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The surface of nanoporous Au was modified with self-assembled monolayers (SAMs) of 6-mer-

capto-1-hexanol and the hardness tests were performed on the SAM-modified and non-modified

nanoporous Au to investigate the effects of SAM modification on the mechanical properties of

nanoporous Au. In addition, the origin of the chemomechanical effects was investigated by first

principles shear test simulations on an Au–S alloy. The SAM-modified nanoporous Au showed

lower hardness than the non-modified nanoporous Au. The loading rate dependence tests showed

that the activation volume was low for both, indicating that events of a short range play an impor-

tant role in deformation of nanoporous Au, regardless of whether the nanoporous Au was modified

with SAMs. It was suggested from the simulations that the lower hardness for the SAM-modified

nanoporous Au is because movement of dislocation endpoints at the surface is facilitated by chemi-

cal effects of Au–S bonding. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972780]

Nanoporous metals have received a lot of attention

because they exhibit remarkable properties that are not

observed in bulk metals. For example, nanoporous Au cata-

lyzes the oxidation of CO1 whereas bulk Au does not.

Piezoelectricity in some gaseous2 and electrochemical3 envi-

ronments is also an interesting feature of nanoporous metals

and can be applied in sensors, actuators, and other applica-

tions. Furthermore, the strength of nanoporous metals is as

high as the ideal strength4,5 and strongly depends on its liga-

ment or pore size,6–8 whereas the strength of conventional

porous metals with pore sizes in the millimeter and microme-

ter range does not depend on the ligament or pore size. The

sizes of the ligaments of nanoporous metals are much lower

than the sizes of the Frank–Read sources that provide sites

for dislocation nucleation, and dislocations cannot be nucle-

ated inside the ligaments. Hence, plastic deformation of

nanoporous metals is likely to be closely connected with

events of the short range such as the nucleation of disloca-

tions at the surface.9,10 This suggests that the strength of a

nanoporous metal depends on its surface states.10 To date,

the mechanical properties of nanoporous metals have been

investigated;4–8,11 however, there is still insufficient under-

standing about the effects of surface states on the mechanical

properties of nanoporous metals.

Recently, self-assembled monolayers (SAMs) have been

widely used as an efficient method to modify the physical

and chemical properties of solid surfaces. SAM-modified

surfaces have been applied for biosensing,12 corrosion inhi-

bition,13 wetting inhibition,14 and nanolithography.15 There

have been many studies that have investigated the mechani-

cal properties of SAM-modified Au,16–21 but most of them

do not describe the mechanical properties of Au, but

SAMs.16–20 Recently, it was found that plastic deformation

of Au occurs more easily in SAM-modified Au films than in

unmodified Au films owing to chemomechanical effects.21

In the present work, the mechanical properties of nanoporous

Au modified by SAMs were investigated using hardness

tests. Chemomechanical effects may be enhanced for nano-

porous Au, compared with the Au film, because of more

specific surface area of nanoporous Au. In addition, first-

principles shear test simulations were performed to investi-

gate the effects of the S atom on the dislocation nucleation

and to help understand the origins of the chemomechanical

effects by SAM modification.

Au (>99.9 mass %) and Ag (>99.9 mass %) ingots were

arc-melted together in an Ar atmosphere to prepare a precur-

sor Au0.3Ag0.7 ingot. After homogenization at 1173 K for

24 h in an Ar atmosphere and subsequent cold rolling, nano-

porous Au with an average ligament size of 50 nm was

formed by free corrosion (without any electrochemical poten-

tial) of the alloy at 293 K for 24 h in 69 wt. % HNO3. The

nanoporous Au was rinsed in deionized water and ethanol. To

modify the nanoporous Au with SAM, the nanoporous Au

samples were immersed in 1.0 lM ethanolic solution of

6-mercapto-1-hexanol (MHO), which has been frequently

used for immobilization of DNA and laccase,22,23 at 251 K

for 3 h. After the immersion, the samples were rinsed thor-

oughly with ethanol, distilled water, and dried in air.

After the cross sections of the SAM-modified nanopo-

rous Au samples were carefully polished by gentle manual

polishing after embedding in epoxy-resin (with a Teflon tape

covering the samples to prevent resin infiltration into nano-

pores), the hardness tests were performed on the polished

samples at room temperature. The preliminary tests on nano-

porous Au showed that the polishing did not alter the

mechanical response during indentation. An apparatus

equipped with a diamond Vickers tip was used for the hard-

ness tests. The tip was brought into contact with the sample

and indented at a constant loading rate of 1.324 mN/s. The

load was kept constant at 30 mN for 10 s and then the tip was

retracted. The tests were performed 10 times for each sample
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and the average and standard deviation of the hardness value

were obtained from the load-displacement curves. In addi-

tion, the hardness tests at loading rates of 0.378–13.24 mN/s

were performed to estimate the dependence of the hardness

on the loading rate.

