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We report that one can gain active control of electrocatalytic
oxygen evolution reaction (OER) on NizFe thin films via externally
applied strains. The combination of theory and experiment shows
that elastic strain on the surface can tune the OER activity in a
predictable way that is consistent with the d-band model. The OER
overpotential can be lowered by uniaxial tensions and increased
by compressions in a linear manner.

Introduction

The role of surface strain in tuning electrocatalytic reactions has
attracted significant recent interest.? The elastic strain can change
lattice spacing and/or atomic structure on a catalyst surface. As a
result, it can modify the surface chemistry of the catalyst, alter the
reaction pathways and modulate the catalytic activities.3> Both
theory and experiments have demonstrated that by tuning the
elastic strains on a catalyst surface, one can optimize its catalytic
activity>68 whose enhancement is attributed to the shifts in the d-
band center relative to the Fermi energy of the metal catalyst.>12

The elastic strains can be applied to a metal surface either actively
or passively. Previous research efforts have largely focused on
passive straining of metal surfaces, for example, via core/shell
nanostructures.’316 Due to the mismatch of the core/shell lattice
parameters, elastic strains can be generated in the shells which in
turn can boost catalytic reactions, such as hydrogen evolution
reaction (HER)72° and oxygen reduction reaction (ORR).1421-23
Despite its appeal, the effectiveness of passive straining depends
crucially on the lattice misfit of the core/shell materials. For a given
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pair of core/shell materials, the surface strain is fixed in both
magnitude and sign. As a result, one cannot tune the surface strain
befitting for the reaction. Active straining, on the other hand, could
circumvent this limitation by applying desirable strains directly to
the materials via external loading. One can apply tension,
compression or even oscillations between them to any material so
long the material can sustain the load, thus gaining active control of
surface strains. Another advantage of active straining is the ability
to direct study the strain effect on the activity, which are often
intertwined in core/shell structures.2!3 However, generating
sufficient elastic strains on metal surfaces is highly challenging
because most metals would deform plastically to relax the elastic
strains on their surfaces. Nonetheless, progress has been made in
active straining of catalysts. For instance, a small oscillatory tensile
load was applied on Au and Pt to achieve a dynamic coupling
between the strain and the ORR activity.82* Our previous works
have shown that compressive strains applied on Pt, Ni, WC and
tensile strains on Cu could enhance the HER activity.2>2® Active
straining has also been demonstrated on Pd-based metallic glasses,
NiTi shape memory alloys, and Pt films,29-24 where compressive
strains generally promoted the ORR activity while tensile strains
impede the activity. To date, the greatest enhanced activity was
accomplished by 0.7% tensile strain, yielding ~15 mV reduction in
the overpotential of ORR.824#27 Among these studies, noble-metal
catalysts are the most widely utilized.

Inspired by these studies, we set out to expand the range of
catalytic reactions that are responsive to active straining to oxygen
evolution reaction (OER) on noble-metal-free catalysts. In recent
years, electrochemical water splitting has attracted significant
interest as a key step for the production of clean hydrogen from
renewable sources such as solar, hydro, and wind.2® Two reactions
are involved - HER from proton reduction and OER from water
oxidation.?? Consisted of four-electron-transfer processes, OER
suffers from substantial overpotentials and energy loss at anodes,3°
baffling both theorists and experimentalists alike. Moreover, the
state-of-the-art OER catalysts are generally composed of noble
metals, such as Ir and Ru.3! To the best of our knowledge, there is
little effort or success in tuning OER activity on nonprecious metal
catalysts via active straining. In this work, we examine the effect of
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active straining on the OER activity of nonprecious NisFe films
fabricated on PMMA substrates with combined experimental and
computational study. The metal alloy films are subjected to
externally apply uniaxial compressive and tensile strains to tune
OER in-situ. In addition, we perform density functional theory (DFT)
calculations to elucidate the physical origin of enhanced OER
activity and to interpret the experimental results.

Results and discussion

To ascertain successful synthesis of the metal films, XRD and XPS
were performed to characterize the crystal structures. As shown in
Fig. S1T, the XRD pattern confirms the formation of intermetallic
NisFe alloy with anticipated crystalline orientations. Fig. S2T exhibits
the valence band change between Ni, Fe and NisFe films. In the case
of NisFe, the characteristic combination of Ni and Fe films can be
clearly seen. The inductively coupled plasma optical emission
spectrometer energy (ICP-OES) analysis shows the Ni/Fe molar ratio
of 2.93, which is close to the stoichiometric ratio of 3. To investigate
the effect of externally applied strains on OER, NisFe films
deposited on PMMA substrates are assembled into the
electrochemical cell (Fig. S3T), and subsequently 100 initial CV scans
with a sweep rate of 30 mV s are performed to reach the steady
state. In our initial experimental runs, the formation of shear bands

was observed on the surface once the applied strain exceeded 0.5%.

