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Abstract

Energy-efficient hydrogen production is one of the key factors for advancing the hydrogen-based
economy. Alkaline water electrolysis is the main route for the production of high-purity hydrogen, but
further improvements of hydrogen evolution reaction (HER) catalysts are still needed. Industrial
alkaline electrolysis relies on Ni-based catalysts, and here we describe a drastic improvement of HER
activity of Ni in alkaline media using several model catalysts for HER obtained upon nickel surface
modification in aqueous solution of rhodium salts, when a spontaneous deposition of rhodium takes place
based on the chemical displacement reaction 3Ni + 2Rh*" = 3Ni** + 2Rh. In the case of smooth Ni-poly
electrodes, HER activity surpasses the activity of Pt-poly already after 30 s of exchange with Rh.
SEM analysis showed that Rh is uniformly distributed, while surface roughness changes within 10%,
agreeing with electrochemical measurements. Furthermore, XPS analysis has shown effective
incorporation of Rh in the surface, while DFT calculations suggest that hydrogen binding is
significantly weakened on the Rh-modified Ni surfaces. Such tuning of the hydrogen binding energy
is seen as the main factor governing HER activity improvements. The same galvanic displacement
protocols were employed for nickel foam electrodes and electrodeposited Ni on Ti mesh. In both
cases, somewhat longer Rh exchange times are needed to obtain superior activities than for the
smooth Ni surface, but up to 10 min. HER overpotential corresponding to —10 mA cm > for nickel
foam and electrodeposited Ni electrodes, after modification with Rh, amounted to only —0.07 and
—0.09 V, respectively. Thus, it is suggested that a fast spontaneous displacement of Ni with Rh could
effectively boost HER in alkaline media with minor cost penalties compared to energy saving in the

electrolysis process.
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1. Introduction

Faced with the global energy crisis, we strive to reduce fossil fuel consumption and increase
the usage of renewable energy sources [1-3]. The electrochemical production of hydrogen via
hydrogen evolution reaction (HER) is a promising way for obtaining clean and renewable energy [4].
In alkaline solutions the HER mechanism involves water dissociation and subsequent hydrogen
reduction and adsorption (H,O + e — Hy + OH), in the Volmer step, which is followed by, either
the Heyrovsky step (H,s + H,O + e — H, + OH") or by the Tafel step (2H.ss — H,) [5]. Recent
improvements in the cost and performance of electrochemical water splitting technologies point
towards a more economically viable future for their application at an industrial scale [6]. Currently,
the two prevalent methods for obtaining hydrogen are proton-exchange membrane (PEM) electrolysis
[7] and alkaline water electrolysis (AWE) [8]. The hydrogen production efficiency of PEM
electrolyzers is higher but requires Pt-based catalysts [9]. In the case of AWE, the key goal is high
catalytic activity and stability under intermittent polarization in alkaline media [10]. It is well known
that the HER rate in alkaline media is inferior to that in acidic ones [11, 12] because of the additional
water dissociation step [13], precedes the discharge step, but also due to the blockage of active sites
by adsorbed hydroxyl ions, but also partly due to hydroxyl ion adsorption resulting in the blockage of
active sites [5]. On the other hand, HER in alkaline media leads to less environmental pollution and
equipment corrosion [4].

Nickel and nickel-based electrocatalysts have been thoroughly investigated because of
nickel’s excellent stability in alkaline media [14]. However, it has been shown that the catalytic
activity of Ni largely depends on its morphology and active surface area [15, 16]. Therefore, multiple
design strategies have been developed to increase the mediocre activity of clean Ni. Alloying Pt with
Ni gives rise to two effects that increase the overall activity of the material. The first is the “ligand
effect”, referring to the change in electronic properties of both metals [17]. The other is the “lattice
strain effect,” which represents the change in Pt-Pt interatomic distance, resulting in a shift of the Pt
d-band center [18]. A large number of non-PGM (PGM — platinum group metal) Ni alloys, such as

binary and tertiary Ni-Mo alloys [20], NiCu [21], Raney Ni and NiCo [22], exhibit high activity.