First-principles calculations were performed using the

Cambridge Serial Total Energy Package (CASTEP),24 in

which the density functional theory (DFT)25,26 was used

with a plane-wave basis set. The Perdew–Wang (PW91) ver-

sion of the generalized gradient approximation was used to

represent the exchange-correlation functional in the DFT.

Ultrasoft pseudopotentials27 were used for all the elements

in the calculations. The plane-wave energy cutoff was

320 eV. The Brillouin zone was sampled using the 3� 5� 1

Monkhorst–Pack k-point grid28 for all the models, and the

Gaussian smearing was set with a width of 0.1 eV. A sche-

matic illustration of a supercell used for the calculations is

shown in Fig. 1. A cell for a pure Au model consisted of 12

layers in the [111] direction and the unit cell contained 48

Au atoms. The size of the unit cell was 10.0� 5.8� 59.2 Å.

A vacuum slab with a width of 15 Å was added to avoid

interactions with the periodic image and to relax the cell in

the [111] direction. A cell for a Au–S alloy model was pre-

pared by substituting one Au atom with one S atom, in which

the slip planes for the shear tests were nearest to the S atom

(first nearest plane) and second nearest to the S atom (second

nearest plane), as shown in Fig. 1. All atomic positions were

optimized in accordance with Hellman–Feynman forces of

less than 0.01 eV Å�1. These conditions provided good

convergence. The general stacking fault energy (GSFE) has

been investigated by first-principles shear test calculations

for estimating nucleation or movement capacity of disloca-

tions.29–33 The simulations were performed by cutting a per-

fect crystal with two free surfaces and displacing the two

parts relative to each other on the fault vector, x, in a slip

plane. The GSFE was calculated as the difference in total

energies between the two supercells designed to simulate

faults with the x¼ 0 and x 6¼ 0 vectors for the basal plane of

Au: [11�2](111) slip system. The atomic positions were

relaxed only in the direction perpendicular to the slip plane.

The effects of solute atoms on the GSFE can be classified

into strain effects and chemical effects.34 A strained model

was used to assess the strain and chemical effects based on

the studies of the grain boundary segregation.35–39 The

strained model was the cell model in which a S atom in a

Au–S alloy model was replaced by a Au atom, keeping the

same atomic configuration in the Au alloy model without

further relaxation. The GSFEs related to strain and chemical

effects can be given by

Estrain effect ¼ Estrained � Epure; (1)

Echem effect ¼ Ealloy � Estrained; (2)

where Estrain effect and Echem effect are the GSFEs related to

strain effects and to chemical effects, respectively, and Epure,

Ealloy, and Estrained are the GSFEs of the pure Au model, the

Au–S model, and the strained model, respectively.

Figure 2 shows scanning electron microscopy images of

the nanoporous Au and the SAM-modified nanoporous Au.

The ligament length was approximately 50 nm for both the

nanoporous Au and the SAM-modified nanoporous Au, and

there was hardly any difference in the ligament length

between the two. Thus, the SAM modification did not affect

the porous structure.

The results of the hardness tests at a loading rate of

1.324 mN/s are shown in Fig. 3 for the nanoporous Au and

the SAM-modified nanoporous Au. Clearly, the hardness of

the SAM-modified nanoporous Au was lower than that of the

non-modified Au. The variation of the hardness as a function

of the loading rate is shown in Fig. 4. The hardness of bulk

Au shows no dependence on the loading rate under the inves-

tigated test conditions. However, the hardness of both the

SAM-modified and the non-modified nanoporous Au showed

a large dependence on the loading rate. The activation vol-

ume can be given by40

FIG. 1. Au–S cell models for first principles shear test calculations;

(a) Au–S cell for sharing at the nearest plane and (b) Au–S cell for shearing

at the second nearest plane. S shows a S atom.

FIG. 2. Scanning electron microscopy

images of (a) nanoporous Au and (b)

SAM-modified nanoporous Au. The

average ligament size is 50 nm. There

is hardly any difference in the ligament

length between the two.
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where v* is the activation volume, k is the Boltzmann con-

stant, _e is the strain rate, T is the absolute temperature, r is

the flow stress, and H is the hardness, which is assumed to be

three times the flow stress. The activation volume was 86 b3

for the non-modified nanoporous Au and 146 b3 for the

SAM-modified nanoporous Au, where b is the Burgers vec-

tor of Au. Taking the experimental error into consideration,

the difference in the activation volume between the non-

modified nanoporous Au and the SAM-modified is negligi-

ble. Recently, Jin et al.41 investigated deformation behavior

of nanoporous Au by compressive tests and they showed that

the strain rate sensitivity of stress depended on the strain,

indicating that the activation volume depended on the strain.

