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Feature article

caNadiaN research combiNiNg NeutroN 
reflectometrY aNd electrochemistrY

bY James J. Noël

Neutron reflectometry (NR) is a powerful tech-
nique for probing surface layers, because it is 
sensitive to isotopic makeup and has excellent 
depth resolution, typically 0.5-1 nm, for layers 

in the range 0.5-300 nm thick. It is non-destructive and 
often amenable to in-situ observations. Its applications are 
well described [1-3]. Canadian NR capabilities have 
yielded key data on a variety of experimental systems: 
polymers [4-10], adsorbed layers [11,12], hydrogen stor-
age materials [13-19], electrochemical capacitors [20], 
and corroding metals [21-26].

NR is based on specular reflection of neutrons from a pla-
nar surface, or from a series of layered interfaces. As does 
optical reflectivity technique, NR yields information on 
the differences between the refractive indices of the mate-
rials on either side of the interface in the form of a profile 
in the direction normal to the interface. The neutron 
refractive index of a material is related to its scattering 
length density (SLD), the weighted average of rb of all 
the material’s components, where r is the number density 
of atomic nuclei and b is their coherent neutron scattering 
length, an intrinsic and isotope-specific property of the 
atomic nucleus. NR can reveal a compositional depth pro-
file of the interfacial layers to about 1 at.%, and its iso-
topic sensitivity is useful for isotopic labelling experiments 
or contrast matching [1]. When the surface contains mul-
tiple layers, a portion of the incident coherent neutron 
beam reflects from each interface, creating an interference 
pattern at the detector, which is related to the thickness of 
each of the surface layers by Bragg’s law.

THE HISTORY OF NR IN CANADA
The earliest NR experiments [1] were reported in the 
1980s, and NR became available in Canada in 1992 at 
the NRU reactor at Chalk River. The first experiments at 
NRU were conducted on a system of giant magnetoresist-
ance (GMR) multilayers [27,28], for which beam scientist 

Zin Tun configured the C5 triple axis neutron spectrome-
ter as a part-time reflectometer, since C5 already had the 
components required for reflectometry: monochromator; 
rotatable sample table; neutron detectors for signal count-
ing and beam monitoring (in lieu of a reference beam); 
collimating slits; computer for instrument control and 
data acquisition; and radiation shielding (see schematic in 
Fig. 1). Only high-precision collimating slits had to be 
added for NR, and further success with studies of magnet-
ism [28], polymer surfaces [7,8], and corrosion [22-26] 
facilitated formation of a user community that supported 
the construction of the CFI-funded custom-built neutron 
reflectometer at the D3 beam (Fig. 2) to improve quality 
of data and ease of operation. The D3 reflectometer, 
which was completed in 2007 and described by  
Fritzsche [10], was designed to balance competing issues, 
such as functionality, complexity and cost; high neutron 
flux versus low background; and resolution versus 
dynamic range [9]. Amongst its optimizations are: a very 
tall focusing monochromator to maximize neutron flux on 
the sample, a limiting parameter that determines resolu-
tion or time required for data collection; a correspond-
ingly tall 32-wire detector for simultaneous measurement 
of specular and off-specular reflections; and supermirror 
polarizers for measurements involving magnetism. It was 
designed with the capacity to use cold neutrons, so that it 
could later be relocated to a reactor with a cold neutron 
source.

SOLID-LIQUID ELECTROCHEMICAL 
SETUP
Difficulties in passing neutrons through the electrolyte 
solution, or in obtaining large, flat interfaces in a solid 
electrolyte cell, make NR challenging for electrochemistry 
at liquid-liquid or solid-solid interfaces, respectively, but 
the solid-liquid electrochemical NR setup is often amena-
ble for in-situ NR, even at elevated temperatures and pres-
sures. The solid-liquid case uses some of neutrons’ unique 
properties, including high penetrating power in most sol-
ids. They can be directed through the substrate, instead of 
through hydrogenous solutions, as is often done with elec-
tromagnetic probes, because hydrogen has high neutron 
cross-sections for absorption and inelastic scattering. 
Typically, a very thin, uniform layer of the electrode 
 material, deposited on a substrate, is mounted in an 

summarY

I overview Canadian neutron reflectometry, 
with a focus on applications in electrochemi-
cal and corrosion science research.