Surface modification of Pt with Ni(OH), is a prime example of a bifunctional electrocatalyst for
alkaline HER. As suggested, Ni(OH), promotes water dissociation, and the hydrogen intermediates
subsequently adsorb and combine on the Pt surface [19], relying on tailoring catalytically active
interfaces. Another approach for improving Ni performance is enhancing interfacial processes related
to fast removing adsorbed hydrogen, like interfacing with reduced graphene oxide, which stimulated
Hads spillover and improved HER activity [23] while maintaining excellent stability [24]. Despite
numerous approaches to boost the HER activity of Ni, which work well in practice, a fundamental
understanding of the key interactions in catalytic systems is of utmost importance.

It is well known that rhodium exhibits high catalytic activity towards both reduction and
oxidation reactions [25]. Although several Rh-containing materials have been used in electrocatalysis
of HER [26], only a small fraction of these was tested in alkaline media [27]. An example is a
NiggRhy; alloy which has been experimentally shown to have excellent activity [28], which can largely
be attributed to the bifunctionality of the surface. Furthermore, it was discussed that the Ni/Rh phases
play the roles of H-adsorption/desorption sites, while the Ni(OH), and Rh,O5 phases catalyze water
dissociation, but no direct pieces of evidence were provided for such claims [28]. Moreover, Ni-Rh
catalysts were also used for other catalytic reactions [29-32], showing the versatility of this catalytic
system. However, the downside of Rh-containing catalysts is the high price of Rh, caused by its
scarcity. With this in mind, it is important to optimize the design of novel Rh-containing
electrocatalysts, taking advantage of the high catalytic activity of Rh while maintaining its low
concentrations. Finally, it is important to note that the application of Ni/Rh electrocatalysts is
potentially highly favorable, since not only does Rh enhance the HER performance [28, 33] and the
overall water splitting [34], but, most likely, there is an underlying synergistic effect of Ni and Rh
which could go beyond HER catalysis.

This study is aimed to investigate the effects of surface modification of Ni using galvanic
displacement with Rh on the HER activity in alkaline media. Using the mentioned approach, only the
surface of an electrocatalyst is modified with low amounts of Rh [35], which is highly beneficial for
maintaining the low cost of such prepared catalysts while significantly increasing catalytic activity.
The Rh-exchanged Ni electrodes, starting with smooth Ni surfaces to nickel foam and Ni
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electrodeposits, were investigated by cyclic voltammetry for different duration of Ni immersion in
rhodium salt solutions. In addition, the effects of electrode oxidation pretreatment were investigated to
discuss the HER mechanism on modified electrodes. Apart from electrochemical measurements, the
effects of the Rh-exchange process on the surface properties of Ni electrodes were also characterized
by scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX) and X-ray
photoelectron spectroscopy (XPS). Moreover, Density Functional Theory (DFT) calculations were
used to rationalize the enhancement of HER activity upon surface modifications with Rh. We note
that this work is focused on the origins of HER activity enhancement on various Ni surfaces upon

spontaneous displacement with Rh, while the stability of investigated catalysts is not addressed.

2. Experimental
2.1. Surface Rh exchange and electrochemical measurements

Electrochemical measurements were done using IVIUM Vetex.One or Gamry Interface 1011e
potentiostats in one compartment three-electrode electrochemical cell with Saturated Calomel
Electrode (SCE) as a reference electrode and a 3x3 cm Ni foam (Goodfellow) as a counter electrode.
As the electrolytic solution, 1 mol dm™ KOH solution (Sigma Aldrich) prepared with ultrapure
deionized water was used in all experiments. All the measurements were done at room temperature. In
this work, potentials are referred to SCE, and to calculate overpotentials for HER, potentials are
converted to the Reversible Hydrogen Electrode (RHE) scale as Egpe = Esce + 0.244 V + 0.059 V X
pH (pH = 13.45). Electrolyte resistance was corrected using hardware settings, but only up to 80 % of
the resistance value, determined using single-point impedance measurement at —1 V vs. SCE. If a
higher percentage of iR drop was corrected, the measurements were unstable. HER measurements
were done using cyclic voltammetry at a sweep rate of 10 mV s '. Before the potential sweep, the
electrode was held —1 V vs. SCE until current dropped below 1 pA cm . No anodic excursions of the

working electrode were allowed before the HER measurements unless explicitly stated otherwise.

