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The effects of the electrode potential can be qualitatively understood
in terms of the “cross trends” plot shown in Fig. 4, as illustrated inFig. 6.
An increase in the electrode potential raises the hydrogenation trend
line along the activation (free) energy ordinate. This hinders the
hydrogenation of oxygen species and shifts the optimal selectivity for
water to metals with weaker BEO. This is in accordance with our
previous finding that the most active surface amongst a series of Pt
monolayer surfaces for ORR shifts to ones that bind O less strongly with
increasingelectrodepotential[79]. Theup-shiftingof thehydrogenation
trend line also compresses the peroxide regime, which is delineated by
the intersection of the hydrogenation and HOOH dissociation trend
lines, so that as the potential increases, HOOH formation falls off on
increasingly noble metals [80]. At the same time, however, hindered
hydrogenation increases surface coverage of oxygen species, e.g. O and
OH, especially on more reactive metals, which weakens the adsorption
of individual O or OH[81–83] and shifts the metals along the O–O bond
scission trend line towardweaker BEO, partially offsetting theup-shifted
hydrogenation trend line in terms of the location of themetals vis-à-vis
the intersection of the trend lines. The overall activity of oxygen
reduction, whether to water or to HOOH, is nevertheless reduced on
account of the higher activation barriers and poorer O2 uptake. The
schematic in Fig. 6 should apply equally to when the reactivity of
hydrogen is determined by the chemical potential of gas-phase H2
instead of the electrode potential.

3.5. Effect of surface structure

Less close-packed, lower-coordinated facets (e.g. (100), (110), step
edges) of fcc metals generally bind O and O2 more strongly than the
(111) facet and facilitate O2 dissociation [46,84–86]. It can be inferred
from Fig. 6 that this structural effect will primarily shift a metal toward
the stronger end of the BEO axis, i.e., in the direction of more facile O2
uptake and dissociation, either away or toward the intersection of the
cross trends depending on where the corresponding (111) facet is
located. Evidence to support this interpretation can be found in the ORR
literature. For instance, among the low-index facets of Pt the ORR
activity is highest on the (111) facet [87], whereas for Ag [88] and Au
[87,89] the (111) facet is less active than either the (100) or the (110)
facet. In particular, while four-electron reduction, which is indicative of
O–O bond scission, is not observed on Au(111) over the entire potential
range, it does occur on the (100) and vicinal facets of Au[87,89].

3.6. Challenges facing transition metal-catalyzed hydrogen peroxide
production

While Au is more selective for HOOH formation and least poisoned
by O/OH species than the other metals, it has very low activity
whether thermochemically [11,13,16] or electrochemically [87]. This
reflects a fundamental limitation on the ability of transition metals to
catalyze the partial reduction of O2 to HOOH: In the BEO regime where
the peroxide mechanism dominates (e.g., Au(111)), the metals are
poor at adsorbing O2 [90], which leads to low coverage of O2 and H
and limit activity despite high selectivity to HOOH. On the other hand,
on more reactive metal surfaces O–O bond scission is enhanced, and
the O–O bond in HOOH, being already weakened compared to that in
O2, is expected to dissociate nearly spontaneously. Like O–O bond
scission and O–H bond formation, the needs to inhibit O–O bond
scission and to increase O2 uptake also represent two opposite
demands on transition metals. A compromise may be sought through
combining Au with a more reactive metal, as has been attempted
experimentally with Pd–Au alloy catalysts: HOOH formation rates
were found to undergo a maximum at intermediate Pd–Au compo-
sition, on the basis of increased selectivity and decreased H2

conversion with increasing Au concentration [11,14,16]. A recent
theoretical investigation of model Pd–Au alloy surfaces shows a
continuous increase in O–O bond scission barriers, decrease in O–H
bond formation barriers, and weakening of O adsorption, with
increasing Au surface coverage [91], in line with our analysis of the
overall trend in oxygen reduction.

Metal surfaces can also be modified by the presence of a solution
phase adjacent to them. Specifically adsorbed anions such as Cl− and
Br− have been reported tomarkedly enhance the selectivity for HOOH
on Pd [17], Pt [92], and Ag [93], probably due to a combination of
geometric (site-blocking) and electronic effects on O–O bond scission.
Nonetheless, the concentration of the anions has been found to be
directly correlated with HOOH selectivity but inversely correlated
with HOOH formation rates [17], again suggesting a competition
between activity and selectivity for HOOH formation.