James J. Noël, 
<jjnoel@uwo.ca>, 
Department of 
Chemistry and 
Surface Science 
Western, The 
University of 
Western Ontario, 
London, ON N6A 
5B7



Canadian ReseaRCh Combining neutRon RefleCtometRy . . . (noël)

50 • PhysiCs in Canada / Vol. 74, No. 1-2 ( 2018 )

electrochemical cell that allows neutrons to pass through the 
“back” of the electrode and reflect from the electrode-solution 
interface, continuing then to travel through the underlying sub-
strate toward the detector (Fig. 3). Only neutrons that have 
reflected before crossing the outermost layer of the electrode-
solution interface are detected. Thus, the electrochemistry in the 
solution does not interfere with the NR measurement. The sur-
face can be configured either horizontally or vertically to suit 
the orientation of the reflectometer, but practical considerations, 
such as removal of evolved gas bubbles, or buoyancy or hydro-
philicity effects on adsorbates, may favour one or the other 
orientation.

NR requires a very large, single-crystal substrate of a neutron-
transparent material, such as silicon, quartz, or sapphire, 

Fig. 2 Cut-away diagram of the D3 reflectometer at Chalk River 
Laboratories, with key features highlighted.

Fig. 3 Schematic illustration of electrochemical setup showing 
the path of neutrons through the substrate. The substrate, 
coated with the material under study, may be made to re-
side at the top, bottom or sidewall of the electrochemical 
cell, affording flexibility for work at a reflectometer 
with either vertical or horizontal beam orientation and 
with systems affected by the gravitational field. 

Fig. 1 Schematic layout of a neutron reflectometer, showing: 
A-neutron source; B-neutron beam; C-monochromator; 
D-rotatable sample table; E-neutron detectors for signal 
counting and beam monitoring (in lieu of reference 
beam); F-collimating slits; G-computer for instrument 
control and data acquisition; H-sample; and J-massive 
radiation shielding.

which must be polished nearly atomically flat. Single crystal 
substrates avoid undesired scattering from grain boundaries. 
Neutron-transparency is needed since neutrons may travel 
through the full length of the substrate at the glancing incidence 
angles (<5°) required for reflection.

Similarly, the deposited electrode layer must also be thin, flat, 
and uniform over several square centimetres. Thinness mini-
mizes incoherent and inelastic scattering. The large surface 
area is required for two reasons: (1) the low neutron flux, 
which is much lower than flux in analogous optical techniques, 
requires a larger beam, and (2) even with a narrow ribbon-
shaped beam, the beam footprint is large at the glancing 
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incidence angles (<5°) required for reflection. That is, there is 
a wide separation between where the front of the beam hits the 
interface and the point where the back of the beam encounters 
it (Fig. 3). Since the maxima and minima in the reflected neu-
tron interference pattern are related via Bragg’s law to 
the thicknesses in a system of layers, flatness and uniformity 
of the electrode are essential to distinguish layers as thin as 
1 nm from the surface roughness. Electrode preparation is not 
as daunting as it may sound. For example, the author has used 
10 cm diameter single-crystal Si slabs of 6 mm thickness as 
substrates [21-26], with measured intensity losses of only 
about 15% over the 10 cm path that the neutrons travel through 
the Si.

CORROSION STUDIES
Much in-situ electrochemical NR research at Chalk River has 
been on corrosion of metals, particularly Ti [21-26], Zr [25,26], 
and Zr-2.5Nb alloy [24], because of their importance to the 
Canadian nuclear industry: Zr and Zr-Nb alloys are used in reac-
tor fuel channels and fuel sheathing, and Ti was a candidate 
material for fabrication of nuclear fuel waste disposal contain-
ers, though it has been displaced for this purpose by copper-
coated steel [29]. These metals are well suited for in-situ 
electrochemistry NR experiments, first, because they can be 
prepared by magnetron sputtering deposition. Second, their 
spontaneously-formed passive oxide films exhibit no roughen-
ing due to localized corrosion and they have very low corrosion 
rates, which enables stability over the 8-24 h periods required to 
collect clean, low noise NR data. Third, they tend to absorb 
atomic hydrogen, a common by-product of corrosion, and in situ 
NR has a rare ability to quantify hydrogen in metals non-
destructively. Thus, we could simultaneously measure the metal 
and oxide layer thickness and composition, including hydrogen 
content, observing oxide film growth or hydrogen absorption as 
a function of electrochemical potential.

