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a b s t r a c t

The structures and mechanical properties of Nb-Mo-Co(Ru) solid solutions for hydrogen permeation
have been investigated by X-ray diffraction (XRD) analysis, pressure-composition-temperature (PCT)
measurements, and three-point bending tests. The as-prepared Nb86Mo14, Nb86Mo7Co7, and Nb86Mo7Ru7
samples composed of Nb-based solid solutions with bcc structures were hydrogenated into their cor-
responding hydrides to give the NbH0.95 phases after hydrotreatment. The largest lattice deformations of
the bcc structure and NbH0.95 phase were observed in the Nb86Mo7Ru7 sample. This sample possessed
the highest hydrogen-diffusion coefficient value (2.32� 10�9 cm/s), the lowest hydride formation
enthalpy (�21.4 kJ/(mol$H2)), and the maximum force before and after hydrogenation. Overall, these
results demonstrate that the addition of Ru improves hydrogen diffusion and enhances the mechanical
properties of Nb86Mo14 alloy against hydrogen embrittlement.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Membrane reactors that employ dense hydrogen separation and
purification alloys are one of the most important components for
industrial hydrogen production by the steam reforming of natural
gas [1e3]. Recently, the increased demand of ultra-pure hydrogen
for various applications like anode reactants of fuel cells, semi-
conductor fabrication, foodstuff hydrogenation, and production of
high-purity chemical feedstock has intensified the metal mem-
brane research [4e6]. Polymer materials have potential to store
Liu), zmwang@guet.edu.cn
hydrogenwhile at low temperatures [7,8]. Pd and its alloys are now
widely used for hydrogen separation and purification; the obvious
disadvantage of these relatively rare alloys is their high cost. In this
respect, Group 5 metals (i.e., vanadium (V), niobium (Nb), and
tantalum (Ta)) have generated considerable interests as promising
hydrogen separation materials due to their lower price and higher
hydrogen permeability than the currently used Pd-based alloys
[9e12]. However, their poor resistance to hydrogen embrittlement
poses a significant barrier to their practical use [9,10,13,14].

Experimental studies have verified that alloying of metals is an
effective way to address this problem [12e15]. Recent theoretical
studies byWatanabe et al. have shown that the addition of W could
decrease the hydrogen solubility in Nb and therefore improve its
resistance to hydrogen embrittlement [12,16]. In addition, Hu et al.
found that the addition of W can increase the mechanical proper-
ties of Nb16H phases, decrease the structural stability of the
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Fig. 1. XRD patterns of the as-melted Nb-Mo-Co(Ru) alloy samples.
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Nb15WH (T) phase, and lower the diffusion barrier for H while
enhance its diffusion paths [17]. Both W and Mo are high-Z re-
fractory metals with similar physical properties. Compared withW,
however, Mo is a superior alloying candidate for Nb-based alloy
membranes for hydrogen permeation because of its unique prop-
erties, including a lower melting point (2883 K), lower erosion rate,
higher diffusivity, and lower solubility of H in Mo, which lead to a
lower H retention [18e20]. In our previous work, the effects of Mo
alloying on the structural stability, H diffusion, and mechanical
properties of the NbH phase were investigated by first-principles
DFT calculations; four Mo atoms were necessary to reach the
equivalent of an experimental composition of 25 at.% Mo in NbH
[12,13,16,21]. The calculated results revealed that such a configu-
ration leads to a lower energy barrier for H diffusion, a higher
diffusion coefficient (DH), and improved mechanical properties of
the Nb metal. Additional experimental studies indicated that
Nb86Mo14 has a higher DH value, higher hydride formation
enthalpy, and maximum force and displacement before and after
hydrogenation. Overall, these results indicate that alloying Nb with
Mo can improve the hydrogen-diffusion behavior and anti-bending
properties of Nb metal.

In this paper, Co and Ru were used as secondary doping ele-
ments to replace half of the Mo atoms in Nb86Mo14. The effects of
this type of double-element doping on the phase structure, H-
diffusion coefficient, and mechanical properties of Nb86Mo14 solid
solutions were then investigated. The results show that the addi-
tion of Ru improves the hydrogen diffusion and enhances the me-
chanical properties of Nb86Mo14 alloy against the hydrogen
embrittlement.

