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Abstract
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highly concentrated acidic Rh3* solution. The results
demonstrate a significant enhancement in the electrocatalytic activity for both hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) on the Rh-modified Ni electrodes, positioning galvanic
displacement as a viable approach to engineering advanced electrocatalysts for clean energy applications.
On the other hand, the hydrogen oxidation (HOR) and oxygen reduction reaction (ORR) activities of the
Rh-modified electrodes are lower compared to polycrystalline platinum. It is suggested that
semiconducting Rh,03 has a detrimental role on the HOR and ORR performance, while the activities of
HER and OER, dominantly taking place on metallic Rh and conductive RhO,, are very high. This research
sheds light on the mechanisms underlying the enhanced electrode kinetics on Rh-modified Ni electrodes
and provides insights into the development of efficient and cost-effective electrocatalysts for renewable
energy technologies.
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1. Introduction

Electrochemical energy conversion is a critical pillar of modern society, profoundly impacting our
daily lives and the global energy landscape [1,2]. From powering portable devices like smartphones and
laptops to driving the sustainable transportation revolution through electric vehicles, electrochemical
energy conversion has become indispensable. It enables the integration and storage of renewable energy
sources, fostering a cleaner and greener future.

The hydrogen economy is centered around the crucial interplay of water splitting and fuel cell
technologies, offering a promising pathway towards a more sustainable and clean energy future [3,4].
Water splitting, especially through electrolysis, plays a fundamental role in this vision by generating
hydrogen from water using renewable energy sources like solar and wind power [5—8]. This process yields
"green hydrogen," which can be stored, transported, and utilized as a versatile energy carrier across
diverse industries and applications [9]. Fuel cell technologies complement the hydrogen economy by
providing a clean and efficient method to convert hydrogen and oxygen into electricity [10-12]. The
hydrogen economy holds transformative potential in various sectors, offering opportunities to reduce
carbon emissions, enhance energy security, and foster a cleaner, more resilient energy landscape. As
research and development continues and infrastructure for hydrogen production, distribution, and
utilization advances, the hydrogen economy is poised to play a pivotal role in achieving a sustainable and
low-carbon future.

The hydrogen and oxygen electrode reactions play crucial roles when it comes to water splitting
and fuel cell technologies. Hydrogen evolution/oxidation reactions (HER/HOR) can be summarized as:

2HT + 2e™ = Hz(g) (1)
in alkaline media, and:
2H,0 + 2e™ = Hz(g) + 20H™ (2)
in acidic media. Analogously, oxygen evolution/reduction reactions (OER/ORR) can be presented as:
Oy + 4H* + 4e” = 2H,0 (3)
in alkaline media, and:
Oz + 2H,0+ 4e™ = 40H™ (4)

in acidic media. While HER and OER take place in water electrolysis systems, HOR and ORR occur in the
fuel cell anode and cathode, respectively. However, proper electrocatalysts are needed in order to
proceed with any of these reactions. In acidic media, catalyst corrosion is very prominent; thus, noble
metal catalysts are used. On the other hand, in alkaline media, non-noble materials are used because the
corrosion is less pronounced. In practice, nickel and nickel-based electrocatalysts are most commonly
used in alkaline media [13]. The catalytic activity of pure nickel can be tuned by morphology and the active
surface area [14,15]. Further strategies to improve the catalytic activity of Ni are alloying with noble
[16,17] and non-noble metals, like Mo [18], Cu [19], and Co [20]. Additionally, the interfacial effects could
enhance H, production via improved water splitting [21] or the facilitated recombination of adsorbed
hydrogen intermediates into H; [22,23].

Due to suitable adsorption energetics of HER/HOR and OER/ORR reaction intermediates, platinum
group metals usually exhibit very high catalytic activities [24,25], although no single metal is an excellent
catalyst for all four reactions. Typically, platinum and iridium stand out as benchmark catalysts for these
reactions [26]. Moreover, not only do the activities of noble and platinum group metals towards hydrogen
and oxygen electrode reactions vary, but their prices differ to a great extent and are quite volatile [27],
making any solid predictions about their widespread usage quite difficult. Thus, an understanding of the
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fundamental properties of different noble metal-based catalysts is needed as the potential for their wider
application can open easily due to price variations combined with high catalytic activities.