Titanium
On Ti, NR revealed that the air-formed passive oxide was a 
single layer with composition and density corresponding to 
that of the rutile polymorph. Neither the oxide layer nor the 
underlying metal changed when exposed to deaerated, near-
neutral pH aqueous NaCl at the open-circuit potential [22,23]. 
However, applying anodic polarization thickened the oxide 
layer at the expense of the metal layer, and the metal absorbed 
a small amount of oxygen. The anodization ratio (potential-
driven thickening), Pilling-Bedworth (volume expansion) ratio, 
and ionic transport numbers determined by NR were consistent 
with reported values determined by other means. Unlike the 
air-formed oxide, the anodic oxide consisted of two layers, an 
inner “dry” TiO2 and an outer hydrated oxide with high OH 
content. Subsequent cathodic polarization changed the compo-
sition, but not the thickness of the oxide film. At more negative 
potentials, the film absorbed hydrogen progressively from the 
outer surface, increasing the outer hydrated oxide region’s 

hydrogen content, converting the “dry” inner oxide (possibly 
reducing it to TiO(OH)), and penetrating into the underlying Ti 
metal. At a potential of −1.4 V vs the saturated calomel elec-
trode (SCE), the inner “dry” oxide appeared to be almost fully 
hydrogenated, and at the next step of the polarization, 
−1.6 V(SCE), the electrode was destroyed by rapid hydrogen 
ingress into the metal and formation of gaseous hydrogen bub-
bles at the Si/Ti interface. Blisters and tattered remnants of 
burst metallic bubbles were visible on the electrode surface 
after the experiment [22,23].

More detailed studies to determine a threshold potential for 
hydrogen entry into Ti [21] were conducted in heavy water 
(D2O) to create a higher contrast when hydrogen is absorbed in 
Ti. While natural abundance Ti and 1H have negative SLD, 
deuterium’s SLD is positive. Electrochemical impedance spec-
troscopy (EIS) measurements were made simultaneously 
with NR to link hydrogen absorption with changes in the 
oxide film’s electronic properties. This approach allowed us 
to reconcile conflicting reports of the threshold potential for 
hydrogen entry into Ti: −0.37 V(SCE) and −0.6 V(SCE). At 
–0.37 V(SCE), significant changes in current density, oxide 
resistivity and capacitance, and the SLD of the Ti indicated the 
onset of oxide conductivity, D atom adsorption, and D ingress 
through electronically conductive, physically defective path-
ways in the oxide. At −0.6 V(SCE), both the current density 
and the D content in the Ti film increased substantially, and 
this potential was recognized as the threshold for reducing the 
protective oxide from the original TiO2 to a less-protective 
TiOOD (i.e., TiOOH) and rendering it ineffective as a barrier 
to hydrogen ingress.

