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In situ X-ray diffraction measurements reveal that the 

transformation of a AuCu nanoalloy from a face-centered-

cubic to an L10 structure is accelerated under hydrogen 

atmosphere. The structural transformation rate for the AuCu 

nanoalloy under hydrogen above 433 K was found to be 100 

times faster than that in vacuum, which is the first 

quantitative observation of hydrogen-induced ordering of 

nanoalloys.  

The ordering of constituent elements in a lattice exerts an 

enormous influence on the physical and chemical properties of 

alloys. The L10-type structure is a typical example in which layers 

of constituent elements are alternately stacked as exemplified in 

Figure 1 for a Au-Cu nanoalloy (NA). Previous studies have 

shown that regulation of the elemental arrangement is a primary 

factor in the functionalization of NA materials; Fe-Pt,1, Fe-Pd,2 

and Fe-Ni NAs,3 with a tetragonal L10 structure show 

ferromagnetism, and ordered NAs exhibit excellent catalytic 

properties.4,5 

In general, ordered alloy phases emerge during high-

temperature treatments of the corresponding disordered alloy.1 

However, high-temperature treatments applied to nanometer-

sized materials often diminish their potential capabilities because 

sintering occurs. To overcome this problem, Schaak and 

coworkers6 synthesized ordered Au-Cu NAs in solution at 

temperatures lower than those used for preparation in 

metallurgical techniques. As an alternative approach, a method 

of annealing NAs under hydrogen has been developed. Using 

this method, the temperature required for a structural 

transformation of the disordered to ordered phase in an Fe-Pt 

NA, for example, could be reduced from 823 to 553 K under 

hydrogen atmosphere.7 B2-type Cu-Pd NAs were obtained at 

373−423 K.8 Recently, Bloch et al.9 reported an acceleration in 

the ordering of Fe-V alloys. These hydrogen-induced structural 

transformations are based on the strong affinities of Pt, Pd, and 

V with hydrogen.  

The question that then arises is, can we apply the hydrogen 

treatment method to other alloys composed of metals that 

interact weakly with hydrogen? Interestingly, it has been 

demonstrated that some nanometer-sized metals and alloys can 

store hydrogen, whereas this is not possible in the bulk state.10 

These observations hint at the possibility that this hydrogen 

exposure treatment can be applied to control the atomic-level 

structure of a wide variety of NAs. We report herein the 

successful production of a AuCu (1:1) NA with an L10 structure 

by hydrogen exposure treatment; both Au and Cu interact only 

weakly with hydrogen under ambient conditions. We also studied 

the kinetics of the AuCu-NA structural transformation using a 

synchrotron-based in-situ X-ray diffraction (XRD) technique to 

obtain an insight into the mechanism. 

As reported previously,8 the key to producing ordered NAs is the 

preparation of atomically-well-mixed alloys as precursors. To this 

end, we prepared AuCu NAs by the rapid and simultaneous 

reduction of Au and Cu ions (1:1) using a strong reducing agent 

NaBH4. Poly[vinyl-2-pyrrolidone] was used as a stabilizer against 

sintering. Transmission electron microscope (TEM) images 

(Figure S1(a)) of the NA specimens revealed the formation of 

nanoparticles with an average diameter of 3.4±0.8 nm. The 

actual alloy composition was found to be Au:Cu = 55.0:45.0 by 
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inductively coupled plasma atomic emission spectroscopy (ICP-

AES) analysis. The XRD pattern of the AuCu NAs measured on 

a lab-based XRD diffractometer with Cu Kα radiation indicated a 

single face-centered-cubic (fcc) phase, suggesting that the 

prepared NA is a solid-solution-type alloy. The lattice constant 

was determined to be 4.017(1) Å by Rietveld analysis, which is 

larger than the average of the individual lattice constants of Au 

and Cu (3.85 Å). The oxidation state of the AuCu NA was 

examined by X-ray photoelectron spectroscopy. Binding energy 

peaks of Au 4f5/2, 7/2 for the AuCu NA were located at almost the 

same binding energies as those for the Au nanoparticle (Figure 

S2(a)). Furthermore, the Cu 2p3/2 peak for the AuCu NA was 

observed at the same energy as that for bulk Cu (Figure S2(b)). 