Rhodium is usually considered an extremely pricy metal, but its price is currently below that of
iridium [27]. As demonstrated, to significantly contribute to the catalysis of hydrogen and oxygen
electrode reactions [28-32], further investigation of Rh-containing electrocatalysts is needed. In
particular, the catalysts where only the surface layer is modified with small amounts of Rh could be
especially attractive due to a low penalty in terms of the catalyst price. In our previous work, we have
shown that Ni can be modified by small amounts of Rh by galvanic displacement according to the reaction
3Nis) + 2Rh% = 3Ni* + 2Rh(,) [33]. When this reaction is performed in a highly acidic and concentrated Rh
salt solution, it takes under one minute to significantly boost the HER activity of flat nickel surfaces and
several minutes to improve the activity of nickel foam and electrodeposited nickel layers. The same
approach works for polycrystalline cobalt electrodes and, besides HER, significantly improves OER [34].

In this work, we have conducted surface modification of a polycrystalline nickel (Ni) electrode
through galvanic displacement using rhodium (Rh), following the approach described in our previous
works [33,34]. The electrocatalytic activity of the modified Ni electrode for the HER/HOR and OER/ORR
was thoroughly examined using electrochemical techniques and compared to that of unmodified Ni
electrodes and polycrystalline platinum. The results demonstrate a substantial enhancement in the
electrode reactions' efficiency on the Rh-modified Ni surface, showcasing the potential of galvanic
displacement as a promising strategy for engineering advanced electrocatalysts with applications in clean
energy technologies.

2. Experimental
2.1. Electrode preparation

All the measurements were done using smooth polycrystalline Ni (Ni-poly) rotating disk
electrodes (RDE). The Ni disk had a diameter of 3.2 mm and was inserted in a Teflon cylinder with a 10
mm diameter. The Ni disk was made of Ni rod (Goodfellow Cambridge Limited, England, 99.9 %). Before
the modification with Rh, the disk was polished with alumina-based grinding paper, sonicated for 1
minute, washed in deionized water, subsequently in diluted HCI, and again in deionized water. Galvanic
displacement was done by drop-casting 10 pL of 0.1 mol dm™ RhCl; (Sigma Aldrich) solution in 0.1 mol
dm™ HCIO, for a specified amount of time (up to 303 s). After the exchange, the electrode was rinsed in
deionized water, then in 0.1 mol dm™ KOH or 1 mol dm™ KOH solution, covered with the droplet of the
same solution, and quickly transferred into the electrochemical cell. The transfer to the cell typically took
under 30 s. For the measurements of clean Ni-poly, the electrode was transferred to the electrochemical
cell directly after the polishing. The roughness factor (RF) [35] of such prepared Ni-poly electrodes
amounts to 10+1, determined by double-layer capacitance measurements as described in [33].

As a benchmark, we used a platinized Pt-poly disk (3 mm in diameter, Goodfellow Cambridge
Limited, England, 99.9 %), prepared by potentiodynamic cycling of a smooth Pt-poly disk in H,PtCls
solution, as described in ref. [36]. Two Pt-poly electrodes were prepared with RF amounting to 5 and 20
(determined using Hupp peaks). HER/OER and HOR/ORR activities of Pt-poly electrodes were measured in
the same way as for the Ni-poly and Rh-modified Ni-poly electrodes.

Morphology analysis and surface chemical composition were probed using SEM-EDX with Phenom
ProX Scanning Electron Microscope (Phenom, Netherlands). SEM characterization was done using an
acceleration voltage of 10 kV, while the chemical composition was probed with an acceleration voltage of
15 kV. Characterization was done without the deposition of a conductive layer on the electrodes.
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2.2. HER/OER measurements

HER and OER activity of Ni and Rh-modified electrodes was measured using a specific protocol,
which was started immediately after the electrode transfer to the electrochemical cell. The program for
the HER and OER activity measurements was constructed in such a way as to avoid undesirable anodic
excursions of studied electrodes or any equilibration at the open circuit potential (OCP). For all the
measurements IVIUM Vetex.One potentiostat was used. Measurements were done in a one-
compartment, three-electrode electrochemical cell with a Saturated Calomel Electrode (SCE) as a
reference electrode and a 3x3 cm Ni foam (Goodfellow Cambridge Limited, England) as a counter
electrode. The electrolytic solutions were prepared using KOH (Sigma Aldrich) and ultrapure deionized
water. All the measurements were done at room temperature. Here, the potentials are referred to as the
Reversible Hydrogen Electrode (RHE) scale by directly measuring the potential of the used reference SCE
electrode versus the RHE formed in the corresponding electrolytic solutions. Electrolyte resistance was
corrected using hardware settings, but only to 70 % of the resistance value. The electrolyte resistance was
determined using single-point impedance measurement at -1 V vs. SCE (approx. 0 V vs. RHE). The gasses
used in this study were of 99.999 % purity.

