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Report:

The am of the experiment was to further research carried out previoudy on BM28 relaing to dectrochemica
oxidation of nickel gngle crystd eectrodes. Previoudy (report on Experiment #28-01-99) it was determined that
electro-oxidation of Ni in dkaine solution led to the formetion of a 3-layer system; the Ni substrate, a compact, thin
oxide layer and a lossdly-bound hydroxide. The hydroxide is amorphous and essentidly invisble to x-rays, however,
we have sudied it in detail usng a combination of AFM and STM. In this experiment we intended to probe the
sructurd changes that occur in the compact oxide layer on the Ni surface when the amorphous hydroxide is
developed upon the gpplication of a postive potentid. We dso investigated the reversible changes in the compact
oxide during the oxidation of the hydrous film which, depending on the applied eectrode potential, undergoes a phase
trangtion from Ni'(OH), to NiOOH. Previous results from BM28 have shown that oxidation leads to a dramatic
increase in both the thickness and dengity of the compact oxide layer at the interface between the Ni subsirate and
the hydroxide overlayer. Results from a Ni(110) crysta showed that the oxide was twice the thickness of the native
oxide that is formed when the dectrode isfirst contacted at open circuit potentid (OCP) with the electrolyte.

To complete our measurements and understand the influence of surface atomic geometry on Ni oxidetion,
dudies of al three low-index Ni surfaces were performed. Modelling of the x-ray reflectivity from al three crysds
showed significant increases in the thickness of the compact oxide after the gpplication of an oxidisng potentid. The
thickness changes were accompanied by a density increase and a roughening of the Ni/compact oxide interface. This
is congstant with the propagation of Ni ions from the Ni surface into the oxide layer and hydroxide layer.

There were four significant new results obtained in this experiment:

(1) A reversble change in dengty of the native oxide when held a —0.9 V (just into potentid region of hydrogen
evolution) and then returned to 0.4 V (near to the open circuit potentia). This change has been analysed using afit
to the ratio of the reflectivity data sets, which is far more sendtive to changes than smply fitting each curve
independently. A typica data set is shown in Figure 1 which shows the raw data at the 2 potentids aong with the



ratio data set (lower pand). In each case the points correspond to the measured data and the solid line is a best fit
using a2-layer (compact oxide and Ni substrate) mode of the surface-norma dectron dengty profile.
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These measurements are currently being combined with cydlic voltammetry and galvanogtatic detato correctly assign
the voltammetric features to surface chemica reactions, an issue which has been subject to consderable scientific
debate in the last few years.

(2) A comprehensive set of data has been obtained during the oxidation of the native oxide that accompanies
formation of the Ni hydroxide overlayer. The results of fits to reflectivity data are summarised below:

Density (g/em®) | Thickness(A) s;:(A) s2(A)

Ni(111)-netive 4.7 10.0 0.1 18
Ni(111)-oxidised 4.9 14.5 0.1 4.0
Ni(100)-netive 5.0 11.0 0.8 13
Ni(100)-oxidised 6.1 16.1 17 4.4
Ni(110)-native 5.3 10.8 15 17
Ni(110)-oxidised 54 21.0 4.5 5.2

These results show that the native, air-formed oxide (~10 A in thickness) is transformed after cydling over the redox
peeksto athicker, dightly denser oxide. This, however, is not the hydroxide layer thet is formed on the surface but a
compact oxide layer formed at the interface between the hydroxide and the Ni substrate. The hydroxide layer is
essentidly invisble to the xray measurement due to the diffuse nature of its surface, i.e. it is granular in nature. It can
also be seen that the interface roughness at the Ni-NiO interface increases after cycling due to mass transport of Ni

ions through the compact oxide layer to form the hydroxide overlayer. In fact it is the formation of the compact oxide



overlayer that ultimately limits the growth of the hydroxide due to the increasing barrier for solid sate diffuson of Ni
ions to the hydroxide. This explains the equilibrium State that is reached during potentia cycling over the redox pesks.
Findly it is interesting to note that the thickness of the NiO layer increases in the sequence (111)-(100)-(110). This
can be understood in terms of the atomic geometry of the low-index surfaces, the (111) surface being the most
compact and the (110) surface the most open. Clearly the crysta orientation plays arole in the oxidation mechanism.
A paper on thiswork is currently in preparation and will be submitted to the Journd of Physical Chemistry.

(3) A reversible change occurs in the xray reflectivity during oxidation/reduction of the hydroxide overlayer, i.e.
when holding the eectrode potentia above and below the large pesk in the cyclic voltammetry at ~0.6 V.

The dructurd transformation is gill being andysed, though it is most likely due to changes in thickness and dengty
caused by the flow of ionsinto and out of the compact oxide layer.

(4) A detailed study of the Ni-oxide interface has been performed by crystal truncaton rod (CTR) analysis. For non
specular scattering the CTR's are sendtive only to the termination of the Ni lattice and any adatoms that are
commensurate with the lattice. For the specular CTR the scattering is dso sendtive to incommensurate crysaline
overlayers such as that formed by NiO at the interface. The specular reflectivity (shown above) is the very low-Q
region of the specular CTR where crygdlinity is not important. The specular CTR data indicates the presence of
crystdline NiO which forms the dense oxide phase observed in the xray reflectivity experiments. For both Ni(100)
and Ni(111) the specular CTR results are only consistent with the presence of NiO oriented with the (111) axisalong
the surface norma direction. These measurements are currently being modelled using a kinematic scattering theory
and the results will be published in combination with the x-ray reflectivity data above. The non-specular CTR data
give a precise aomic description of the truncation of the Ni lattice and this must be consstent with the eectron
density profile obtained viax-ray reflectivity.



