPs (7.5 mg) and boron nitride
(BN) (25 mg) was set into a cylindrical sample holder (inner f7
� 10 mm3) and pressed by hand in order to make a disk pellet.
The sample holder with the pellet was placed in an in situ ow
type XAFS cell.17 Samples were reduced to complete metal state
by H2 (10%)/He gas of 100 cm3 min�1

ow at room temperature
for 10 min. The Rh K-edge XAFS in situ spectra were measured
by an energy dispersive and time-resolved mode at the bending
magnet beamline BL14B1 of SPring-8, Japan.22 Dispersed X-rays
Table 1 Reaction conditions for the synthesis of fcc Rh NPs and their h

Size (TEM)/nm Metal precursor/mmol Solvent/mL

4.0 � 0.7 RhCl3$3H2O/2.0 EG/220
10.5 � 1.5 RhCl3$3H2O/5.0 EG/200

19752 | RSC Adv., 2020, 10, 19751–19758
were generated by a bent crystal of Si (422) lattice planes with
the Laue conguration. Although this lattice planes contain the
second higher harmonics, the stronger X-ray intensity than that
from all-odd reection planes can be used. A polychromator was
bent horizontally by setting it in a curved stainless steel block
cooled by the water. From the curvature with a radius of 3 m, X-
rays with an energy range of 1000 eV were generated. Respective
samples were set to the focal point of X-rays. A Gd2O2S(Tb)
scintillator was exposed to re-dispersed X-ray and emitted lights
were collected using a complementary metal–oxide–semi-
conductor (CMOS) camera (2048 � 2048 channels, 16 bits).
Signals in the vertical direction (400 channels) were summed up
to produce a one-dimensional spectroscopy as a function of an
incident photon energy. The horizontal focus size of the X-rays
was measured to be 0.1 mm in full width at half maximum and
the vertical size is equal to the sample pellet height for accu-
mulating the intensity of transmitted X-rays. Neither vertical
focusing nor the removal of higher-order reection using
a mirror was adopted. H2 (10%)/He and He gases were used for
studying the hydrogen-storage property of Rh NPs as the
absorption and desorption gases, respectively. The gases were
supplied at a ow rate of 100 cm3 min�1. All XAFS spectra were
collected under in situ conditions in the gas ow and time-
resolved mode. Immediately aer switching the gas ow,
spectra were measured at a frame rate of 33 Hz. To improve
counting statistics, XAFS spectra were accumulated 50 times in
absorption and desorption processes. Namely, a sampling rate
was 0.67 Hz (1.5 s). In situ and time-resolved DXAFS, which
consists of the absorption process for 20min and desorption for
40 min, was measured twice at 300 K and 373 K to conrm the
reproducibility.
3 Results

Fig. 1 shows the results of the 0.67 Hz observation of Rh K-edge
XAFS spectra for Rh NPs taken with a dispersive mode during
hydrogen absorption and desorption at 300 K and 373 K. The
black and blue lines represent Rh NPs with a size of 4.0 and
10.5 nm in diameter, respectively. The direction of the arrows
represents the increase of operation time during hydrogen
absorption and desorption. It is noticed that the oscillations in
the extended region from Rh absorption edge are clearly
observed even in the case of the total observation time of 1.5 s
(0.67 Hz). Generally, the oscillation wavelength contract and
expand aer hydrogen absorption and desorption, because of
the change of inter-atomic distance. However, as can be seen in
Fig. 1, there is no distinct change of oscillation wavelength,
which suggests that hydrogen cannot be absorbed on the entire
ydrogen storage capacity (H/Rh)7

PVP/mmol
H/Rh at 303
K

H/Rh at 373
K

10.0 0.185 0.072
5.0 0.067 0.090

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Real-time-resolved Rh K-edge XAFS spectra during the hydrogen absorption and desorption of the Rh NPs: (a) absorption, (b) desorption
at 300 K and (c) absorption, (b) desorption at 373 K for Rh NPs with a size of 4.0 nm. (e) Absorption, (f) desorption at 300 K and (g) absorption, (h)
desorption at 373 K for Rh NPs with a size of 10.5 nm.
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View Article Online
volume of Rh NPs. It can be realized a large interval (white line)
between XAFS spectra in an early stage of hydrogen absorption
and desorption. The enlarged part of Fig. 1 is also shown in
Fig. S2 in the ESI.† It is originated from the change of back-
ground, due to the gas change between H2 (10%)/He and He.