2.1.1. Working electrodes preparation



The first set of measurements relates to smooth Ni-poly rotating disk electrodes (RDE). The
Ni disk had a diameter of 3 mm and was inserted in a Teflon cylinder with a 10 mm diameter. The
disk was polished to mirror-finish using alumina powder and then sonicated for 1 minute, washed in
deionized water, diluted HCI, and again in deionized water. Then it was transferred to the electrolytic
cell, and HER measurements were done. Ni/Rh displacement experiments were done by immersing
Ni-poly RDE into 0.1 mol dm 3 RhCl; solution in 0.1 mol dm™® HCIO, for a given amount of time (for
the measurements with Ni-poly RDE up to 45 s). After the exchange, the electrode was rinsed in
deionized water, 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.
During the HER measurements, the electrode was rotated at 1800 rpm to remove any bubbles formed
on the surface, which could block the electrode surface.

The second set of the exchange and HER measurements was done using commercial nickel
foam (NF) and electrodeposited Ni on Ti mesh (Special Metals, India) (Ni-dep). Before HER and
Ni/Rh displacement experiments, NF (5x5 mm was exposed to the electrolyte) was cleaned in HCI,
acetone, and deionized water. Exchange with Rh was done in the same way as for the Ni-poly disk.
Then, HER measurements were done as described above. Ni-dep was produced on Ti mesh,
previously cleaned in HCI, acetone, and deionized water. Ni deposition was done on Ti mesh with
dimensions of 3x3 mm, from the deposition bath containing 0.2 mol dm™ H;BO;, 0.5 mol dm™
NH,CI, and 0.125 mol dm™ NiSO,. The deposition was done in a 2-electrode electrochemical cell,
using Ni foam as a counter electrode, under potentiostatic conditions (2.4 V) for 90 s. Under these
conditions, the typical deposition current is around 50 mA. Once the deposition was done, Ni-dep
electrodes were thoroughly washed with deionized water and transferred to the electrochemical cell or
Rh-exchange solution, the same one as described above.

We note that here we report currents normalized per geometric surface area. For the
measurements with the Ni-poly disk, this is straightforward. For the measurements with NF, we used
a geometrical cross-section multiplied by 2. The same is done for Ni-dep electrodes, but we excluded

the surface of voids between the Ti wires forming the mesh. It is done because the used mesh is rather



sparse, and using a finer mesh would give higher currents within the same geometrical area (3x3
mm).

As a benchmark, we used a platinized Pt-poly disk (3 mm in diameter), prepared by
potentiodynamic cycling of smooth Pt-poly disk in H,PtClg solution, as described in ref. [36]. Using
Huep peaks, the roughness factor (RF) of the used platinized Pt-poly disk was evaluated to 7.9. In
addition, the activity of the used Pt-disk was also checked in acidic media (0.5 mol dm H,SO,
solution, Figure S1, Supplementary Information) using the same HER measurement protocol as in

alkaline solution, confirming that a highly active Pt surface is obtained.

2.2. Characterization

Morphology analysis and 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 the acceleration
voltage of 15 kV.

XPS was used to assess the chemical speciation on the samples surfaces after the exchange
with Rh. Samples were analyzed using SPECS Systems with XP50M X-ray source for Focus 500 and
PHOIBOS 100/150 analyzer. AlKa source (1486.74 ¢V) at a 12.5 kV and 32 mA was used for this
study. Survey spectra (0-1000 eV binding energy) were recorded with a constant pass energy of 40
eV, step size 0.5 eV and dwell time of 0.2s in the FAT mode. High-resolution spectra of Ni 2p and Rh
3d peaks were recorded with a constant pass energy of 20 eV, step size of 0.1 eV and dwell time of 2s
in the FAT mode. Spectra were obtained at a pressure of 9x10° mbar. SPECS FG15/40 electron flood
gun was used for charge neutralization to minimize the effects of charging at the samples. All the
peak positions were referenced to C1s at 284.8 eV. Spectra were collected by SpecsLab data analysis

software supplied by the manufacturer and analyzed with a commercial CasaXPS software package.