An additional challenge facing transition metal-catalyzed HOOH
formation is the existence of the aquoxylmechanism,which is closely
competitive with the peroxide mechanism on all five metals studied
in detail here (Fig. 2). This reaction channel means that on e.g. Au ca.
50% of the OOH precursor does not have the chance to form HOOH,
which fundamentally limits the selectivity to HOOH vs. water. How
these intrinsic limitations of transition metals toward catalyzing
partial O2 reduction to HOOH can be overcome requires further
research.

4. Conclusions

Self-consistent periodic DFT calculations have been performed to
explore the thermochemistry and kinetics of the reduction of gas-phase
di-oxygenbyhydrogenon the (111) facets of Rh, Ir, Ni, Pd, Pt, Cu, Ag, and
Au. The adsorption of possible reaction intermediates, including H, O,
OH, O2, OOH, H2O, HOOH, OOHH, and HOOHH is systematically
investigated. Based on these intermediates, a total of ten surface
elementary steps are investigated in detail for Pd, Pt, Cu, Ag, and Au,
including four O–O bond scission steps,five O–H bond formation steps,
and one OH disproportionation step. Different combinations of these
steps constitute one dissociative (via O2 dissociation) and three
associative mechanisms (via the peroxyl (OOH), peroxide (HOOH),
and aquoxyl (OOHH) intermediates).

On the basis of the reaction PESs, we suggest that the intrinsic
reactivity of Rh, Ir, Ni, and Cu causes the dissociative mechanism
to prevail, and the intrinsic reactivity of Pd, Pt, Ag, and Au causes
the associative mechanisms to prevail. When the activation
barriers of the key O–O bond scission and O–H bond formation
steps are plotted against the binding energy of atomic oxygen

Fig. 6. Schematic showing how a change in electrode potential would modify the cross
trends in Fig. 4. Dotted line (blue online) represents the family of hydrogenation trend
lines and is up-shifted when the reducing power of hydrogen is lowered, which causes
more reactive metals (e.g. Pt) to migrate along the O2 dissociation trend line (solid, or
red online) toward the right (e.g. to Pt') because of coverage effects. Long dashed line
(pink online) represents the HOOH dissociation trend line.
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Fig. 4. The activation energies for (a) O–O bond scission in O2, OOH, and H2O2 and for (b) hydrogenation of O, O2, and OOH on Cu, Pd, Pt, Ag, and Au, plotted against the binding
energy of atomic oxygen (BEO) on these metals. O2 dissociation on Au lies on the trend line but far up on the ordinate and so is not shown. Activation energies for the bond formation
steps are with respect to infinitely separated reactants (see Table 4). O2 dissociation and OH formation are included in both plots for comparison. Selectivity and O2 availability
regimes are indicated below each plot. Lines are least-square fits excluding four outliers: OH+H on Pt; O2+H on Pd; OOH, and OH+H on Pt and Ag.

Fig. 5. Free energy diagram for the dissociative (solid or red online), peroxyl (dotted or blue online), and peroxide (dashed or green online) mechanisms for oxygen reduction on the
(111) facets of Pd, Pt, Cu, Ag, and Au at the equilibrium oxygen reduction potential of +1.23 V and 298 K. The summary panel compares the dissociative mechanism on all these
metals as well as Ir, Rh, and Ni(111). The ordinate is relative free energy (in eV). Adsorbed species are indicated by "*". Multiple species involved in a single state are infinitely
separated from one another. For brevity water is shown as being formed from OH+H.
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oxygen reduction by hydrogen, encompassing both partial reduction
to HOOH and complete reduction to water, on transition metals, and
therefore serves as an important criterion for modifying metal
surfaces for desired oxygen reduction products.

3.4. Electrocatalytic oxygen reduction: Effect of electric potential

The electrocatalytic reduction of O2, e.g. as it occurs at the cathode
of a PEMFC, offers an example of how oxygen reduction reactivity of
a metal can be modified by external factors. The reducing power of
hydrogen can be changed by changing the electrode potential. To
demonstrate the effect of a positive potential, we evaluate the relative
importance of the dissociative and two associative (peroxyl and
peroxide) mechanisms when subject to the equilibrium oxygen
reduction potential of +1.23 V (vs. SHE). The corresponding reaction
free energy landscape for the ORR is presented in Fig. 5 for the five
metals,which can be comparedwith Fig. 2which approximately depicts
the zero-potential case. Because how electron transfer affects the
transition state of a protonation step is currently unknown, Fig. 5 does

not include the activation energies of proton/electron transfer steps.
Methods for estimating potential-dependent activation energies have
been proposed [52,78]; in general higher activation energies are
estimated for proton-electron transfer steps atmore positive potentials.