We discuss near-edge structures in XAFS spectra before and
aer hydrogen absorption at 300 K on Rh 4.0 nm are shown in
Fig. 2. An in situ XAFS with dispersive optics is powerful for
observing small local structural changes even though it is hard
for the convent to detect.

To accurately observe the change of local structure due to
the hydrogen absorption and desorption of the Rh NPs, we
plotted the time dependence of relative change of Rh–Rh
This journal is © The Royal Society of Chemistry 2020
interatomic distance (DRRh–Rh) in Fig. 3 and Debye–Waller
factor (DWF) values during the hydrogen absorption and
desorption of the Rh NPs at 300 K and 373 K. The black and
blue closed circles are plotted for Rh NPs 4.0 and Rh 10.5 nm,
respectively. The solid red lines are tting results with
a logistic function of DRRh–Rh ¼ A2 + (A1 � A2)/(1 + (t/t1/2)

p).
Here, A1 � A2: maximum value of Rh–Rh interatomic distance
(DRRh–Rh, max), t1/2: time at a half maximum of DRRh–Rh, p:
power (Table 2).

Respective changes look clearly different, which demon-
strates convincingly that the hydrogen absorption and
desorption mechanism of Rh NPs strongly depend on the
particle size and temperature. The evaluated DRRh–Rh,max and
RSC Adv., 2020, 10, 19751–19758 | 19753
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Fig. 2 Rh K-edge (a) X-ray absorption near edge structure (XANES) spectra, (b) enlarged view of (a), (c) EXAFS functions, and (d) Fourier transform
intensities before and after hydrogen absorption at 300 K on for Rh NP with a size of 4.0 nm. The black and red lines represent information of
before and after hydrogen absorption, respectively.
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t1/2 are summarized in Table 3. The value of DRRh–Rh,max of Rh
4.0 nm is greater than that of Rh 10.5 nm for the same
temperature during hydrogen absorption. At 300 K, this result
is agreement with the hydrogen-storage capacity. However,
there is a discrepancy between DRRh–Rh,max and the hydrogen-
storage capacity for Rh 10.5 nm. Namely, the value of DRRh–

Rh,max at 300 K for Rh 10.5 nm is greater than that at 373 K
during hydrogen absorption. For hydrogen-storage capacity,
the value at 373 K is larger than that at 300 K.7 This result
suggests that hydrogen absorption on Rh NPs has two process
types; one is a chemisorption on the surface and an occupa-
tion of subsurface (inner) sites and the other is the diffusion
into the bulk. Hydrogen adsorption on a surface of Rh NPs
cannot affect the change of Rh–Rh interatomic distance.
Especially, it is noted that the behavior of DRRh–Rh for Rh
4.0 nm during desorption at 300 K shows a slow relaxation
process, compared with the others. This desorption process
19754 | RSC Adv., 2020, 10, 19751–19758
has a large value of t1/2, meaning that hydrogen absorption can
occur inside the NPs. DRRh–Rh,max of absorption process
decreases with increasing temperature for both Rh NPs, which
implies that a larger thermal vibration may interrupt the
hydrogen-absorption.

Fig. 4 shows the time-resolved observation of DWF during
the hydrogen absorption and desorption of the Rh NPs at 300 K
and 373 K. The black and blue closed circles are plotted for Rh
NPs 4.0 nm and Rh 10.5 nm, respectively. The thermal vibration
and static disorder in the bond length or local structure is re-
ected in the DWF.23,24 The decrease of DWF is originated from
a static disorder or the restrained thermal vibration of Rh atoms
due to the absorbed hydrogen. The large DWF of Rh 4.0 nm
during hydrogen absorption compared to Rh 10.5 nm suggests
that the surface area to volume ratio of Rh 4.0 nm is large so that
the possibility of hydrogen absorption by the surface is higher
than that of Rh 10.5 nm. Normal hydrogen storage alloys show
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Real-time relative change of Rh–Rh interatomic distance (DRRh–Rh) during the hydrogen absorption and desorption process: (a)
absorption, (b) desorption at 300 K and (c) absorption, (d) desorption at 373 K. The black and blue closed circles represent Rh NPs with a size of
4.0 and 10.5 nm, respectively. The solid red lines are fitting results with a function of DRRh–Rh ¼ A2 + ((A1 � A2))/1 + (t/t1/2)

p.