2. Experimental details

2.1. Preparation and structural characterization of Nb-Mo-Co(Ru)
alloy samples

Nb (99.99% purity), Mo (99.99% purity), Co (99.99% purity), and
Ru (99.99% purity) were used as the starting materials. Cobalt is
very hard and brittle, and it can enhance the strength of niobium
which has good ductility and hydrogen permeability. Molybdenum
has high strength, hardness, solderability and toughness. It is often
used as an additive for alloy and stainless steel. Ingots with nominal
compositions of Nb86Mo14, Nb86Mo7 Co7, and Nb86Mo7Ru7 alloys
were produced by a melting method in a KW-II non-consumable
electrode induction melting furnace (Beijing BOE Optoelectronics
Technology Co., Ltd.). The ingots were annealed at 1273 K for 96 h
under vacuum (10�3 Pa) to obtain a uniform structure and
composition, after which they were quenched in ice water before
use. X-ray diffraction (XRD) analysis of the samples was performed
on an Empyrean PIXcel 3D (PANalytical B.V., Holland, Cu Ka radia-
tion) diffractometer. The collected XRD data were then evaluated
using the Rietveld profile refinement method with the FULLPROF
software package. Fractographic analysis of the alloy membranes
was performed using a Quanta450FEG/X-Max20 (SEM/EDS, FEI,
USA).

2.2. Measurement of PCT curves and hydrogen diffusion coefficient
(DH)

The pressure-composition-temperature (PCT) curves of the
sample powders (~0.5 g, �200 mesh) at different temperatures
(573, 613, and 653 K) were measured using a Sievert-type appa-
ratus (Setaram PCTPro-2000). Before testing, three absorbing-
desorbing cycles were necessary to fully activate the samples. The
activation conditions were set at 673 K under 2MPa of hydrogen
pressure.
The hydrogen diffusion behavior of the alloy samples was
studied by a potentiostatic method using a Solartron SI1287
potentiostat at a 100% charge state with a potential step and
discharge time of þ500 mV and 3600 s, respectively. The hydrogen
diffusion coefficient (DH) can be evaluated according to Eq. (1) [23]:
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where i represents the diffusion current density (mA/g); F is the
Faraday constant; D is the hydrogen-diffusion coefficient (cm2/s);
d is the powder density (g/cm3); a is the alloy particle radius of the
powder (cm), for which an average value of 50 mmwas used for the
alloy powder sieved by 200 standard screening; C0 is the initial
hydrogen concentration (mol/cm3); C is the hydrogen concentra-
tion at the particle surface (mol/cm3); and t is the discharge time
(s). Given Eq. (1), it is clear that the value of D can be derived from
the slope of logiet curves. Before testing, the alloy electrodes were
prepared by mixing the alloy powders with carbonyl nickel pow-
ders at a weight ratio of 1:3 and then cold pressed into a pellet
under 10MPa.

The electrochemical studies were performed in a half-cell con-
sisting of a working electrode, a sintered Ni(OH)2/NiOOH counter
electrode, and a Hg/HgO reference electrode. The electrolyte was a
6M KOH solution.

2.3. Mechanical performance of the metallic membranes

A three-point bending test was conducted to measure the
bending stress of the alloy membranes of size
Ls� b� h¼ 18mm� 6mm� 0.8mm. When the membranes were
in the elastic range, the maximum bending stress is s (s¼M/W);
here, M¼ FLs/4, W¼ (bh2)/6 [22,23], F is the bending force, Ls is the
span length, and b and h are the width and thickness of the
membrane sample, respectively. Detailed information of this test is
provided in the literature [24,25].

3. Results and discussion

3.1. Structure of Nb-Mo-Co(Ru) alloy samples before and after
hydrogenation

Refined XRD data of the as-prepared Nb86Mo14, Nb86Mo7Co7,
and Nb86Mo7Ru7 alloy samples are shown in Fig. 1, where the red



Table 1
Calculated lattice parameters of Nb-Mo-Co(Ru) solid solutions with BCC structures.

Formula a (Å) b (Å) c (Å) V (Å3)

Nb(ICSD89-5157) 3.300 3.300 3.300 35.973
NbH0.95(ICSD80-2282) 3.447 4.860 4.860 81.417
As-PreparedNb86Mo14 3.2765(3) 3.2765(3) 3.2765(3) 35.175(7)

(0.71%)* (0.71%)* (0.71%)* (2.22%)*
Nb86Mo14hydride 3.4003(0) 4.8154(9) 4.7798(0) 78.265(0)

(1.35%)* (0.92%)* (1.65%)* (3.87%)*

As-PreparedNb86Mo7Co7 3.2382(3) 3.2382(3) 3.2382(3) 33.956(5)
(1.87%)* (1.87%)* (1.87%)* (5.61%)*

Nb86Mo7Co7hydride 3.3583(2) 4.7613(0) 4.6847(0) 74.908(2)
(2.57%)* (2.03%)* (3.61%)* (7.99%)*

As-PreparedNb86Mo7Ru7 3.2761(6) 3.2761(6) 3.2761(6) 35.163(7)
(0.72%)* (0.72%)* (0.72%)* (2.25%)*

Nb86Mo7Ru7 hydride 3.3716(1) 4.7840(9) 4.7413(8) 76.478(8)
(2.18%)* (1.63%)* (2.44%)* (6.06%)*

Note: the data marked with “*” is the calculated variation of the lattice parameters
relative to ICSD reference data.