The protocol for the measurements consisted of deep cathodic sweeps for accessing HER activity
(three cycles at 20 mV s™! between 0 and -0.35 V vs. RHE) separated by electrode cycling to progressively
higher anodic potential (three cycles at 50 mV s™* between 0 and 0.8, 1.0, and 1.2 V vs. RHE). HER
overpotentials were estimated from the anodic part of the third cycle. This part of the protocol ended
with three wide cyclic voltammograms (50 mV s between 0 and 1.45 V vs. RHE), after which one cycle
between -0.35 and 1.65 V vs. RHE was done (at 20 mV s7%). During the HER measurements and the last
cyclic voltammogram, the electrode was rotated at 1800 rpm in order to remove any H, or O, bubbles
formed on the surface, which could block the electrode surface.

2.3. HOR/ORR measurements

For Rh-modified Ni-poly, HOR measurements were done immediately after the galvanic
displacement and after 25 cycles between 0 and 1.2 V vs. RHE, i.e., electrochemical cleaning of the
electrode surface. Measurements were done in Hy-saturated 0.1 mol dm™ solution using the RDE
technique, and the potential sweep rate was 10 mV s, After the HOR measurements, the electrolyte was
purged with N, and the electrode was extensively cycled. When a stable cyclic voltammogram was
obtained, the blank cyclic voltammogram (background) was recorded between 0.05 and 1.0 V vs. RHE.
Then, the electrolyte was saturated with O, and the ORR polarization curves were recorded using the RDE
technique. The potential sweep rate was 20 mV s™%.

2.4. DFT calculations

The first-principle DFT calculations were performed using the Vienna ab initio simulation code
(VASP) [37,38]. The Generalized Gradient Approximation (GGA) in the parametrization by Perdew, Burk,
and Ernzerhof [39] combined with the projector augmented wave (PAW) method was used [40]. A cut-off
energy of 520 eV was used, while the Monkhorst—Pack -centered 5x5x8 k-point mesh was used for
tetragonal RhO;, and 4x4x3 k-point mesh was set for orthorhombic Rh,0s. For Density of States
calculations, partial occupancies were treated using the tetrahedron method with Blochl correction [41].

3. Results and Discussion
3.1. Rh-modified Ni electrodes
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Here we first confirm the successful deposition of Rh on the Ni-poly electrode. The exchange was
done for 10 and 30 seconds, as we have previously shown that longer deposition times for smooth Ni
electrodes do not enhance further HER activity. However, previously we have not observed Rh Hypp peaks
[42] for 10 s exchange (mirror-finish polished Ni-poly), while here could clearly observe these features in
cyclic voltammogram (Figure 1, a).

2 T T T T 5 T T T T T T T
Rh@Ni-poly

44 30s (b)

10 s exchangs +
—30 s exchange 24
[ pure Ni-poly
-2 T T T T 3 T T T T T T T
0.0 0.2 04 06 08 00 02 04 06 08 10 12 14
E/Vvs. RHE E/Vvs.RHE

Figure 1. (a) cyclic voltammograms of pure Ni-poly and Rh-modified Ni-poly electrodes (50 mV s™%, N2 purged 1 mol
dm™ KOH); (b) successive cyclic voltammograms of Rh-modified Ni-poly electrode with increasing anodic vertex; (c)
SEM image of the Rh-modified electrode (30 s of exchange, x5,000 magnification) with the corresponding Ni map
(c1) and Rh map (c2), confirming Rh deposition on the Ni electrode surface; (d) 3D SEM reconstruction of the same
spot.

Upon extending the deposition time to 30 seconds, the peaks roughly double in size and become
more prominent. The cycling of the electrode to progressively higher anodic potentials (Figure 1, b)
reveals that the main surface electrochemistry of Rh is well-separated from the main features of Ni
electrochemistry (Figure 1, b), also suggesting that after 30 s of galvanic exchange, the Ni-poly surface is
only partially covered with Rh. Besides the already mentioned Hypp peaks of Rh (0.05 to 0.3 V vs. RHE), the
oxidation of the Rh phase takes place already at £ > 0.4 V vs. RHE. Similarly to other noble metals, like Pt
[43], the oxidation and reduction of the Rh phase are characterized by pronounced irreversibility, and for
the case of Rh, we observe an extreme behavior. Namely, as the anodic vertex goes deeper into the anodic
direction, the reduction of Rh oxide shifts to progressively more negative potentials. When the electrode
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is cycled up to 1.45 V vs. RHE, the reduction of Rh oxide shifts to very negative potentials, practically
overlapping with the Hupp region. This could also explain the smaller anodic peak of Huep upon
progressively deeper anodic excursions of Rh-modified Ni-poly. One logical assumption would be that Rh
is lost from the surface layer, as it is known that there is anodic dissolution of Rh upon anodic excursions
[44]. However, the Rh dissolution rate at high anodic potentials (corresponding to OER conditions) in
alkaline media is lower compared to Ru and Ir, and slightly higher compared to that of Pt and Pd. On the
other hand, under potential cycling, the Rh dissolution rate is the lowest among the metals considered by
Schalenbach et al. [44] (Ag, Au, Ir, Pd, Pt, Rh, and Ru). Thus, the reduction of the anodic Hypp peak can be
ascribed to the cathodic contribution of hardly reducible Rh oxide reduction upon anodic excursions.