Fig. 5 shows that the main effect of the positive potential is to lower
the free energy of those states that involve electrons in the electrode
relative to those inwhich the electrons have already been transferred to
the surface species, effectively destabilizing the hydrogenated oxygen
species andmaking the hydrogenation of oxygen speciesmore difficult.
The summary panel in Fig. 5 illustrates the energy sinks at +1.23 V on
the reaction energy landscape, which are particularly deep for Ni, Rh, Ir,
and Cu due to bothO andOH (ca.−1.5 to−2.4 eV/O) and significant on
Ag due to OH (ca.−1 eV/OH). For Pd and Pt, the peroxyl and peroxide
mechanisms can avoid the deep sink due to O (ca. −1 eV for O),
although the hydrogenation of OH to H2O is still ca. 0.5 eV/OH uphill in
free energy on Pt. Given the substantial thermodynamic barriers for O
andOH removal, we expect all themetals except Au to be poisoned byO
or OH, whichmay be generated from either O2 or H2O dissociation, at+
1.23 V.

Fig. 3. The geometries of the calculated transition states of the elementary steps on the (111) facet of the five fcc metals considered for the associative mechanisms. “sp.” indicates a
nearly spontaneous step whose transition state could not be isolated within the accuracy of our calculation parameters. OOH+H→H2O+O is a concerted step on Pd, Pt, and Cu. For
Ag and Au, an OOHH intermediate forms and this process is therefore broken into two steps (OOH+H→OOHH; OOHH→H2O+O). See text for details.
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NMR Studies on the Diffusion of Hydrocarbons
on the Metal-Organic Framework Material
MOF-5**

Frank Stallmach,* Stefan Gr!ger, Volker K"nzel,
J!rg K#rger, O. M. Yaghi, Michael Hesse, and
Ulrich M"ller*

The outstanding conceptual approach of so-called reticular
design[1] for the generation of metal-organic frameworks
(MOFs) or coordination polymers enables the tailoring of
solids with regular porosity on the nanometer scale. Since the
discovery of this new family of nanoporous materials, and
especially stimulated by the work on MOF-5[2] as its most
prominent representative, research efforts primarily focused
on the synthesis and analysis of these compounds.[3,4]

Research in this area is prompted by intriguing opportunities
in the design of new materials by simply linking metals, which
act as coordination centers, using a variety of polyatomic
organic bridging ligands,[1–4] and the potential application of
the resulting tailored nanoporous host materials in adsorp-
tion, separation, gas storage, and heterogeneous catalysis.[3–7]

For example, the self-assembly of dicarboxylic acids of
different molecular lengths as the organic linkers and
octahedral basic zinc acetate clusters as the metal coordina-
tion centers leads to mechanically and thermally robust
solids,[3,8, 9] which may facilitate even large-scale applications
of MOFs in these industrially important fields.

Industrial applications would require the removal of the
organic solvent present during synthesis, which often might be
difficult, as well as the introduction and diffusion of valuable
(non-native) molecules in the pore space. While adsorption
studies with inert gases are performed in the context of basic

material characterization, similar investigations with more
relevant molecules are less common. Moreover, no exper-
imental data exist on diffusion of such molecules through the
pore space of MOF materials. To our knowledge, only
theoretical results on diffusion in MOF have been published
so far from MD simulations of argon in MOF-2, MOF-3,
MOF-5, and CuBTC,[10,11] and of other gases (H2, N2, CO2)
and alkanes (methane, n-pentane, n-hexane, cyclohexane, n-
heptane) in MOF-5.[11, 12] Here, we present the first exper-
imental diffusion studies on nanoporous metal-organic frame-
work materials. We used MOF-5 that had been prepared on a
kilogram scale and studied themobility of methane, ethane, n-
hexane, and benzene by pulsed field gradient (PFG)
NMR,[13,14] which is a well-established technique for intra-
crystalline self-diffusion studies in microporous solids.[14a,15–17]