Table 3 Rh–Rh interatomic distance of Rh bulk and Rh NPs as
a function of particles size under N2 and H2 gas environments at room
temperature

Sample (Rh)

Interatomic distance (Å)

N2 gas environment
H2 gas
environment
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the increase of DWF by hydrogen absorption. However, in our
case, because only the surface layers of Rh NPs absorb
hydrogen, H/Rh is negligibly small and DR is also small. Such
a case may hide the small change of DWF by hydrogenation.
From a different point of view, almost the constant value for
DWF by hydrogenation indicates that small NPs have a distor-
tion in the inside of metal NP.10,25 Hydrogen absorption reaction
can release the distortion of Rh NP.
Bulk11 2.691(1) 2.691(1)
1.0 nm (ref. 11) 2.667(3) 2.682(1)
4.0 nm 2.685(1) 2.689(1)
10.5 nm 2.687(1) 2.689(1)
4 Discussion

As mentioned in the results section, it seems the hydrogen-
absorption mechanism of Rh 4.0 nm is different to that of Rh
10.5 nm. The hydrogen-absorption model of Rh NPs is depicted
Table 2 Maximum value of Rh–Rh interatomic distance (DRRh–Rh, max) and time at a half maximumof DRRh–Rh (t1/2) during hydrogen absorption
and desorption of Rh NPs

Sample & condition

Rh 4.0 nm Rh 10.5 nm

303 K 373 K 303 K 373 K

Abs. Des. Abs. Des. Abs. Des. Abs. Des.

DRRh–Rh,max (Å) 0.00428 �0.00386 0.00297 �0.00276 0.00192 �0.0005 0.00130 �0.00135
�3.1 � 10�5 �5.5 � 10�5 �1.1 � 10�4 �6.2 � 10�6 �2.1 � 10�5 �2.7 � 10�6 �1.1 � 10�4 �2.4 � 10�5

t1/2 (s) 20.063 338.567 11.753 22.661 8.395 41.343 9.946 21.764
�1.674 �11.898 �3.111 �1.872 �1.308 �3.532 �6.011 �5.768

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 19751–19758 | 19755
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Fig. 4 Real-time-resolved Debye–Waller factor (DWF) during the hydrogen absorption and desorption of the Rh NPs: (a) absorption, (b)
desorption at 300 K and (c) absorption, (d) desorption at 373 K. The black and blue closed circles represent Rh NPs with a size of 4.0 and 10.5 nm,
respectively.

Fig. 5 (a) Schematic view of the reaction between hydrogen and
surface on Rh NPs. Hydrogen-absorption model of (b) Rh 4.0 nm (c)
Rh 10.5 nm when hydrogen is absorbed on their surface. The cyan
colored area indicates the disordered region due to the occupation of
subsurface and the diffusion into the bulk.

19756 | RSC Adv., 2020, 10, 19751–19758
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in Fig. 5. Several reaction stages of hydrogen with a metal would
occur, as shown in Fig. 5(a) when a hydrogen molecule is loaded
on the metal surface. The kinetics process of reaction stages is
as follows: (i) physisorption of the hydrogen molecule through
van der Waals interaction with the metal surface, (ii) chemi-
sorption of hydrogen aer their dissociation (H2 / 2H), and
(iii) occupation of subsurface (inner) sites and diffusion into the
inside. The Rh–H bond gets stronger in stage (iii) than stage (i)
and (ii). It can also lead to the localized disorder/the expansion
of interatomic distance, which is shown in the cyan colored
atoms of Fig. 5(a). Stage (iii) is based on the fact that Rh–Rh
interatomic distance of Rh 4.0 nm during hydrogen absorption
is more expanded than that of Rh 10.5 nm as mentioned above.
On the contrary, the existence possibility of stage (i) and (ii) is
higher than that of stage (iii) for Rh 10.5 nm, as shown in
Fig. 5(c). The larger DWF of Rh 4.0 nm in Fig. 4, along with the
result of the behavior of Rh–Rh interatomic distance, is another
clue for supporting the hydrogen-absorption model of Rh NPs
in Fig. 5(b) and (c).