2.3. DFT calculations
The first-principle DFT calculations were performed using the Vienna ab initio simulation
code (VASP) [37-39]. The Generalized Gradient Approximation (GGA) in the parametrization by
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Perdew, Burk and Ernzerhof [40] combined with the projector augmented wave (PAW) method was
used [41]. Cut-off energy of 600 eV and Gaussian smearing with a width of ¢ = 0.025 eV for the
occupation of the electronic levels were used. A Monkhorst—Pack I™-centered 14x14x1 k-point mesh
was used. We modelled Ni(001) and Ni(111) surfaces using the corresponding p(2x2) cells of given
surfaces, with 10 and 9 layers slabs, respectively. Rh was inserted in the surface layer (Rhg,y) or the
sub-surface layer (Rhyy,), and the top 6 layers of a given surface were allowed to relax fully. Knowing
that on Ni HER proceeds under the conditions of high surface coverage [42], the surfaces were
completely saturated by H.4s (1 monolayer of hydrogen, 4 H.4 per cell), and the average hydrogen
binding energy (En ) was calculated as:
Enpb = (Esurr+n — Esurr — 4En)/4 1)

where Esyre+n, Esurr, and 4Ey stand for the total energy of the surface with a monolayer of hydrogen,
the total energy of the clean surface and the total energy of an isolated hydrogen atom. To convert Ey,,
to the Gibbs free energy for H,gs formation (AG44s), the procedure of Ngrskov et al. [43] was used

(AGy,us(H) = Eqp + 1/12Ey, + 0.24 eV, Ey, — the total energy of an isolated H, molecule).

3. Results and Discussion
3.1. Rh deposition — smooth Ni-poly surface

The clean, polished Rh disk measurements showed rather poor HER activity with 7;o more
negative than —0.4 V and the corresponding Tafel slope of —140 mV dec™' (Figure 1). Even though
the Ni-poly disk was polished to a mirror finish, the roughness factor was somewhat higher than 1. By
plotting the currents measured at —0.85 vs. SCE as the function of the potential scan rate and using the
value of specific capacitance of 20 uF cm 2 (for metallic surfaces [44, 45]), the roughness factor was
determined to be 2.8. According to the benchmarking by McCrory et al. [46], 1o for the Ni surface
with roughness factor 20+£10 was approximately —0.25 V. For the exchange with Rh up to 20 s, we
could not see any significant changes in recorded cyclic voltammograms (Figure S2, Supplementary
Information), but obtained a significant increase of HER activity. However, for 30 s of exchange with
Rh and more, cyclic voltammetry of Rh-exchanged Ni-poly disk shows Hypp regions characteristic for
Rh [47] and practically unchanged regions corresponding to Ni**/Ni** oxidation (Figure 1). For 15,
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30, and 45 s of exchange with Rh, 7,0 amounted to —168, —120, and —110 mV, without significant
change of the Tafel slope These results align with the unchanged surface roughness, evidenced by 3D
surface reconstruction using SEM, and a low percentage of Rh on the surface for short Rh-exchange

times, with a very uniform distribution. These issues will be discussed later on.

04
V— / 151 Polished Ni disk ‘
] £ 45 s exhange with Rh 1
| 1.1
| 101
~
20
]
°.<E Mo =-110 mV 2 .2+ o 05 /
5 w 5
< o =120 mV ) < 0.0 y
E -40 gi -1.34 E /’\ y
= o =-168 MV & s &
o clean Ni 1.4
© Rh10s CR'ﬁ"ON' 1.0
(o] S
1 Rh 485 Rn30s
Ptool 1.5 Rh 45s 1.5
HOW = Ptpoly
-1.4 -1.3 -1.2 1.1 -1.0 -1 0 | 2 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50
Evs.SCE/V log (j/ mA cm™?) Evs.SCE/V

Figure 1. HER activity measurements on Rh-exchanged smooth Ni-poly: Ni HER polarization curves
of smooth Ni-poly disk before and after 10 s, 30 s, and 45 s of exchange with Rh. A solid black line
gives the HER polarization curve of the platinized Pt-poly disk (left) and the corresponding Tafel
plots (middle). On the right, the cyclic voltammogram of smooth Ni-poly disk is compared to the
cyclic voltammogram of Ni-poly disk after 45 s of exchange with Rh at a potential sweep rate of 10
mVst