The synthesis of MOF-5 by an optimized large-scale
preparation, the removal of organic solvent, and sample
characterization by wet chemical analysis, adsorption studies
(including isotherms of argon, methane, and ethane), X-ray
diffraction, and solid-state 1H(MAS) NMR are described in
the Supporting Information. The results show the character-
istics expected for MOF-5,[1,4] and there is no evidence that
the material decomposes during the experiments. Electron
micrographs of the obtained MOF-5 material, which has a
specific surface area of 3400 m2g!1, show well-shaped, high-
quality cubic crystals with crystal sizes between 50 to 200 mm
(Figure 1). They are sufficiently large to measure intracrystal-

line self-diffusion by PFG NMR. For these diffusion studies,
volumetrically determined amounts of the sorbate gases
(vapors) were adsorbed at 77 K onto activated MOF-5
samples in NMR sample tubes (Table 1). The absorbed
amounts correspond to about five (benzene, n-hexane) and
six (methane, ethane) carbon atoms of the adsorbate mole-
cule per cavity of the MOF-5.

PFGNMRmeasurements were performed on the custom-
built NMR spectrometer Fegris400NT[18] using the 13-inter-
val stimulated spin-echo pulse sequence with two pairs of
alternating pulsed magnetic field gradients (amplitude g,
width D) for diffusional encoding.[19] This technique is

Figure 1. Scanning electron micrograph (SEM) of MOF-5 crystals
obtained from the optimized large-scale preparation. The bar
represents a length of 1 mm.
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  Provide accelerating gradient for high-performance linear 
particle accelerators 

  Made from ultra pure niobium (>99.98%)  

  Type II superconductor with Tc = 9.2 K  

  Operation in the superconducting state decreases losses 
due to surface resistance by ~106 
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  Q-disease  

  Q-slope 

  Electron field emission 

  Multipacting  
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  Forming – source of  many lattice defects 

  Processing – some important techniques 
  Buffered chemical polishing of  outer surface – increase heat transfer 

  Bulk electropolishing (~150 µm) of  inner surface – remove damage 
layer from forming 

  600-800 °C bake – eliminate Q-disease 

  Tumbling – smooth surface 

  High pressure rinse – remove dust (prevent field emission) 

  100-160 °C bake – mitigate Q-slope 

  Nitrogen and titanium impurities – increase Q 

  Procedure is empirical 
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  Ideally controlled by F- diffusion to the niobium surface 

  Avoids crystallographic etching 

  Promotes surface leveling 

  Affected by local temperature, 
flow, and electrolyte composition 

  Standard recipe:  

  9 parts 98% H2SO4 : 1 part 48% HF 

  Chemical processes: 

  Oxidation:  2Nb + 5SO4
2- + 5H2O -> Nb2O5 + 10H+ + 5SO4

2- + 10e- 

  Dissolution:  Nb2O5 + 6HF -> H2NbOF5 + NbO2F -> 0.5H2O + 1.5H2O 

  Product formation:  NbO2F  0.5H2O + 4HF -> H2NbOF5 + 1.5H2O 
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  Strong improvement of  gloss  
-> reduction of  roughness 

  Quality of  finish related to Nb 
 pretreatment  

  Cold work strongly promotes pitting 

  Welding promotes pitting 

  Quality of  finish related to EP process  
parameters 

  Agitation of  bath promotes etching 

  Temperature indirectly effects the process 
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Nb sample before EP 

Nb sample after EP 

Cooley L D, et al. 2011 IEEE Trans. Appl. Supercond. 21 2609-2014  



  HFSO3 is present in fresh 
mixed EP solution via: 

 HF + H2SO4 <-> HFSO3 + H2O 

 -> the concentration of  HFSO3 
can be used to track the 
progress of  EP 
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Raman 

IR 

NMR 



NbH (β niobium hydride) bcc Niobium 

Apply periodic 
boundary conditions 

Build a crystal 
structure 

Compare properties of  different structures 

  Solve the electronic structure problem for the model systems 
using density functional theory in VASP  

  Assess properties such as binding energy, electron distribution, 
and niobium lattice strain  
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β ε α α’ 

Supercond. Sci. Technol. 26 (2013) 095002 D C Ford et al

Figure 3. Energy difference between the niobium hydride phases
and isolated hydrogen atoms in niobium tetrahedral interstices
versus hydrogen concentration.