We note that the electrode surface is relatively rough, which is the result of the electrode
polishing by grinding paper. 3D SEM reconstruction shows roughness around 1 um, while EDX analysis
revealed under 2 at. % of Rh on the surface, with an additional ~4 at. % of oxygen (Figure 1, c and d).
These results agree with the previous EDX measurements on smooth Rh-modified Ni-poly [33]. In the
same work, XPS measurements revealed between 12.5 and 60 at. % of Rh, as the modification is restricted
to the surface layer, at least half of it coming from the metallic Rh phase. For 45 seconds of exchange, we
were previously able to observe Rh nanoparticles on the surface, but the overall amount of Rh was very
small, so XRD was not able to detect the Rh phase even upon prolonged exchange on Ni foam electrode
[33].

3.2. Water splitting in alkaline media — HER and OER electrocatalysis

HER activity of Ni-poly was significantly improved upon the surface modification by Rh (Figure 2).
The activity of as-prepared electrodes increases in the order Ni-poly < Rh-modified Ni-poly (10 seconds) <
Rh-modified Ni-poly (30 seconds). Here we have systematically addressed the effects of surface oxidation
of the studied electrodes to obtain deeper insight into the HER mechanism. For pure Ni-poly, surface
oxidation causes a progressive increase in activity. Here, the oxidation was performed by potential cycling
to increasingly higher anodic potentials as explained. For Ni-poly, the activity (measured as overpotential
needed to reach -10 mA cm™ [26], here denoted nuer 10) increased for the potentiodynamic oxidation up
to 1.2 V vs. RHE and then dropped slightly when the electrode was exposed to high anodic potentials of
1.45 V vs. RHE (Table 1).

Such an activity improvement can be understood by the formation of oxidized domains on the Ni
surface, which boosts HER activity in alkaline media by speeding up water dissociation at the oxide | metal
interface [21,45,46]. Recently it was shown that such potentiodynamic oxidation of Ni does not lead to
surface roughening while increasing the HER exchange current densities 3-5 times [47]. Still, the HER
activity of oxidized Ni electrodes is very far from that of Pt (Figure 2, top row — pure Ni-poly). We also note
that here we have observed rather high ORR activity of the Ni-poly electrode (consistently over five
repeated measurement sets), with noe significantly lower compared to the previously reported value by
McCrory et al., amounting to 0.46 V, which might be due to the lower roughness factor of Ni electrode in
that particular work (RF = 2) [26]. Also, we note that previously high OER activity of pure Rh electrode was
reported, with the onset around 1.6 V vs. RHE (overpotential above 0.35 V), and it was also shown to be
much more active than Pt (OER onset potential around 1.7 V vs. RHE) [44].

https://doi.org/10.26434/chemrxiv-2023-0p036 ORCID: https://orcid.org/0000-0002-1000-9784 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-0p036
https://orcid.org/0000-0002-1000-9784
https://creativecommons.org/licenses/by/4.0/

——HER1——HER2 HERS3 HER4 = = = Pt-poly
-0.30 -0.25 0.20 -0.15 -0.10 -0.05 0.00
0 T T = [ Pl ———
5L ’,’ _
4
rd
ll
-10 1/ S
’
Is
45 | ’, E
,' Pure Ni-poly
_20 1 1 ! 1 1 I_ —
Rh@Ni-poly
‘*E 5L10s i
Q
E -10
=
A5 L i
-20 ! ! ! L . L
Rh@Ni-poly Lo
-5 130 s ’o' i
4
’
[
-10
I
4
’
45 | ’ g
I
'
_20 1 1 4 It 1 1
-0.30 -0.25 0.20 -0.15 -0.10 -0.05 0.00
E/V vs.RHE

Figure 2. HER polarization curves (10 mV s7%, N2 purged 1 mol dm™* KOH) of pure Ni-poly, and Rh-modified Ni-poly
for 10 s of exchanges (middle panel) and 30 s of exchange (lower panel), as-prepared (HER1) and upon successive
oxidation to 0.8 V vs. RHE (HER2), 1.0 V vs. RHE (HER2), and 1.2 V vs. RHE (HER3). Pt-poly (RF = 5) is added as a
benchmark (dashed line). Arrows indicate the change in the activity trends.