Fig. 2. XRD patterns of Nb-Mo-Co(Ru) alloy samples after hydrogenation treatment.
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and black lines correspond to the experimentally observed and
calculated patterns, respectively.

The blue lines indicate the standard patterns, whereas the green
lines represent the difference between the observed and calculated
patterns. The as-prepared Nb-Mo-Co(Ru) samples are composed
entirely of Nb-based solid solutions with a body-centered cubic
(bcc) structure, and no new phase is formed. The calculated lattice
parameters of these samples are listed in Table 1. Compared with
pure Nb, clear lattice deformations can be observed for these Nb-
Mo-Co(Ru) alloy samples owing to different atomic sizes of Nb
(1.429Å), Mo (1.362Å), Co (1.253Å), and Ru (1.325Å). Fig. 2 and
Table 2 show the refined XRD data of the Nb86Mo14, Nb86Mo7Co7,
and Nb86Mo7Ru7 alloy samples after hydrogenation.

The results indicate that these solid solutions are
Table 2
Data of three-point bending test of the Nb-Mo-Co(Ru) alloy membranes before and afte

Alloy number N1 N2

Maximum force, F (N) 91.3080 99.9593
Maximum displacement, L (mm) 0.44902 0.5030
hydrogenated into their corresponding hydrides with the NbH0.95
phase after hydrotreatment under 2MPa of hydrogen pressure at
653 K. Similar changes in the lattice parameters have also been
detected in the hydride samples. Based on the structure analysis
before and after hydrogenation, it is suggested that the as-
prepared alloys are all Nb-based solid solutions with bcc struc-
tures, which can be hydrogenated into Nb-based hydrides with
NbH0.95 phases after hydrotreatment. Partial replacement of Nb
does not lead to the formation of a new phase, but instead results
in the lattice deformation due to different atomic sizes of Nb and
the dopants. A larger variation in lattice parameters was observed
for the Nb86Mo7Ru7 sample and its corresponding hydride; the
degree of variation of the lattice parameters (a, b, c, V) for the bcc
structure is 2.57% for a, 2.03% for b, 3.61% for c, and 7.99% for V, and
that of the NbH0.95 phase is 2.18%,1.63%, 2.44%, 6.06%, respectively,
as shown in Table 1.

3.2. Hydrogenation performance of Nb-Mo-Co(Ru) powder samples

To evaluate the structural stability of the Nb-based hydrides, the
hydride formation enthalpy (DH) has been derived from the PCT
analysis [26e28]. The PCT curves at three temperatures (573, 613,
and 653 K) are shown in Fig. 3(aec). As seen, the hydriding plat-
form pressure increases with increasing the temperature. The for-
mation enthalpies of the Nb-based hydrides have been calculated
using the van't-Hoff equation. As seen in Fig. 3(d), a good linear
relation between lnPeq and (1/T) with a slope of DH/R is observed
for all three samples. The calculated hydride formation enthalpies
(DH) are �35.8 kJ/(mol$H2) for Nb86Mo14, e30.6 kJ/(mol$H2) for
Nb86Mo7Co7, and e21.4 kJ/(mol$H2) for Nb86Mo7Ru7. Note that a
larger absolute value of DH is indicative of a higher stability. The
addition of Ru reduces the enthalpy value, which is conducive to
the absorption of hydrogen. Thus, the results imply that replacing
half of the Mo atom with Ru in Nb86Mo14 improves the dehydro-
genation behavior and hydrogen-permeable ability of the Nb-based
solid solution.

3.3. Measurement of hydrogen diffusion coefficient (DH)

Fig. 4 shows the relationship curves of the hydrogen perme-
ability current density and time, as measured by the potentiostatic
method. Based on the spherical electrode diffusion theory, the
hydrogen diffusion coefficient (DH) can be calculated from the slope
of the logiet curves. This approach gives the calculated DH values of
1.84� 10�9 cm/s for Nb86Mo14, 0.68� 10�9 cm/s for Nb86Mo7Co7,
and 2.32� 10�9 cm/s for Nb86Mo7Ru7. These results suggest that
the addition of Ru leads to an improvement of the hydrogen
diffusion behavior of the Nb86Mo14 sample, which can be attributed
to the larger lattice deformation and higher formation enthalpy of
the corresponding hydride in Nb86Mo7Ru7. Similar work has been
reported by Iwakura et al. using aMnNi4.0-xMn0.75Al0.25Cox alloy
sample [29,30]. In that case, hydrogen diffusion in the a-phase was
diminished as the cobalt content increased because of the strong
attractive interactions between the absorbed hydrogen atoms,
r hydrogenation.