These results suggest that the AuCu NA is in a metallic state and 

the relatively large lattice constant of the pristine NA cannot be 

attributed to presence of oxide species in the NA. Lattice 

expansion has been predominantly observed in solid processed 

by severe plastic deformation processing.11 We think, therefore, 

that the NAs prepared at low temperatures are in a non-

equilibrium state, which contains internal defects, such as point 

defects, atomic displacement, lattice distortion and so on.12 

Time courses of the XRD patterns of the AuCu NA heated under 

vacuum and hydrogen atmosphere were obtained in situ using 

the Debye-Scherrer camera installed on the BL44B2 beamline13 

at SPring-8, Japan. The XRD pattern was measured every 10 

min (600 s) after the X-ray shutter has opened. Figures 2(a) and 

(b) show typical XRD patterns recorded at 453 K under vacuum 

and 100 kPa of hydrogen, respectively. The positions of the 111 

peak in the patterns measured under vacuum did not change 

considerably from that observed for the pristine NA. In sharp 

contrast, the 111 peak position under 100 kPa of hydrogen was 

shifted to higher angles compared to those under vacuum. In 

addition to 111 and 020 peaks, we were able to identify a new 

diffraction peak for the hydrogen-treated sample at an angle 

where 110 diffraction from the L10 phase is observable although 

the diffraction peak was broaden resulting from small crystal 

sizes.14 In order to compare more quantitatively the structural 

change behavior, the (111) interplanar spacing (d111), illustrated in 

Figure 1, was calculated from the 111 diffraction position and is 

plotted as a function of time in Figure 2(c). Because both fcc and 

L10 structures have {111} planes in their unit cells, we think that 

d111 values can be a suitable indicator to show successive 

transformation from fcc to L10 phase. It is notable that the d111 of 

the AuCu NAs after exposure to hydrogen approached the value 

of bulk L10-type AuCu even at the first measurement point, i.e., 

600 s and became almost constant after that. The d111 of the 

hydrogen-treated AuCu NA determined at 300 K was almost the 

same as that of bulk L10 AuCu. This result strongly suggests that 

both structural transformation and ordering of AuCu NAs are 

accelerated by the hydrogen treatment. Further, we conducted 

Rietveld profile analyses of the XRD patterns measured under 

hydrogen as shown in Figure S3 and determined structural 

parameters of the L10 phase, such as, lattice constants, the site 

occupancy by an element and the mass ratio of the L10 phase in 

the NA. These structural parameters are plotted against time in 

 

9.7×10-6  

3.2×10--5 
6.2×10-5 

6.6×10-4 
1.2×10-3 

2.2×10-3 

(a) 

(b) (c) 

In
te

n
si

ty
 /
 a

rb
. 
u
n

its

22201816141210

2theta / degrees

11
1

0
2
0

11
0

7200 s

1800 s

600 s

pristine

In
te

n
si

ty
 /
 a

rb
. 
u

n
its

22201816141210

2theta / degrees

11
1

0
2
0

7200 s

1800 s

600 s

pristine

11
0(a) (b) 

(c) 

Page 2 of 5Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3 

inset of Figure S3. It is notable that the L10 phase having lattice 

constants similar to those of the bulk counterpart is formed at the 

first measurement point, i.e., 600 s. The mass ratio of the L10 

phase and the site occupancy attained 55 and 86 %, 

respectively, at 1200 s, and became almost constant after that. 

This result would indicate that ordering in the AuCu NA starts 

with short-range atomic rearrangement, which maybe completed 

in a relatively short time. Considering a large volume percentage 

of surface portions existing in particles of diameters less than 2-3 

nm, such as edges and corners, it is probable that the complete 

transformation to the ordered phase hardly occurs without 

greater structural transformation accompanied by particle 

growth.15 Additionally, we confirmed that the 2 h hydrogen 

treatment at 453 K did not cause heavy aggregation of the AuCu 

NAs (Figure S1(b)), which is an advantage of this low-

temperature method. 

The XRD measurement employing an imaging plate proved 

formation of L10 phase in NAs. Kinetic information, however, was 

hardly given by this method. Then, we applied a flat-panel sensor 

as a detector for a very short-period measurement. The system 

layout is given in Figure S4. The XRD patterns were collected 

with a time resolution of 0.333 sec by using a flat panel sensor. 

Several XRD patterns measured at 433, 453, 473 and 573 K are 

shown in Figure S5. At 433 K, we note that the 111 peak under 

hydrogen has been shifted to a higher angle even at 66.6 s, and 

this displacement increased over time (Figure S5(a)). Similar 

behavior was observed in the patterns of the AuCu NAs treated 

at 453 and 473 K (Figure S5(b) and (c)). In contrast, the 

difference in the 111 peak positions between the two conditions 

at 573 K was relatively small over the experimental time (Figure 

S5(d)). The d111 values of the samples heated to 433, 453, and 

473 K under vacuum decreased linearly and the rate of decrease 

was larger for higher temperatures. The d111 value for the sample 

heated under hydrogen decreased much faster than that heated 

under vacuum, and reached a plateau. The reduction rate (r111) 