Table 1. Summary of HER/OER catalysis (uncertainties of individual measurements are < 10 mV; thus, for example,
all the overpotentials for HER on the Rh-modified Ni-poly with 10 s exchange are rounded to -0.13 V).

Electrode HER activity OER activity
Nuer0 / V Noer,20 / V
As-prepared <-0.30
Oxidized 1 -0.29
Ni-poly Oxidized 2 -0.27 0.32
Oxidized 3 -0.25
Oxidized 4° -0.26
As-prepared -0.13
) Oxidized 1 -0.13
::c?:(;'s';m'y (10 Oxidized 2 ~0.13 0.30
Oxidized 3 -0.13
Oxidized 4° -0.13
As-prepared -0.09
) Oxidized 1 -0.10
::g:o'l's';m'y (20 Oxidized 2 -0.11 0.31
Oxidized 3 -0.12
Oxidized 4° -0.12
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Pt-poly (RF = 5) -0.14 0.52
Pt-poly (RF = 20) -0.11 0.51
Pt (RF = 10)® -0.100.02

Pt (RF = 130)* -0.03+0.02

Ru (RF = 70) ® 0.29+0.02
Ru (RF = 200) ® 0.34+0.03

2 after a wide cyclic voltammogram up to 1.45 V vs. RHE, ® Ref. [26], 1 mol dm~3 NaOH

For the Rh-modified electrodes, the situation is quite complex. First, the activities of the modified
electrodes are close to or higher than that of platinized Pt, used here as benchmarks (Figure 2), or
previously reported in the literature [26] (Table 1). HER activity is higher for longer surface modification
time (30 s). However, the effects of surface oxidation are different for two Rh exchange times. For 10
seconds exchange, the activity drops, but only slightly, and all the overpotentials are within 10 mV (Table
1). In contrast, in the case of 30 seconds of exchange, the HER activity decays more but still remains higher
than the activity Pt-poly (Figure 2, row — Rh@Ni-poly 30 s). Previously we have discussed similar effects
induced by potentiostatic oxidation of Rh-modified Ni-poly electrode [33], suggesting that the oxidized
phase of Rh-Ni could be less effective for H,O dissociation compared to the as-prepared Rh-Ni phase.
Moreover, it was shown that the Rh-Ni phase offers better H.gs energetics compared to the Ni surface.
Here we see that the activity increases with the amount of Rh deposited on the electrode, but the effects
of surface oxidation are also more prominent in that case. Thus, Ni|Rh interface could be the key for a
high HER activity, while Rh sites could serve as H.q4s acceptors where the H, formation is taking place, as
the Rh surfaces provide much better H.gs energetics than Ni surfaces. However, the influence of oxides
could be present even in the case of pure Rh phase, as previously shown [48], suggesting that the kinetics
of Rh oxide reduction has a significant impact on the catalytic activity.

20 .
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15 2.0
4
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Figure 3. HER/OER polarization curves studied electrodes (10 mV s™%, N2 purged 1 mol dm™ KOH), from pure Ni-poly
to Rh-modified Ni-poly and benchmark Pt electrode (RF1
voltammogram of the studied electrodes in the 0-1.5 V vs. RHE range (left), HER and OER Tafel plots of the

corresponding electrodes.

5, RF2 =
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After exposing the electrodes to high anodic potentials (1.45 V vs. RHE), a wide cyclic
voltammogram was recorded to probe HER and OER activity, that is to determine the overall water-
[48]splitting voltage on the studied electrodes (Figure 3, left). The cycle started in the cathodic direction,
thus, HER was probed first, and then OER was tested. Overpotentials for HER (nuer 10, Table 1, oxidation4)
and OER (noer10, Table 1) were extracted from this cyclic voltammogram. Further, Tafel slopes were
evaluated (Table 2). To evaluate Tafel slopes, a single current decade, from |2] to | 20| mA cm™ was fitted
using a linear fit (Figure 3, right). In this way, both HER and OER overpotentials were high enough for the
fitting, while gas bubbles formation was not as high to cause partial electrode surface blockage.