arrangement. Both Čı́žek et al and Koike et al measured
an increase in vacancy concentration with increasing
hydrogen concentration, although the hydrogen-induced
vacancy concentration remained three orders of magnitude
smaller than the total hydrogen concentration, and was
comparable to the expected thermally induced vacancy
formation near the melting point. Rao et al showed a similar
result based on DFT and statistical modeling [53]. The
addition of hydrogen to metals including niobium is believed
to induce vacancy formation, since several neighboring
hydrogen atoms would be energetically stabilized by the
presence of a vacancy [69, 70]. We find that the absorption
energy of a single hydrogen atom into a vacancy is 0.41 eV
greater than into a tetrahedral interstitial site. The total
calculated absorption energy of six hydrogen atoms into a
lattice vacancy from tetrahedral interstices is −2.05 eV, which
would reduce the formation energy of a vacancy to ∼0.66 eV.

3.3. Geometric and electronic aspects of niobium hydride
phase changes

Figure 3 shows the energy difference between isolated
interstitial hydrogen atoms occupying tetrahedral sites in
bcc niobium and the various niobium hydride phases. These
results highlight the thermodynamic favorability for the phase
changes to occur at specific concentrations. The general shape
of the solid-solution plot indicates that continual dissolution
of hydrogen into niobium is favored with increasing hydrogen
content up to a certain concentration at which the trend
reverses. This behavior is common among transition metals
and is related to a balance of the effects of metal lattice
strain, hydrogen–metal attraction, and hydrogen–hydrogen
repulsion [30]. A closer look at the plot reveals a distinct
change in interaction energy at an atomic ratio of hydrogen
to niobium (H/Nb) of 0.32. Prior to this point the energy
decrease was mild with increasing hydrogen concentration,
and afterwards the energy difference increases more quickly.
This correlates with a change in the elastic modulus, which
signals the phase change from the α to the α′ phase. The

Figure 4. Unit cell expansion (a is the lattice parameter) versus
hydrogen concentration. Least squares fits to the data are also given.
The α and α′ phases are divided at ∼20 at.%, based on the division
in the experimental phase diagram.

addition of more hydrogen atoms continues to drive the energy
decrease until an H/Nb ratio of 0.75 is reached, at which
point the ordered face-centered orthorhombic (fco) phases ε

and β become energetically favored. While a configuration of
ordered hydrogen in the tetrahedral interstices of bcc niobium
is plausible, this configuration is found to be higher in energy
than that of fco β.

The elastic deformation of the lattice with respect
to hydrogen concentration in the solid-solution is shown
in figure 4. The results are in good agreement with the
temperature-dependent x-ray diffraction data of Albrecht
et al [71] at 0.10 and 0.54 H/Nb ratio. Albrecht et al,
however, measure a smaller expansion at 0.25 H/Nb, which
is near the divide between the α and α′ regions. The known
slope of the lattice parameter increase ($a/a) versus H/Nb
plot (0.058 [72]) for the α phase is well reproduced in this
study (0.057). The deformation increases linearly in both
solid-solution phases, but at a faster rate in the α than in the
α′ phase.

The importance of charge distribution for phase
formation was suggested by Aboud and Wilcox [52], who
studied the electronic charge state of hydrogen in niobium,
vanadium, tantalum, palladium and palladium–niobium alloys
utilizing DFT and Bader charge analysis. They found an
increase in hydrogen’s electronic charge, the host metal’s
lattice parameter, and the absorption energy for hydrogen
into vanadium and tantalum for an increase in hydrogen
concentration from 0.0625 to 0.125 H/host atomic ratio;
however, the electronic charge on hydrogen decreased
when the hydrogen concentration was further increased to
0.25 H/host ratio. The reduction in hydrogen charge was
accompanied by an increase in absorption energy and host
lattice parameter. When the concentration was increased to
0.5 H/host ratio, they calculated a higher H charge and
smaller absorption energy. The transition to the β phase
for vanadium and tantalum occurs at 0.5 H/host ratio.
They explained their observations as a competition between
short-range repulsion between the dissolved hydrogen atoms

5
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  Niobium lattice vacancies can nucleate ordered hydride phases 
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  Oxygen atoms can block hydride 
nucleation sites 

15 
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  Interstitial O, N, and C atoms can trap interstitial H 
atoms and prevent detrimental hydride formation 

Ford D C, Zapol P, Cooley L D  2015 J. Phys. Chem. C in press 
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Raman Spectrum of Hydrocarbon Chains  
in Niobium 
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Fig. 4. A significant fraction of the pits showed spectra
similar to those found on Nb foils and a comparison of
representative spectra is shown in Fig. 4. Each of the six hot
spot samples is represented and similar spectra were ob-
served in multiple pits on each sample. There is remarkable
agreement among the spectra, which indicates that the
development of particular impurity complexes in the sub-
surface of some pits is a rather common phenomenon.