Zirconium and Zr-2.5Nb Alloy
On Zr in near-neutral Na2SO4 solution, the anodization ratio 
determined using NR was 3.4 nm∙V−1, somewhat higher than 
the generally accepted anodization ratio for Zr (2.8 nm∙V−1) 
determined by coulometry. The Pilling-Bedworth ratio was in 
good agreement with the value calculated from bulk densities 
or crystal lattice parameters [25,26]. Surprisingly, the oxide 
film growth continued beyond the expected logarithmic growth, 
albeit at a very low rate, for upwards of 12 h. EIS detected 
cracking in the oxide film at potentials above 1 V(SCE) when 
its thickness exceeded ~12 nm, evident in the sudden decrease 
of oxide film resistance and loss of passivation. Water in the 
cracks lowered the oxide layer SLD, and corrosion at the base 
of the cracks resulted in hydrogen absorption in the metallic Zr 
layer, a surprising observation, as cathodic polarization is nor-
mally required for hydrogen absorption. Neither the anodi-
zation ratio nor the Pilling-Bedworth ratio showed any 
discontinuity at the time of oxide cracking, and the EIS retained 
its single time constant response. These observations were 
taken as evidence that the cracks and intact regions of the elec-
trode were behaving nearly independently, as parallel elec-
trodes. In situ EIS measurements [26] were used to determine 
the oxide film capacitance and resistance. Since NR provided 
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an independent measure of the oxide layer thickness, it was 
possible to calculate the dc dielectric constant and resistivity of 
the oxide film according to e = Cd/A e°, where e isthe dc dielec-
tric constant, C the capacitance, d the oxide film thickness, A 
the surface area, and e° the permittivity of free space, and to r = 
RA/d, where r is resistivity, and R resistance. The dc dielectric 
constant was at the lower end of the range of published values 
(25-56), and remained constant over the potential range −0.17 
V(SCE) to 3 V(SCE), showing no deviation when the oxide 
film cracked. The resistivity was constant over the polarization 
range from −0.17 V(SCE) to 1 V(SCE) up to the point of oxide 
cracking.

Under cathodic polarization, NR showed that no hydrogen 
absorption into either the oxide or the metal, nor layer  thickness 
changes, occurred, down to a potential of −2.5 V(SCE) [25,26]. 
EIS, however, detected significant changes. Immediately after 
the polarity reversal from 3 V(SCE) to −1 V(SCE), the oxide 
film resistance increased by more than an order of magnitude, 
due to repassivation of the metal at the base of the cracks in the 
oxide (not detected by NR due to small surface coverage by 
cracks). As the potential was decreased stepwise to −3 V(SCE), 
both the resistance and capacitance of the oxide layer decreased 
because of increased conductivity due to band bending in 
the semiconducting oxide (wide bandgap = 5.7 V) and possi-
bly hydrogen doping at levels too low to detect by NR 
(i.e., <1 at.%).

The alloy Zr-2.5Nb, which is used to fabricate pressure tubes 
in CANDU® reactors, behaved much like pure Zr in that the 
oxide film thickened anodically and cracked at potentials 
above 1 V(SCE), with water filling the cracks, leading to 
hydrogen absorption into the underlying alloy [24]. The 
Pilling-Bedworth ratio was very similar to that of the pure Zr, 
but the anodization ratio was different, assuming two values, 
1.74 nm∙V−1 between –0.2 and 0.7 V(SCE) and 4.85 nm∙V−1 
between 0.7 and 2.0 V(SCE). Under cathodic polarization, NR 
observed no changes to either the oxide layer or the underlying 
metal, just as for pure Zr.

Co3O4

The spinel-structure oxide Co3O4 is a redox-active semiconduc-
tor material (bandgap ~1.1 V) that is of interest for superca-
pacitor applications, due to its large electrochemical 
pseudocapacitance. In situ NR using contrast-matched  mixtures 
of H2O and D2O, combined with EIS, was used to probe the 
extent and reversibility of chemical changes occurring  during 
activation of its pseudocapacitative properties [20]. Immersed 
in water, the oxide layer swelled from 44 nm to 54 nm thick and 
about 40% converted to CoOOH, distributed uniformly through 
the layer. Increasing the pH changed the open circuit potential 
and the EIS response, due to chemical or electronic property 
changes in a very thin layer, below detection by NR, at the 
oxide-substrate interface. Anodic polarization to 1 V(SCE) 
resulted in further conversion of the oxide to CoOOH (65%), 

which spontaneously reversed after the anodic polarization was 
removed.