N3 N4 N5 N6

113.8878 17.4411 21.6929 22.7722
0.4740 0.1844 0.2022 0.1835



Fig. 3. Hydrogen absorption curves and the derived hydride-formation enthalpies of Nb-Mo-Co(Ru) alloy samples.
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which is caused by its large lattice deformation. However, further
work is required to elucidate the underlying mechanism of this
process.
Fig. 4. Hydrogen permeation curves of Nb-Mo-Co(Ru) alloy samples measured by a
potentiostatic method.
3.4. Mechanical properties of Nb-Mo-Co(Ru) alloy membranes
before and after hydrogenation

The mechanical properties of the Nb-Mo-Co(Ru) alloy mem-
branes were determined using the three-point bending test as
shown in Fig. 5. The results are shown in Fig. 6 and Table 2. The
pristine Nb-Mo-Co(Ru) alloy membranes exhibited better me-
chanical properties than the corresponding hydrogenation-treated
samples. The maximum force and maximum displacement of the
pristine Nb86Mo7Ru7 sample are 113.8878 N and 0.5030mm,
respectively. In contrast, poormechanical properties were observed
for the hydrogenation-treated Nb-Mo-Co(Ru) samples. Such a clear
reduction in the mechanical property performance can be attrib-
uted to hydrogen embrittlement resulting from the hydrotreat-
ment. However, regardless of whether or not hydrogenation
treatment was performed, both the maximum force and maximum



Fig. 5. Mechanical properties test schematic of hydrogen separation alloy films.
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displacement increased in these two double-element doping
samples, indicating that the addition of Ru (or Co) can improve the
mechanical properties of Nb86Mo14 sample.

Generally, there exists a strong affinity between hydrogen and
Groups 4 and 5 elements. The produced brittle hydride after hy-
drogenation may possibly lead to cracks and their enlargement,
resulting in a reduced plasticity or strength of the materials that
may not be recoverable. In order to verify the results of the three-
point bending test, SEM fractographic analysis of the above-
Fig. 6. Three-point bending curves of Nb-Mo-Co(Ru) alloy membranes before/after
hydrogenation. N1: Pristine Nb86Mo14, N2: Pristine Nb86Mo7Co7, N3: Pristine
Nb86Mo7Ru7, N4: Nb86Mo14 sample after hydrogenation, N5: Nb86Mo7Co7 sample after
hydrogenation, N6: Nb86Mo7Ru7 sample after hydrogenation.
mentioned Nb-Mo-Co(Ru) samples before and after hydrogena-
tion was performed. The corresponding SEM images are shown in
Fig. 7. Relative to the pristine Nb-Mo-Co(Ru) membrane samples,
obvious hydrogen embrittlement cracks can be observed in the
samples after hydrogenation, especially in Nb86Mo14. As can be
seen from N5 and N6, the cracks decreased obviously after
hydrogen percolation because of the addition of Co and Ru
respectively, which effectively suppressed the problem of hydrogen
embrittlement, and the addition of Ru was more significant. These
results can be attributed to the larger lattice deformation of
Nb86Mo7Ru7 due to different atomic sizes of Nb and the dopants.
Similar results have also been reported for Mo [23e25], W [23], and
Nb [26] metals.
4. Conclusions

In this study, the as-prepared Nb86Mo14, Nb86Mo7Co7, and
Nb86Mo7Ru7 alloy samples composed of Nb-based solid solutions
with bcc structures were hydrogenated into their corresponding
hydrides with NbH0.95 phases after hydrotreatment. Doping treat-
ment leads to the lattice deformations of both the bcc structure and
the NbH0.95 phase due to atomic size differences between Nb and
the dopant atoms (Mo, Co, and Ru). The largest lattice deformation
is observed for the Nb86Mo7Ru7 sample and its hydride. Specifically,
the Nb86Mo7Ru7 sample has the highest DH value (2.32� 10�9 cm/
s), lowest hydride-formation enthalpy (△H¼�21.4 kJ/(mol$H2)),
and the maximum force before and after hydrogenation
(113.8878 N and 22.7722 N, respectively). Overall, these results
indicate that the addition of Ru will improve hydrogen diffusion
and enhance the mechanical properties of Nb86Mo14 alloy against
hydrogen embrittlement.



Fig. 7. SEM fractographic images of Nb-Mo-Co(Ru) alloy membranes before/after hydrogenation. N1: Pristine Nb86Mo14, N2: Pristine Nb86Mo7Co7, N3: Pristine Nb86Mo7Ru7, N4:
Nb86Mo14 sample after hydrogenation, N5: Nb86Mo7Co7 sample after hydrogenation, N6: Nb86Mo7Ru7 sample after hydrogenation.
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