As can be seen, Pt-poly has a low HER overpotential and a high OER overpotential, while pure Ni-
poly behaves the opposite, with a high HER overpotential and lower OER overpotential. However, Rh-
modified Ni-poly combines both low HER overpotential and low OER overpotential, while it is also
characterized by low values of HER and OER Tafel slopes (Table 2). Considering the OER catalyst overview
provided by Plevova et al. [49], the Rh-modified Ni-poly electrodes fall in the high activity group of OER
electrocatalysts presented so far, surpassing more than 70% of them. The values of HER and OER
overpotentials, together with the calculated Tafel slopes, were used to estimate water decomposition
voltage at 1000 mA cm™ (Table 2, Uirtee). We note that these are iR-free water decomposition voltages
to the extent to which we were able to remove iR drop from the cyclic voltammograms presented in Figure
3 (left). Based on the obtained results, the Rh-modified Ni-poly electrodes offer water decomposition
voltages below 2 V at a high current density of 1000 mA cm™ (geometric), which is 20% lower compared
to the water decomposition voltage on pure Ni electrodes estimated here.

Table 2. Tafel slopes for HER and OER (fitting errors for Tafel slopes are under 2x1073 V dec™?) and water
decomposition voltages — measured at 10 mA cm™ and a 1000 mA cm~ estimate.

Electrode HER Tafel slope OER Tafel slope Uirfree @ 10 mA Uirfree @ 1000 mA
/ mV dec™ / mV dec™? cm?/v cm™2 / V (estimate)

Ni-poly -0.065 0.055 1.81 2.05

Rh@Ni-poly

(10 seconds) 0.075 0.068 1.66 1.95

Rh@Ni-poly

(30 seconds) 0.067 0.076 1.66 1.95

Pt-poly (RF = 5) -0.100 0.152 1.87 2.37

Pt-poly (RF = 20) -0.093 0.175 1.85 2.39

3.3. Electrocatalysis of HOR and ORR

After analyzing alkaline water electrolysis reactions, we turn to HOR and ORR — the key reactions
in fuel cell technologies. HOR was measured in Hy-saturated 0.1 mol dm™= at 10 mV s2, like in [50]. As the
measurements were not fully stationary, some (pseudo)capacitive contributions are visible due to the
Huep process. On the other hand, we wanted to avoid extensive Rh oxide formation, so we restricted
voltammetric measurements to potentials beyond Hupp peaks (i.e., double-layer region) where the
capacitive response is the lowest. HOR was measured for Rh-modified Ni-poly electrode upon 30 s of
exchange, directly after the replacement (Figure 4, a) and after prolonged cycling to 1.2 V vs. RHE (allowed
to rest at 0 V vs. RHE for 10 min after cycling, Figure 4 b). In both cases, diffusion limitations are reached,
which can be seen from the equidistant diffusion currents and the Levich plot (Figure 4, d). However, in
both cases diffusion currents are lower compared to the Pt-poly electrode and Pt/C-modified RDE from
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Ref. [50]. Kinetic currents (ji) evaluated at 0.05 V vs. RHE point that jk for as-deposited Rh-modified
electrode amounts 1.58 mA cm™2, while after cycling it increases slightly to 1.75 mA cm™2. Still, this is one
order of magnitude lower compared to Pt-poly (RF = 20) where ji, was found to be 17.7 mA cm™. We note
that Ni-poly does not have HOR activity [51], thus, the observed activity is solely due to the Rh phase.
Previously, Rh-Ni alloys have been tested for HOR activity [51], and it was found that Rh-Ni alloys display
composition-dependent activity, while the most active composition is NigsgRhi1 [51]. Interestingly, in that
study as well diffusion-limiting currents commonly found for Pt electrodes were not reached on Rh-Ni
alloy electrodes, and the diffusion currents we find here fall in the range of the ones reported in Ref. [51],
where they have been measured under fully stationary conditions. Obviously, in contrast to HER, the HOR
performance of Rh-modified electrodes is not as good and the electrodes perform not as well as platinum,
despite tremendous activity improvements with respect to pure Ni-poly, which is not HOR active at all.
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3.0 1 3.0 2500 rpm
2500 rpm
o 284 N 251 1600 rpm
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Figure 4. HOR polarization curves in alkaline media (Hz-saturated 0.1 mol dm= KOH, weep rate 10 mV s™2) of (a) as
deposited Rh-modified Ni-poly (30 s exchange), (b) extensively cycled Rh-modified Ni-poly electrode, (c) Pt-poly
electrode, and (d) Levich plot (E = 0.3 V vs. RHE) for these three electrodes, including the reference values from Ref.
[50] (done with Pt/C-modified RDE under identical experimental conditions as here).