Since hydride inclusions precipitating at a dislocation
would likely be nanoscale, there could be significant pho-
non scattering which would generate disorder induced first
order Raman scattering from the entire optical mode
branch [32]. Considering this possibility, we compared
the Raman spectra to the partial DOS of the optical
branches that have a Raman-active mode at the zone center.
These DOS calculations are shown as the red and green
lines for NbH and NbH2, respectively. The agreement in
location and characteristic width of the calculated and
measured Raman peaks is quite good and the interpretation
that these were hydride phases was made in an earlier

report based on limited data [31]. However, such hydride
complexes do not explain the peaks near 2900 cm!1.

D. Hydrocarbon modes

High wave number activity may be indicative of a
surface species, and particularly, C-H stretching modes
were suspected. A literature search yielded the Raman
spectrum of stearic acid [17], which could explain not
only the peaks near 2900 cm!1, but also several of the
lower wave number peaks. For comparison with the litera-
ture spectrum, we removed the fluorescence background
from the cold-worked foil spectrum of Fig. 3. The back-
ground was obtained by blocking the peak region and
fitting the rest of the data with a polynomial, as shown in
Fig. 5.
In Fig. 6, we compared our spectrum with that of stearic

acid [17], which is a chain compound with 18 carbon
atoms. The Raman peak frequencies and their assignments
are shown in Table II. Additionally, we show the DFT
calculations of partial DOS of the entire optical branches
of NbH and NbH2. Since the phonon modes of NbH and
NbH2 are near the same locations of the mid-wave-number
modes of CH2, and they coincide with our measured
Raman spectra, the presence of NbH and NbH2 cannot

FIG. 5. The background (blue line) is a polynomial fit of the
peakless region of the raw data. The black line is the residue after
subtracting the background.

FIG. 6. Top: Raman spectrum of stearic acid [17]. Middle:
Raman spectrum of a cold-worked foil stripped of background.
Bottom: DFT calculations of NbH and NbH2 modes.

FIG. 4. Raman spectra inside pits or rough spots on six differ-
ent hot spot samples. The dark spot on the inset shows the optical
image of a pit. For comparison the data from a recrystallized Nb
foil (pit and cold-worked region) are shown along with the
typical spectrum from a smooth region. Red and green lines
correspond to the partial DOS of the entire optical branch for
NbH and NbH2, respectively.

TABLE II. Raman vibrational assignments and peak frequen-
cies for rough patches on Nb bent foil and stearic acid [17].

Stearic acid (cm!1) Nb bent foil (cm!1) Assignment

1063 1068 C-C stretch
1130 1140 C-C stretch
1296 1303 C-C twist
1441 1450 CH2 bend
1461 1471 CH2 bend
2846 2870 CH2 stretch
2881 2904 CH2 stretch

DETECTION OF SURFACE CARBON AND . . . Phys. Rev. ST Accel. Beams 16, 064701 (2013)

064701-5

C. Cao, et al. 2013 Phys. Rev. ST Accel. Beams 16 064701 17 
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Carbon Chains in Niobium 

BEC (eV) -0.35 -0.88 -0.51  0.07 

BENbC (eV) -0.03 -0.24  0.45  1.35 

  Longer chains quickly become unfavorable 

  C-H in Nb spontaneously dissociates 

  Is a surface or surface-like defect, such as a grain boundary, 
required for chain formation? 