was obtained by fitting the data at the initial stage of the heating 

with a linear function and is plotted in Figure 3(b). Notably, the 

r111 values under hydrogen atmosphere are two orders of 

magnitude larger than those under vacuum regardless of the 

temperatures. Another feature is that the r111 values increase with 

the temperature. We estimated the activation energy of the 

structural transformation (Ea) from a least mean square analysis 

of the Arrhenius plot of the r111 value (Figure 3(c)). The Ea values 

under vacuum and hydrogen were found to be 0.82±0.11 and 

0.54±0.06 eV, respectively, which demonstrates that hydrogen 

exposure treatment reduces the activation barrier for the 

structural transformation of NAs. This is the first quantitative 

observation of acceleration of atomic rearrangement of NAs 

under hydrogen atmosphere. 

At this stage, there are still questions about how hydrogen 

induces the structural transformation in AuCu NAs. For example, 

does the AuCu NA absorb hydrogen?, and if so, how large 

amount of hydrogen is absorbed? The H concentration in the 

AuCu NA heated at 453 K was investigated by measuring 

hydrogen pressure-composition (PC) isotherms. The PC 

isotherms were measured three times successively and are 

indicated in Figure 4. In the first absorption measurement, the H 

concentration increased in a pressure region of 1 to 5 kPa and, 

at 100 kPa, reached 0.027 H per hypothetical AuCu atom with an 

average atomic weight between that of Au and Cu. This H 

concentration is much smaller than those in hydrides of 

nanoparticles, e.g., 0.22, 0.23, and 0.29 H per Pd, Rh and PdRh 

atom, respectively.16 In the desorption process, the H 

concentration did not decrease considerably, and ~0.01 H per 

metal atom remained inside the sample. There was little increase 

in the H concentration during the second and third runs,17 

implying that the AuCu NA absorb only a very small amount of H 

at 453 K but does not release it completely. 

To clarify the H absorption site, we conducted 2H wide-line and 
2H magic-angle-spinning (MAS) NMR measurements of the 

AuCu NA exposed to deuterium gas at 453 K for 2 h. Noticeable 

signals, however, were not observed in either measurements 

(Figure S6). The maximum H concentration in the AuCu NA, i.e., 

0.027 H per metal atom corresponds to 0.02 wt.% of the sample, 

which is close to the 2H NMR detection limit for broad deuteron 

signals.18 These results suggest an infinitesimal quantity of 

hydrogen induces the structural transformation in AuCu NAs. In 

addition, no sharp NMR signals were observed for the AuCu NA 

evacuated after deuterium exposure treatment, indicating that 

there is no molecular hydrogen adsorbed via physical interaction 

in the samples. 

On the basis of the data obtained, we also considered the 

structural transformation mechanism in the presence of 

hydrogen. To achieve ordering in NAs, randomly arranged metal 

atoms should be moved to specific lattice points. The formation 

energy of L10-type AuCu can be divided into two parts, i.e., 

elastic and chemical parts. Ordering in the AuCu alloys is 

prompted when elastic formation energy (loss) for structural 

transformation is compensated by energetic gain brought by 

thermal energy and chemical formation energy among unlike 

metals via charge transfer.19, 20 As shown in Figure 3 (a), the d111 

of the AuCu NAs heated to 573 K under vacuum was significantly 

small compared to that of the pristine NA even at the first 

measurement point, which indicates that thermal energy is 

sufficiently supplied to the NAs for the structural transformation 

at 573 K. It is notable that the reduction of the d111 of the AuCu 
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NA exposed to hydrogen occurred faster than that under vacuum 

at this temperature. Therefore, we think that a role of hydrogen is 

not only generation of lattice strain but also promotion of 

structural transformation through certain chemical interaction, 

e.g., a mediation of charge transfer between Au and Cu. Further 

investigation for the mechanistic understanding of the hydrogen-

induced structural transformation of NAs is underway. 

Conclusions 

In situ X-ray diffraction measurements clarified that the structural 

transformation rate under hydrogen above 433 K is 100 times 

faster than that in vacuum, which represents the first quantitative 

observation of the efficiency of hydrogen exposure treatment for 

the structural transformation and ordering of NAs. Hydrogen 

pressure-composition isotherms proved that hydrogen 

concentration in the AuCu NA was 0.027 H per metal atom. 

These results indicate that a very small amount of hydrogen can 

promote atomic rearrangement even in hydrogen-inactive AuCu 

NAs. Therefore, hydrogen exposure treatment can be applied to 

a variety of alloys including non-hydrogen storage alloys, which 

will contribute to further functionalization of nanoscale materials. 
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