To avoid the onset of plastic deformation, we set the highest
loading as 0.4% in the following experiments. The cycle of loading
and unloading is depicted in Fig. 1a. During the electrocatalytic OER

process, five cycles of CV scans are collected at each strain (0%, +0.2%

and +0.4%). Fig. 1b shows a clear trend of the CVs collected at the
tensile loading values (0%, 0.2% and 0.4%) during the oxygen
evolution potential sweep. A systematic shift of the CV curve
toward the applied strains is produced: tensile loading shifted the
CV curves to the left (higher current density and lower
overpotential), thus increasing the catalytic activity. Compressive
strains display the opposite direction (Fig. 1c), i.e., shifted the
curves to the right, thus lowering the activity.
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Fig. 1 (a) Schematic illustration of the loading history on the PMMA
substrates. The NisFe films deposited on PMMA inherit the
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substrate strains. (b) Representative CVs obtained at tensile strains
of 0%, 0.2% and 0.4%. (c) Representative CVs obtained at
compressive strains of 0%, -0.2% and-0.4%. Note the systematic
shift in the CV curves with strain. (d) Voltage change was calculated
from CV curve shifts relative to the zero strain level versus the
actively applied strain.

The voltage shifts induced by the strains are shown in Fig. 1d with
error bars on each data point. We find that the voltage changes are
approximately linear with the applied strains. The magnitude of the
slope is over 18 mV per 1% strain, which is higher than what was
achieved previously for HER (15 mV) and ORR (16 mV).2527 The
tensile strains are shown to enhance the OER activity, and 0.4%
tensile strain leads to a reduction of overpotential by 7.3 mV.

DFT calculations are performed to elucidate the physical origin of
the enhanced OER activity and to interpret the experimental data.
Similar to previous works,3233 we consider the following four-step
OER reaction involving three intermediates (*OH, *O, and *OOH):

H,O0+* <> *OH+H" +¢
AG, = AG,,, —AG,, , —eU + kTIn[H"]

(1)

*OH <> *O+H" +¢

AG, = AG., —AG.y, —eU + kTIn[H"]
*0+H,0 <> *OOH+H" +¢

AG, = AG.y0 —AG., —eU + kTIn[H']
*OOH <> *+0, +H" +¢

AG, = AG, —AG.o0 —eU + kTIn[H ']

(2)

3)

(4)

The free energy change in each step (AG;, AG,, AGs3, and AG,)
defined in Eq. (1) to (4) can be estimated by using the well-known
Computational Hydrogen Electrode (CHE) model.323% In this model,
the free energy of an electron-proton pair is calculated as an half of
the free energy for a hydrogen molecular (1/2 Gy,). The free energy
of H,0 (AGyyo) and O, (AGy,) is taken as zero and 4.92 eV,
respectively.3233 The overpotential, n, is defined as the minimal
applied voltage U under which all four reaction steps are
exothermic. In other words, n = max(AG;, AG,, AGs, AG,)/e. For an
optimal OER catalyst, it requires AG; = AG, = AG;3 = AG,, resulting in
a minimal n whose value is Nopima= (4.92 - 0)/4 = 1.23 V. Practical
OER catalysts have overpotentials greater than neptima. In our
calculations, the standard conditions such as pH =0 and T = 298.15
K are assumed. More details about the CHE free energy calculations
can be found elsewhere.3%33