Ford D C, Zapol P, Cooley L D  2015 J. Phys. Chem. C in press 18 
Denise Ford, ANL May 11, 2015 



Carbon Clustering in Niobium 

BEC (eV) -0.77 -1.84 -0.32 

BENbC (eV) -0.45 -0.88  0.64 

  Favorable for C to cluster  

  C can form Cottrell atmospheres around niobium 
lattice vacancy-type defects 

Ford D C, Zapol P, Cooley L D  2015 J. Phys. Chem. C in press 19 
Denise Ford, ANL May 11, 2015 



Experimental Evidence for NbC Precipitates 
in SRF Nb 

Cao C, et al. 2015 Phys. Rev. B 91 094302 
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  Coherent Nb / NbC interfaces are found in a variety 
of  SRF Nb samples 
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Creating an Coherent Interface Model 
 for Nb/NbC 

Cao C, et al. 2015 Phys. Rev. B 91 094302 
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  Anisotropic compression is required to match the NbC (111) 
plane to the Nb (110) 

  Relatively smaller isotropic expansion is required to match 
NbC (110) to Nb (110) 
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Raman Spectra and Calculated Phonon DOS 

Cao C, et al. 2015 Phys. Rev. B 91 094302 
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  The two-phonon signal dominates the experimental spectra 

  The Nb (110) / NbC (110) interface model provides a close 
match to the experimental spectra 
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Point Contact Tunneling Spectra 

Cao C, et al. 2015 Phys. Rev. B 91 094302 

  Increased gap -> possible increased Tc at or near the 
interface between Nb and NbC or in the NbC precipitates  

23 
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Ford D C, Zapol P, Cooley L D 2014 Appl. Supercond. Conf. 
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  Changes in electron and phonon structure lead to increased Tc 
for small expansive strains and decreased Tc for small pressures 

Niobium 
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  Carbon atoms bind with Nb atoms, reducing NF  

  Nb2C has a lower NF than NbC and Nb -> likely lower Tc 

Ford D C, Zapol P, Cooley L D  2015 J. Phys. Chem. C in press 25 
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  Materials science studies of  the 
components for the HiLumi upgrade 
  production issues with the crab cavities 
  production issues with the quadrupoles  
  radiation stability  

  Advanced accelerator materials 

26 
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  Calculation parameters 
  Vienna Ab Initio Simulation Package (VASP) 

  Plane wave basis set w/400 eV cutoff  

  PAW pseudopotentials to describe atomic cores  

  PBE-GGA exchange-correlation functional 

  ~0.25/Å gamma-centered k-point mesh for geometries 

  ~0.12/Å gamma-centered k-point mesh for eDOS 

  Bader Method to assign local properties  
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  The niobium – hydrogen phase diagram is very complex 

  α, α’ – interstitial hydrogen  
dispersed in bcc niobium  

  β, ε – ordered hydrogen  
interstitials in fco niobium 

  δ – hydrogen in the tet.  
sites of  fcc niobium  
– fluorite structure  

  λ, λc – experimentally 
unconfirmed phases 
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  The niobium surface is covered with a complex system 
of  oxide layers which changes during processing 

  Properties range from metallic to insulating 

  Oxygen solubility is much lower than hydrogen 
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and its temperature dependence is given by 
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#! is approximately the geometric mean of #!$ and #!%. The relation between #!% and ,&' 

given by Eq. (66) indicates the following temperature dependence of the Ginzburg-

Landau coherence length, which is valid at temperatures lower than (!
7
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FIG. 16. Phase diagram of type-I (left) and type-II (right) superconductors. 

 

 

In 1963 Saint-James and de Gennes [42] showed that superconductivity can persist in 

a surface layer of thickness -,&' of a superconductor in contact with an insulator, even in 

a magnetic field whose strength is sufficient to drive the bulk material normal. This 

happens up to a field called #!*. The value of #!* depends on the angle the applied field 

makes to the surface and is maximum when the applied field is parallel to the surface. In 

this case #!* = 1.695#!% while it is equal to #!% when the field is perpendicular to the 

                                                 

7 As a remainder, the dependencies given by Eqs. (48) and (49) are valid only close to (!. 
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Figure 2: The exponential drop of the magnetic field and the rise of the Cooper-pair density at a boundary between

a normal and a superconductor.

separated from the single-electron states by a temperature dependent energy gap Eg = 2∆(T ). The critical
temperature is related to the energy gap at T = 0 by

1.76 kBTc = ∆(0) . (5)

Here kB = 1.38 · 10−23 J/K is the Boltzmann constant. The magnetic flux through a superconducting ring
is found to be quantized, the smallest unit being the elementary flux quantum

Φ0 =
h

2e
= 2.07 · 10−15 Vs . (6)

These and many other predictions of the BCS theory, like the temperature dependence of the energy gap
and the existence of quantum interference phenomena, have been confirmed by experiment and often found
practical application.