We have used platinized Pt-poly as a reference to Rh-modified Ni-poly surfaces. In ref. [46]
n10 for Pt was reported to amount (-100+£20) mV for smooth Pt-poly surface (RF 6+2), and ~ —40 mV
for Pt-poly with RF of 90£20. Our Pt disk has 7,0 of =110 mV, which closely agrees with the results
of McCrory et al. [46]. Given that the RF values of Ni-poly do not change for more than 10% upon
the exchange with Rh (Figures S2 and S3, Supplementary Information), and that the Rh-exchanged
electrodes have measured HER current densities (normalized per geometric surface area) close to that
of Pt (Figure 1), surface-specific activities of Rh-exchanged Ni-poly actually exceed the activities of

Pt (Figure 2).
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Figure 2. Surface specific activities (determined as current densities divided by the corresponding
roughness factors) for 10 s and 30 s Rh-exchanged Ni-poly and platinized Pt-poly disk electrodes at
two different potentials.

A direct comparison with the results of Nguyen et al. [33], who investigated HER activity of
NiRh; alloy nanosponges in alkaline media, can be made. With the catalyst loading of 169 pug cm
the authors reported 7190 of =107 mV for NiRh; alloy and —119 mV for commercial Pt/C catalyst [33].
The previous improvements of HER activity were achieved using similar approaches, like
spontaneous deposition of Pd and Rh on smooth Pt-poly (RF 2) [48], where Rh-modified Pt-poly
showed higher HER activity than Pd-modified Pt-poly, without significant change of the roughness
factor (2.1 for Rh-modified surface, and 2.08 for Pd-modified surface). Described catalytic surfaces
should also be compared to pure Rh, and recently Rh films on Ni foam and Ti mesh, prepared by
aerosol-assisted chemical vapor deposition (AACVD) technique, were investigated as HER catalysts
in alkaline media [49]. It was found that Rh film on NF had 7o of =127 mV, while the one prepared
on Ni mesh had the corresponding overvoltage of =67 mV [49]. As there are many studies of HER
catalysts in alkaline media, it would be possible to extend the comparison with literature data to a
large number of reports. However, here we refer to the review of Bouzek et al. [7], who provided an
extensive summary of literature reports. The assembled HER activities in the mentioned work classify
Rh-modified Ni into the first 25% of highly active Pt-free HER catalysts in alkaline media.

The examples of SEM analyses with EDX mapping (Figure 3) show uniform distributions of
Rh and O on the Ni-poly surface exchanged with Rh. Surface reconstruction profiles show surface
roughness variations below 10% with (see also Figure S3, Supplementary Information) typical height
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variations along the surface of 100 nm over 25x25 pm surface snapshots. Minor variations of surface
roughness during the exchange with Rh also agree with the cyclic voltammetry of exchanged Ni-poly
electrodes (Figure S2, Supplementary Information). XPS measurements (Figure 3, lower panel)
indicate the presence of metallic Ni, Ni(OH), and NiRh, phase (from Ni 2p high-resolution spectra)
and Rh*" and metallic Rh (from Ni 3d high-resolution spectra) [33, 50, 51]. The results shown are for
10 s exchange with Rh, in which case neither electrochemistry nor SEM shows the formation of well-
defined Rh islands, but it is obvious that there are certain parts of the surface containing Rh
aggregates. However, after 30 s exchange with Rh, there are clear indications that Rh islands are
formed, and the effect is more prominent for higher exchange times. For example, after 45 s of
exchange with Rh, the characteristic Hypp region is clearly seen (Figure 1), which is the feature of the
Rh phase [47]. This observation unambiguously confirms that longer exchange times lead to the

formation of metallic Rh islands on the Ni-poly surface.
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Figure 3. SEM+EDX and XPS characterization of Ni surface upon exchange with Rh. Top left SEM
images and EDX elemental maps of Ni, O, and Rh are shown, along with the atomic percentage of
each element. The top right is the corresponding 3D SEM surface reconstruction (before and after 10
and 20 s of exchange with Rh, respectively). On the bottom, de-convoluted high-resolution XPS
signals of Ni 2p and Rh 3d are given (10 s exchange with Rh).