Fig. 2a shows the OER free energy diagrams on the optimal OER
catalyst (black), the clean NisFe (111) surface (grey), and oxygen-
covered NizFe (111) surface (blue) at zero applied potential (U =0
V). On the clean NisFe surface, we find that the reaction
intermediates, *OH, *O, and *OOH over-bind (with more negative
free energies) on the surface as compared to the optimal catalyst,
resulting in an overpotential of 4.77 V vs RHE, which is much higher
than the experimental onset potential (~1.4 V as shown in Fig. 1).
Moreover, we find that *OOH intermediate cannot be stabilized on
the clean (111) surface. These results suggest that OER is highly
inefficient on the clean NizFe (111) surface. On the other hand, the
adsorption of the OER intermediates can be drastically weakened
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on the oxygen-covered NisFe (111) surface, which in turn renders a
significantly lowered overpotential of 2.03 V, much closer to the
experimental onset potential. Therefore, we believe that under the
experimental conditions, the (111) surface is covered by oxygen. To
further examine the effect of oxygen coverage on OER, we also
calculate the free energy diagrams on partially oxygen-covered
(111) surfaces by removing either one or three oxygen atoms
adjacent to each reaction site. In the first case, we find that the free
energy of *OH is lowered by only 0.09 eV compared to the full
oxygen coverage, yielding the similar overpotential as in the full
coverage. However, if three oxygen atoms are removed, the free
energy of *OH is reduced by 1.73 eV, rendering the partially
oxygen-covered surface similar to the clean one with over-binding
*OH species and a much higher overpotential. Therefore, we
conclude that most metal sites on NizFe (111) surface should be
occupied by oxygen for a facile OER. Finally, since the free energy
change in the step 1 (AG,) is greater than that in other three steps,
the step 1 (H,0 + * > *OH + H* + e) is the overpotential-
determining step on the oxygen-covered NisFe surface.
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Fig. 2 (a) The OER free energy diagram for the optimal OER catalyst
(black), clean NisFe (111) surface (grey), and oxygen-covered
surface (blue) at zero applied potential (U = 0 V vs RHE). (b) The
overpotential as a function of uniaxial tensile strain on oxygen-
covered NisFe surface. The top views of *OH adsorption on the
clean and oxygen-covered (111) surfaces are shown in the insets.
The gold, silver, red and white spheres represent Fe, Ni, O and H
atoms, respectively.

To examine the strain effect, we apply uniaxial tensile strains
(0.2%, 0.4%, 0.6%, and 0.8%) to the oxygen-covered NisFe (111)
surface. Fig. 2b shows the theoretical overpotential as a function of
the applied strain. There is a monotonic correlation between the
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overpotential and the tensile strain; the larger the tension, the
lower the overpotential, which is consistent with the experimental
observation. For a uniaxial tensile strain of 0.4%, we predict that
the OER overpotential is reduced by ~30 mV, which is larger than
the corresponding experimental value of 7.3 mV. The smaller strain
effect achieved in the experiments may be attributed to possible
strain relaxation on the surface and solution impedance in the
experimental measurements.

To gain more insight into the strain effect, we calculate the shift
of the d-band center on the oxygen-covered NisFe (111) surface
under uniaxial tensile strains (Fig. 3). First of all, we note that the
binding of the OER intermediates (such as *OH) on the oxygen-
covered surface is weaker compared to the optimal catalyst (Fig. 2a).
Thus, in order to enhance the OER activity, one needs to increase
the binding of the intermediates. The calculated density of states
for the d-band on the oxygen-covered surface in the absence and
presence of 0.4% tensile strain is shown in Fig. 3. There is a clear
upshift (towards the positive energy) of the d-band center for both
surface Fe and Ni atoms under the tensile strain. This upshift of the
d-band center is known to increase the binding of the
intermediates®> and thus enhances the OER activity. Details about
the DFT calculations are provided in the Supporting Information.
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Fig. 3 The calculated density of states of the d-band (d,?) of the
surface Fe atom (upper panel) and Ni atom (lower panel) for
oxygen-covered NizFe (111) surface under zero and 0.4% tension.
The vertical dashed lines indicate the d-band centers.

As a direct tool, atomic force microscopy (AFM) is used to
investigate the surface roughness before and after the straining test.
The roughness (Ra) of ~1.9 nm is measured in the as-prepared NisFe
metal films (Fig. S4 T ), whereby the homogeneous surface is
synthesized as confirmed by the surface roughness mapping.
Scanning electron microscopy (SEM) images further show that there
is no mechanical cracking or delamination on NisFe metal films
during the strain test (Fig. S5 7). Besides, the NisFe film after the
straining and electrochemical tests exhibits the roughness Ra of
~2.7 nm (Fig. S67), indicating that the physical surface area does not
undergo detectable changes and geometric current density is an
appropriate measure.
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Conclusions

In summary, by combining theory and experiments, we show that
the externally applied strains can control the OER activity on NisFe
films in a predictable manner. We reveal that the presence of
oxygen on NisFe (111) surface plays a crucial role in improving its
OER activity. The observed strain-dependence of the OER activity
can be explained by the d-band model. Theoretical calculations and
experiments demonstrate that the uniaxial tensile strains can
enhance the OER activity on NisFe films by lowering its
overpotential. The tensile strain of 0.4% reduces the overpotential
by 7.3 mV, which is the highest value reported on the strain effect
in electrocatalysis. Our work represents the first effort in tuning
OER activities on metallic alloys via active straining and provides a
means to design noble-metal free catalysts for electrocatalysis.
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