The activation volumes obtained in the present work corre-

sponded to the maximum value of activation volume of

nanoporous Au in the work by Jin et al.41 (¼about 90 b3). It

is noted that the activation volumes of nanoporous Au

are lower than that for the dislocation forest hardening

(�1000 b3).

Dislocations glide over distances much larger than

the ligament size during deformation in nanoporous Au,41

indicating that events of a long range play an important role

in deformation of nanoporous Au. However, the fact of the

low activation volumes suggests that events of a short range

as well as those of a long range play an important role in

deformation of nanoporous Au. Dislocations are not nucle-

ated inside the ligaments of a nanoporous metal because no

Frank–Read sources exist in the ligaments. Hence, disloca-

tion nucleation at a surface may play a critical role in the

plastic deformation of nanoporous Au. On the other hand,

moving dislocations have an interaction with adsorbates at

the surface.42 Thus, the lower hardness of the SAM-modified

nanoporous Au may be related to an interaction between

moving dislocations and surfaces. The stresses for nucleation

and movement of dislocations at a surface are of a short

range, resulting in low activation volumes, as shown in Fig.

4. Hence, it is worthwhile to investigate effects of a S atom

on the nucleation and movement of dislocations. In the

SAM-modified nanoporous Au, Au atoms located at the sur-

face are bonded to a S atom of a SAM that is located out of

the Au surface.43 It is difficult to strictly simulate the nucle-

ation and movement of a dislocation in the atomic configura-

tion by first principles calculations. The atomic configuration

of the cells used for first principles shear test simulations is

different from that of the SAM-modified nanoporous Au;

however, some trends about the effects of a S atom on the

nucleation and movement of a dislocation can be obtained

by the shear test simulations. Figure 5(a) shows GSFE curves

for Au and Au–S cells by first principles shear test simula-

tions. Note that the ultimate stacking fault energy (USFE)

for slip at the nearest plane for the Au–S cell was much

lower than that for the Au cell. On the other hand, a reduc-

tion in USFE for slip at the second nearest plane for the

Au–S cell was minor. Hence, Au–S bonding is suggested to

make the nucleation and movement of a dislocation easy. Jin

et al.41 showed that the strain rate dependence of stress

increased with the strain, which indicates that events of a

short range are mainly related to the dislocation movement,

not the dislocation nucleation. Therefore, it is suggested that

adsorbates are removed by the SAM modification; in addi-

tion, Au–S bonding facilitates the movement of dislocation

endpoints, which lead to the lower hardness of the SAM-

modified nanoporous Au.

Figure 5(b) shows the GSFE curves related to strain

effects and chemical effects for shearing at the nearest plane

of the Au–S cell. The GSFE relating to the strain effects of

the Au–S model corresponded to the GSFE of the pure Au

model, and the USFE of the former (¼46.0 mJ/m2) almost

agreed with that of the latter (¼49.4 mJ/m2). Thus, the strain

effects of Au–S had little effect on the GSFE. On the other

hand, the chemical effects of Au–S decreased the GSFE. The

trend of the chemical effects is hardly affected by the atomic

configuration. Therefore, a reduction in USFE by the Au–S

bonding is suggested to be due to the chemical effects of

Au–S bonding, despite the limitation of the present calcula-

tion scheme. The Au–S bond may be strong because Au and

S atoms are covalently bonded.44 However, Au–Au bonds

around a S atom probably become weakened because charge

transfer occurs from Au atoms to a S atom owing to the

larger electronegativity of S. Hence, the breaking of the

weakened Au–Au bond may occur preferentially because not

FIG. 3. Results of the hardness tests at a loading rate of 1.324 mN/s for

nanoporous Au and SAM-modified nanoporous Au. The hardness of the

SAM-modified nanoporous Au is lower than that of the non-modified one.

FIG. 4. Variations of hardness as a function of loading rate for nanoporous

Au and SAM-modified nanoporous Au. From the results of the rate depen-

dence, the activation volume is estimated to be 86 b3 for the non-modified

nanoporous Au and 146 b3 for the SAM-modified nanoporous Au, where b
is the Burgers vector of Au. The activation volumes are lower than that for

the dislocation forest hardening (�1000 b3).
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all the Au surface is covered by the SAMs due to the weak

interaction between MHO and Au surface.45

In conclusion, the MHO SAM-modified nanoporous Au

showed lower hardness than the non-modified nanoporous

Au. The activation volume of both the SAM-modified nano-

porous Au and non-modified nanoporous Au was low, indi-

cating that events related to a short range play an important

role in deformation of nanoporous Au, regardless of whether

the nanoporous Au was modified with SAMs. It was sug-

gested from the first principles shear test simulations that the

lower hardness for the SAM-modified nanoporous Au is

because movement of dislocation endpoints at the surface is

facilitated by chemical effects of Au–S bonding.

N.M. acknowledges support from Grant-in-Aid for JSPS

Fellows.
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