Next, we study ORR on Rh-modified Ni-poly (Figure 5, a) and compare ORR performance to the
Pt-poly electrode (RF = 20). Although in this work we have not prepared very smooth Ni-poly and its
surface is rough, the RF is lower compared to the used Pt-poly benchmark where also small Pt particles
are seen, being formed during the platinization (Figure 5, inset 3D SEM images). Higher RF of Pt-poly is
also confirmed by a larger blank cyclic voltammogram compared to that of Rh-modified Ni-poly (Figure 5,
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a and d). In the case of Pt-poly, full diffusion limitations corresponding to the 4e™ reduction of O, are
reached. Moreover, there is a relatively small hysteresis between anodic and cathodic scan which is
approximately 35 mV wide at the half-wave potential. ORR onset potential for Pt-poly was found to be
close to 1.0 V vs. RHE. On the other hand, Rh-modified Ni-poly shows lower ORR onset potential (0.86 V
vs. RHE), and much wider hysteresis between anodic and cathodic scans, amounting to 104 mV at the
half-wave potential. In the case of Pt-poly, we have previously discussed how the effects of potential scan
rate affect the hysteresis and ascribed its width to the slow Pt-oxide reduction under different
potentiodynamic conditions [52]. Thus, when this knowledge is combined with the slow reduction of Rh-
oxide discussed before (see Figure 1, b), larger hysteresis width in the case of Rh-modified Ni-poly,
compared to Pt-poly, can be ascribed to hardly reducible Rh-oxides being formed on the electrode surface.

04
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14
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-2 ! .
“"E g P . o
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< > o J <
E L] = £
= 900 rpm s Rhghi =
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E/V vs. RHE E IV vs.RHE

Figure 5. (a) Background-corrected ORR polarization curves and the blank cyclic voltammogram of Rh-modified Ni-
poly electrode (30 s of exchange, O»-saturated 0.1 mol dm™3 KOH, 20 mV s%, inset shows 3D reconstructed SEM
image at x10,000 magnification), (b) Koutecky-Levich plot for Pt-poly and Rh-modified Ni-poly electrode (at 0.5 V vs.
RHE), (c) ORR polarization curve and calculated kinetic currents for ORR on Rh-modified Ni-poly, (d) background-
corrected ORR polarization curves and the blank cyclic voltammogram of Pt-poly electrode (RF = 20, 30 s of exchange,
20 mV s}, inset shows 3D reconstructed SEM image at x10,000 magnification).

We note that the relatively high ORR activity of the Rh-modified Ni-poly electrode is primarily due
to the presence of Rh as the Ni-poly electrode has very poor ORR activity which is largely affected by the
state of the surface, that is, the presence of Ni-oxide species. Moreover, the oxidation of Ni-poly surface
in alkaline media leads to reduced selectivity of O, reduction and large amounts of peroxide formed [53].
Here, on the contrary, using the Koutecky-Levich (K-L) analysis [54], we found that ORR on the Rh-modified
Ni-poly surface follows the 4e™ ORR path in the entire potential window where ORR was investigated
(Figure 5, b). On the other hand, using the K-L analysis we have found that kinetic ORR currents (j) have
finite values in the entire ORR potential window investigated, which were only a few times higher than
limiting diffusion currents (js). Thus, using the K-L equation:

1 1 1

i® T ® s

(5)
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we have evaluated ji in the entire potential range studied here (Figure 5, ¢) and found it reaches up to
30+2 mA cm™2 (geometric) at 0.35 V vs. RHE. Error is associated with uncertainties due to the noise in
limiting currents under diffusion conditions. Further, we have performed Tafel analysis on such
reconstructed mass transfer-corrected kinetic currents and found that in the anodic scan, there is a
continuous change of Tafel slope from low to high values. However, in the cathodic scan, the regions of
different Tafel slopes were better separated, revealing the low Tafel slope region (-(67+2) mV dec™, from
0.85 to 0.81 V vs. RHE), medium Tafel slope (-(105+3) mV dec™?, from 0.80 to 0.75 V vs. RHE), and high
Tafel slope (-(217+2) mV dec™, down to 0.52 V vs. RHE). This behavior is similar to that of Pt revealed by
using single submicrometer Pt particles [55], showing three ranges with different ORR Tafel slopes (-60,
-105, and -240 mV dec™?). Such behavior has been explained by the potential-dependent change in the
oxide coverage and possible change of the ORR rate-determining step at high ORR overvoltages [55].