ADSORPTION-DESORPTION OF SURFACTANT 
MOLECULES AT THE METAL-AQUEOUS 
SOLUTION INTERFACE
The final electrochemistry-NR experiments summarized here 
were performed by Canadians in collaboration with instrument 
scientists on the NG-7 reflectometer at the NIST Center for 
Neutron Research (USA), because NG-7 operates in the hori-
zontal configuration, an orientation not available in Canada. The 
horizontal configuration was important to control for gravita-
tional effects such as buoyancy and preference of surfactant 
molecules for the air-solution interface. In these experiments, a 
thin film of gold, deposited onto a quartz substrate with a chro-
mium adhesion layer on its surface, was used as the electrode, 
and the electrochemical potential-driven adsorption and desorp-
tion of a surfactant was monitored simultaneously by electro-
chemical and NR methods. The surfactants studied included 
mixtures of dimyristoylphosphatidylcholine (DMPC) with cho-
lesterol [30,31], 4-Pentadecyl-pyridine (C15-4Py) [32,33], 
n-octadecanol [34], sodium dodecyl sulfate (SDS) [35-37], 
N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate 
(DDAPS) [36], and N-decyl-N,N,N-trimethylammonium tri-
flate (DeTATf) [36].

By controlling the potential, the charge density at the metal sur-
face can be varied from about −30 μC/cm2 to about 40 μC/cm2, 
which, over the very short distances relevant to the electric 
double layer at the electrode-electrolyte interface, generates 
fields on the order of 1010 V/m. Such a field strongly influ-
ences the energetics of interactions between the metal surface 
and polar molecules at the interface [35]. Because the field 
can be varied enormously, surfactant molecules can be made 
to adsorb, desorb, or change orientation during NR. The 
authors used NR to monitor the thickness and density of sur-
factant layers under controlled conditions and, by employing 
H2O-D2O mixtures in the electrolyte solution, determine the 
water content of the surfactant films. Together with indepen-
dently obtained spectroscopic information from techniques 
like polarization modulation infrared reflection-absorption 
spectroscopy (PM-IRRAS), NR measurements allowed them 
to determine: the surfactant layer thickness; whether they had 
formed monolayer or bilayer films; the orientation of the mol-
ecules on the surface; and the amount of water incorporated 
into or under the films. They found that the electrochemical 
potential-driven desorption process sometimes led to forma-
tion of partially desorbed hemi-micelle structures with water 
trapped between gold and surfactant aggregates, or individual 
micelles [31-37].

FUTURE DIRECTIONS
With the permanent shutdown and decommissioning of Chalk 
River’s NRU reactor, Canadian scientists will have to rely on 
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access to foreign neutron laboratories for performing their 
NR experiments, at least in the short term. Reflectometers, 
each with unique capabilities, are available at NIST Centre 
for Neutron Research (USA), Oak Ridge National Laboratory 
(USA), the Institut Laue Langevin (France), the OPAL 
Reactor (Australia), the ISIS Neutron and Muon Source (UK) 
and others. In the medium term, a reflectometer could be 
made to function at the McMaster Nuclear Reactor in 
Hamilton, ON. Two reflectometers are planned at the 
extremely intense European Spallation Source, which is under 
construction and is expected to have its first beamlines avail-
able to users in 2023. In the long term, the only satisfactory 
outcome will be for Canada to construct its own domestic 
neutron source.

Future improvements in NR experiments will come from new, 
higher flux sources that offer better resolution for a given exper-
iment time or quicker experiments for a given resolution. NR is 
limited by the need for very large samples (normally several cm 
in at least one direction) due to the compromise between the 
neutron flux and the beam footprint geometry. Higher flux will 
enable NR on some materials that are now very difficult or 
impossible for NR.

Improvements to record and thoroughly analyze off-specular and 
grazing incidence scattering to probe in-plane structures and cor-
relation phenomena are under development. The D3 reflectome-
ter, with its 32-wire detector for simultaneous capture of specular 
and off-specular reflectivity, represents initial progress.

Time-resolved NR to capture system kinetics is an exciting new 
area. Until recently, most NR experiments have examined sys-
tems at steady-state or those with very slow kinetics to compen-
sate for the very long data acquisition times. Time-resolved NR 
is now being put into practice by time-stamping every neutron 
count at the detector to deconvolute the spatial and composi-
tional information from its time dependence [38-40].

Another promising area is in coupling NR with other analytical 
techniques, such as spectroscopic and scanning probe methods 
that add other simultaneous dimensions of exploration; e.g., in 
the X-Y plane or in chemical reactivity or composition, includ-
ing EIS, as described in this paper, and FTIR.

Undoubtedly, NR will prove to be at its greatest advantage when 
employed in combination with one or more other advanced 
methods.
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