3.2. HER mechanism on Rh-modified Ni surfaces

In order to rationalize enhanced HER activity of Rh-exchanged Ni surface, we turned to the
analysis of Hygs energetics on Rh-modified Ni surfaces. We studied Ni(111) and Ni(001) using DFT
calculations, and to model modification by Rh, we added Rh in the surface or subsurface layer of
these Ni(hkl), effectively modelling the surface of subsurface alloys. We find that surface
incorporation of Rh is energetically more favored than subsurface inclusion of Rh on both Ni

surfaces, in agreement with previous reports [52]. In the case of Ni(111), surface incorporation of Rh
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is more favored by —0.20 eV, while this difference for Ni(001) is —0.11 eV. Considering that Hgs
energetics was shown to give the volcano-type relationship with HER activities in alkaline media
[53], just like in acidic media [54], we used the methodology of Narskov et al. [43] to establish
activity trends. The results show that surface modification of Ni(111) and Ni(001) by Rh
incorporation significantly reduced H. energetics compared to pristine Ni(111) and Ni(001), thus
reducing the energy required for the formation of H, from H,ys (Figure 4). This effect is due to the
modification of the Ni electronic structure due to the presence of Rh atoms. It is seen even when Rh is
incorporated in the subsurface of Ni(111) and Ni(001) (Figure 4). We do not engage here in a
detailed analysis of the origin of altered H,4s energetics on modified Ni surface, which would involve
the analysis of the stabilization of the d-band center of Ni by Rh. However, we note that Ni-Rh
surface alloy (Ni host, Rh solute) was previously identified to have favorable H,4s energetic for HER
(|AGas(H)| < 0.1 eV) by Greeley et al. [55], for higher surface concentrations of Rh (1/3 of

monolayer), but such catalyst was not implemented experimentally.
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Figure 4. Enhancement of HER activity of Rh-exchanged Ni surfaces according to theoretical
calculations. The upper panel shows the model surfaces studied here with Rh atoms incorporated in
the surface (Rhg,s) or the subsurface layer (Rhgy). The lower panel shows AG,gs(H) profiles for
studied surfaces, demonstrating that adjusted H,qs formation energetics should enhance HER activity.
On the right, two inequivalent fcc sites on Rhg,sNi(111) are shown, marked as Ni,Rh site and Nij site.
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Tafel analysis performed on HER polarization curves of Rh-exchanged smooth Ni-poly
shows Tafel slopes that are close but usually larger than —120 mV dec™' (absolute values). Deviation
from the theoretical value of —120 mV dec ™' can be ascribed to incomplete correction for the iR drop
(see Section 2.1) and the problems with removing H, bubbles (despite electrode rotation during the
measurements). Thus, although there it is quite inconvincible to determine the mechanism of HER
solely based on the Tafel slope, there is enough reliable literature data [42] to conclude that Heyrovski
reaction is the rate-determining step (RDS) on Ni-poly surface, at least at higher HER overpotentials
where we performed Tafel analysis. The same reference claims that, at lower HER overpotentials, the
Tafel reaction is the RDS [42]. However, more recent findings suggest that surface modifications by
Ni-oxy-hydroxides enhance HER kinetics through H,O dissociation where H,qgs ends up on the metal
surface. At the same time, OH,ys is governed by the oxy-hydroxide phase (and ultimately released
back to the solution) [19, 56]. In the original interpretation, this means that the rate of VVolmer reaction
is increased, allowing fast recombination of H.y and formation of molecular H, via the Tafel step.
Thus, if the Ni surface is partially oxidized, HER activity should increase, and this is exactly what we
observe for clean Ni-poly (Figure 4), while the Tafel slope changes from —140 mV dec * for clean
Ni-poly to =90 mV dec* for oxidized Ni-poly. This change of the Tafel slope is insufficient to claim
any change of the reaction mechanism unambiguously but might be a good indication of such a
scenario. Namely, the Heyrovsky reaction also involves H,O dissociation, and if the H,O dissociation
rate is increased, one can also expect that HER proceeds through with the Heyrovsky reaction as the
RDS will be enhanced. Actually, the Ni surface binds H,gs strongly, so there is no reason to expect
that the VVolmer reaction (formation of H,y) will be RDS, in agreement with ref. [42]. Nevertheless,
the HER activity significantly decreases if the Rh-exchanged surface is exposed to the same oxidation
protocol (Figure 4). Rh surface binds H,y weaker than Ni surface, but, still, AG,gs(H) is negative
(Figure 4). However, the Rh|Ni interface conversion to Rh|Ni-oxy-hydroxide interface hinders HER.
As Rh-exchanged Ni surface binds H,gs Weaker than clean Ni surface, there is no reason to expect that
Ni-oxy-hydroxide surface will bind OH,¢ weaker than on pure Ni surface, Bronsted—Evans—Polanyi
relations for water dissociation [57] suggest lower H,O dissociation rate. Thus, slower Volmer and
Heyrovsky reactions compared to pure Ni surface. However, on pure Ni-poly Tafel reaction is the
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RDS at low overpotentials due to strong binding of H., but this is not the case for Rh-exchanged
surface, and the surface is effectively cleaned from H,ys by fast recombination/desorption and the
formation of molecular H,. However, we also observed an additional effect of surface oxidation. For
clean Ni surface, activity increases as the oxidation time increases from 10 to 30 s. However, for Rh-
modified Ni surface, the effect is the opposite. The HER activity slightly decreases with the
elongation of the oxidation time. It could mean that the mechanism of HER on Rh-modified surface is
still Volmer-Heyrovsky, like in the case of pure Ni surface, but the oxidation causes the blockage of
the active sites for the formation of H.g, effectively lowering HER activity. Moreover, the negative
effect of the surface oxidation could also be a clear indication that the surface oxide phase of Rh-
modified Ni surface is less active for water dissociation than oxidized Ni surface and that pure Ni-Rh
surface actually provides better energetics for water dissociation. In contrast, the opposite holds for
the clean Ni surface. Overall, our results suggest synergistic action of Ni and Rh and that the
explanations of HER activity based on H. accepting sites (Rh site) and OH accepting sites
(oxy/hydroxide sites) [28] should be reexamined. This conclusion is supported by the fact that for
0.25 ML Hggs on studied Rhg,+Ni(111), DFT calculations point to a very low variation of hydrogen
binding energy on Nis sites (—2.71 eV) and Ni,Rh sites (—2.75 eV), suggesting that the surface is