Based on the results presented so far, the effects of Rh oxide(s) on the catalytic performance of
Rh-modified Ni-poly are very prominent. These are seen in HER catalysis as well as ORR catalysis, while
the nature of the oxides present on the surface is crucial for OER catalysis. Based on Ref. [44], Rh forms
two high-valence oxides at high potentials, Rh,03; (above 0.9 V, orthorhombic phase), and RhO, (above
1.75V, tetragonal phase). These thermodynamic data should be complemented by kinetic data for oxide
formation and especially reduction, which is evidently very slow, and significantly impacts the ORR kinetics
and the hysteresis between anodic and cathodic scans. Moreover, recently, the formation of Rh,03 and
RhO; was observed even during the electrodeposition of Rh-Ni alloys, while the oxides remained present
during extended cycling in the HOR potential region (in alkaline media) [51]. Based on the DFT calculations
we have performed on bulk Rh,03 and RhO; (Figure 6), Rh,0s is a semiconductor, with a bandgap of 0.51
eV. This bandgap is underestimated due to the methodology used, while a previous DFT+U study (U = 3.5
eV) indicated a bandgap of 1.14 eV [56]. Moreover, experimentally it was found that Rh,0; has a direct
band gap of 3.4 eV and an indirect band gap of 1.22 eV. On the other hand, higher-valence oxide, RhO, is
a conductor (Figure 6). Thus, we believe that under ORR conditions, the Rh phase of the Rh-modified Ni-
poly is converted to semiconducting Rh,03, which impedes ORR. Additionally, the Rh surface is highly
oxophilic leading to its low predicted ORR activity [25]. As Rh,03 is reduced very slowly, it is also likely to
be present to a low extent under the HOR condition, also impeding the rate of this reaction.

Under negative potentials corresponding to HER, Rh,03 gets more reduced, but the negative
impact of surface oxidation on the HER activity also suggests that the semiconducting oxide phase could
be partially present even at very negative potentials, despite only metallic phase being thermodynamically
stable under such conditions [44]. This is justified by the more pronounced (negative) impact of surface
oxidation on the surface with a higher Rh content (Figure 2, middle versus bottom row). On the other
hand, RhO,, which is stable under high potential, is likely to be present during OER. This oxide is formed
by the oxidation of Rh,03; which means that the Rh phase converts from semiconducting to metallic one.
Thus, OER activity is not impeded, while the OER activity of RhO, is expected to be very high [57]. In this
way, by modifying the Ni-poly surface with Rh, high HER and OER activities were obtained, while the same
surface underperforms in HOR and ORR compared to Pt-poly.
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Figure 6. Densities of States and crystal structure of orthorhombic Rh,03, stable between 0.9 and 1.75 V vs. RHE
(top row), and tetragonal RhO2, stable above 1.75 V vs. RHE (bottom row).

Finally, considering the use of Rh in electrocatalysis, the main obstacle is its price. Rh is one of the
most expensive noble metals, with a price of 130.3 EUR per gram (after even five successive depreciations
within the last year [27]). This is much higher compared to Pt (29.3 EUR per gram), but less than iridium
(148.9 EUR per gram) which is practically the only metal that is considered viable for PEM electrolysis
anodes [58,59]. Moreover, based on preliminary testing, the rapid galvanic displacement using platinum
solution under identical conditions does not lead to appreciable catalytic activity improvements
comparable to the case of Ni modification by Rh. Thus, optimizing Rh deposition to minimize its usage and
restricting to the surface modifications of low-cost substrates could be a plausible route for designing
novel high-performance alkaline electrolysis catalysts leading to tremendous energy saving. These savings
could even justify the use of more expensive metals. However, in order to make more concrete
conclusions regarding this possibility, it is necessary to consider factors beyond electrocatalytic
performance.

4. Conclusions

In the present work, we have demonstrated the high HER and OER activities of Rh-modified
polycrystalline Ni electrodes in alkaline media. Based on the evaluated HER and OER overpotentials and
also low values of Tafel slopes for these two reactions, it is estimated that Rh-modified Ni electrodes
ensure alkaline electrolysis at high current densities (1 A cm™) at a voltage below 2 V. Moreover, in
contrast to pure Ni, the Rh-modified electrode shows appreciable HOR activity and much improved ORR
activity. Nevertheless, their HOR and ORR performance is lower compared to polycrystalline platinum.
When studying each of these reactions, the effects of surface oxidation have shown to be very important.
Namely, anodically formed Rh oxides are very difficult to reduce, affecting HER/HOR and, particularly,
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ORR. Such effects can be understood on the basis of the semiconducting nature of Rh,03 formed at lower
potentials, impeding ORR and partially also HOR. Moreover, when the electrode is intentionally oxidized,
HER activity is also affected, being reduced when compared to freshly prepared Rh-modified electrodes.
On the other hand, OER takes place at higher potentials where RhO; is formed, which is conductive and
does not affect electron transfer. Overall, the presented results place facile galvanic displacement of Ni
with Rh as a suitable route for engineering highly active water splitting electrocatalysts for alkaline
electrolysis. This conclusion is also supported by a very low price penalty introduced by surface
modification with Rh and significantly reduced Rh price in the last 12 months, currently below the price
of iridium.
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