Hydrogen-absorption kinetics and performance are mainly
affected by the morphology and chemical composition of the
samples which eventually depends on the preparation
routes.9,26–28 The operation temperature is another important
factor which can affect the hydrogen-absorption kinetics and
performance. To fully reveal the size effect of the hydrogen-
absorption model of Rh NPs, activation energies of hydrogen
This journal is © The Royal Society of Chemistry 2020
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absorption/desorption for Rh NPs were calculated using
Arrhenius equation,29 which is expressed eqn (S1) and (S2) in
the ESI.†

The rate constant 1/t1/2 was obtained from the tting results
of the change of the Rh–Rh interatomic distance (see Fig. 3 and
Table 3). The slopes of ln[1/t1/2] versus 1000/T give us a value of
�Ea/R � 1000, which is ultimately converted into the activation
energy (Ea). The Arrhenius plots of hydrogen adsorption/
desorption for Rh NPs are shown in Fig. S3 in the ESI.† The
activation energies of hydrogen absorption for Rh 4.0 nm and
Rh 10.5 nm were 6.82 and �2.16 kJ mol�1, respectively. Espe-
cially, although the negative activation energy for Rh 10.5 nm is
negligible within an error bar, this result may be closely related
to the changeover of the thermodynamic behavior for hydrogen
storage, which changes from endothermic to exothermic with
decreasing their particle size. The activation energies of
hydrogen desorption for Rh 4.0 nm and Rh 10.5 nm were 34.46,
8.18 kJ mol�1, respectively, indicating that Rh 4.0 nm and Rh
10.5 nm have different mechanisms for hydrogen desorption. It
is also supported by the hydrogen-absorption model of Rh NPs
in Fig. 5(b) and (c). The information of the dynamic local
structure obtained in the present work will contribute to
understand the hydrogen-absorption property of nano-sized
metals.

Table 3 shows the evaluated values of the interatomic
distance of the Rh NPs under N2 and H2 gas environments.
Morn et al., reported that there were no changes in the inter-
atomic distance R and the DWF in bulk Rh under N2 and H2 gas
condition at room temperature.11 On the other hand, the
interatomic distance of 2.682 Å of Rh 1.0 nm-diameter NPs
under the H2 gas conditions was larger than that of 2.667 Å
under the N2 gas condition. Our results are consistent with the
increment in hydrogen absorption for the smaller Rh NPs. In
addition, there was an increase of the interatomic distance of
0.004 Å in the 4.0 nm-diameter (2.685 Å) and an increase of
about 0.002 Å in the 10.5 nm-diameter (2.687 Å).

5 Conclusions

We have investigated the dynamical structural change of Rh
NPs using in situ time-resolved dispersive X-ray absorption ne
structure spectroscopy at 300 K and 373 K. The structural
change of Rh nanoparticles was observed by a 33.3 Hz rate.
From the results obtained in the present study, it is conrmed
as follows: during hydrogen absorption and desorption, (1) the
difference of the Rh–Rh interatomic distance increases/
decreases with decreasing particle size and increasing temper-
ature. (2) The behavior of the Rh–Rh interatomic distance for Rh
4.0 nm during desorption at 300 K shows a slow relaxation
process, compared to the others. It is closely related to the
contribution of hydrogen absorption on the inner site. (3) The
value of DWF decreases/increases during hydrogen absorption/
desorption. The decrease of DWF is originated from a static
disorder or the restrained thermal vibration of Rh atoms due to
the absorbed hydrogen. (4) The activation energy for hydrogen
absorption/desorption of Rh 4.0 nm is larger than that of Rh
10.5 nm. It is concluded that the hydrogen absorption on the
This journal is © The Royal Society of Chemistry 2020
inner site is more contributed than that on the surface for Rh
4.0 nm. In the case of Rh 10.5 nm, it is opposed to Rh 4.0 nm. It
is hoped that these ndings will enable us to understand of the
hydrogen absorption property of metal NPs with an interesting
hydrogenation mechanism.
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