A discovery of enormous practical consequences was the finding that there exist two types of supercon-
ductors with rather different response to magnetic fields. The elements lead, mercury, tin, aluminium and
others are called ’type I‘ superconductors. They do not admit a magnetic field in the bulk material and
are in the superconducting state provided the applied field stays below a critical field Hc (Bc = µ0Hc is
usually less than 0.1 Tesla). All superconducting alloys like lead-indium, niobium-titanium, niobium-tin and
also the element niobium belong to the large class of ’type II‘ superconductors. They are characterized by
two critical fields, Hc1 and Hc2. Below Hc1 these substances are in the Meissner phase with complete field
expulsion while in the range Hc1 < H < Hc2 they enter the mixed phase in which the magnetic field pierces
the bulk material in the form of flux tubes. Many of these materials remain superconductive up to much
higher fields (10 Tesla or more).

2.2 Energy balance in a magnetic field

A material like lead makes a phase transition from the normal to the superconducting state when it is
cooled below Tc and when the magnetic field is less than Hc(T ). This is a phase transition comparable to
the transition from water to ice below 0◦C. Phase transitions take place when the new state is energetically
favoured. The relevant thermodynamic energy is here the so-called Gibbs free energy G. Free energies
have been measured for a variety of materials. For temperatures T < Tc they are found to be lower in
the superconducting than in the normal state while Gsup approaches Gnorm in the limit T → Tc, see Fig.
3a. What is now the impact of a magnetic field on the energy balance? A magnetic field has an energy
density µ0/2 · H2, and according to the Meissner-Ochsenfeld effect the magnetic energy must be pushed
out of the material when it enters the superconducting state. Hence the free energy per unit volume in the
superconducting state increases quadratically with the applied field:

Gsup(H) = Gsup(0) +
µ0

2
H2 . (7)

4

Figure 1: The low-temperature resistivity of copper, tin and YBa2Cu3O7.

Al Hg Sn Pb Nb Ti NbTi Nb3Sn
1.14 4.15 3.72 7.9 9.2 0.4 9.4 18

Table 1: Critical temperature Tc in K of selected superconducting materials for vanishing magnetic field.

its interior when cooled below Tc, while in stronger fields superconductivity breaks down and the material
goes to the normal state. The spontaneous exclusion of magnetic fields upon crossing Tc cannot be explained
in terms of the Maxwell equations of classical electrodynamics and indeed turned out to be of quantum-
theoretical origin. In 1935 H. and F. London proposed an equation which offered a phenomenological
explanation of the field exclusion. The London equation relates the supercurrent density Js to the magnetic
field:

!∇× !Js = −nse2

me

!B (1)

where ns is the density of the super-electrons. In combination with the Maxwell equation !∇× !B = µ0
!Js we

get the following equation for the magnetic field in a superconductor

∇2 !B − µ0nse2

me

!B = 0 . (2)

For a simple geometry, namely the boundary between a superconducting half space and vacuum, and with
a magnetic field parallel to the surface, Eq. (2) reads

d2By

dx2
− 1

λ2
L

By = 0 with λL =
√

me

µ0nse2
. (3)

Here we have introduced a very important superconductor parameter, the London penetration depth λL.
The solution of the differential equation is

By(x) = B0 exp(−x/λL) . (4)

So the magnetic field does not abruptly drop to zero at the superconductor surface but penetrates into the
material with exponential attenuation (Fig. 2). For typical material parameters the penetration depth is
quite small, namely 20 – 50 nm. In the bulk of a thick superconductor the magnetic field vanishes which is
just the Meissner-Ochsenfeld effect.

The justification of the London equation remained obscure until the advent of the microscopic theory of
superconductivity by Bardeen, Cooper and Schrieffer in 1957. The BCS theory is based on the assumption
that the supercurrent is not carried by single electrons but rather by pairs of electrons of opposite momenta
and spins, the so-called Cooper pairs. The London penetration depth remains invariant under the replace-
ments ns → nc = ns/2, e→ 2e and me → mc = 2me. The BCS theory revolutionized our understanding of
superconductivity. All Cooper pairs occupy a single quantum state, the BCS ground state, whose energy is

3
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