energetically quite uniform, while it is obvious that the clean Rh phase prefers Hqqs less than Ni phase

(Figure 4).
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Figure 5. The comparison of HER activities after exposure of smooth Ni-poly and Rh-exchanged Ni-
poly disk (20 s of exchange) to anodic polarization at 0 V vs. SCE for 30 s. Before recording HER
polarization curves, electrodes were held at —1 V vs. SCE, as explained in Section 2.1.
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3.3. Rh exchange on expanded Ni surfaces

While metallic Rh is extremely expensive [58], significant improvements of HER activity of
Rh-exchanged Ni, surpassing the activity of Pt (Figure 3), suggest this approach could be effectively
used for boosting commercially available Ni-based HER catalyst for alkaline water electrolysis. In
fact, a rough estimate based on the surface density of Ni(001) surface shows that replacing a full
monolayer of Ni atoms with Rh atoms would cost only ~1.4 $ per m” of Ni (the real surface area).
Considering tremendous HER activity improvement, this is a small cost compared to the energy
savings achievable using described surface modification of Ni. Thus, we further explore the effects of
Rh exchange on the HER activity of extended Ni surface.

First, we investigate the effect of Rh exchange on commercial Ni foam. The results show that
the effects of time of exchange by Rh are not as pronounced as in the case of smooth Ni surface
(Figure 6), and the most pronounced effects are seen after several minutes of exchange by Rh. For
clean NF #3, was found to be —0.26 V, and for 2 and 10 min exchange with Rh it reduces to —0.17,
and —0.07 V. EDX analysis showed a monotonous increase of Rh surface concentration, without
significant alteration of mesh morphology caused by dissolution in acidic Rh-containing solution
(Figure 6). Nevertheless, for higher Rh exchange times, we clearly observed the formation of Rh
phase on NF surface (Figure S4, Supplementary Information), which we consider mainly responsible
for HER activity, as metallic Rh is much more active for HER than Ni. Also, we must note that it was
impossible to perform electrode rotation to remove the H, bubbles formed on the surface in the case
of NF. Thus the measured activity of Rh-exchanged Ni foam is slightly affected by H, bubbles
blocking the surface. Still, the activities are better than those reported for pure Rh films prepared on
NF using AACVD [49], while the modification procedure is greatly simplified. We also note that the
improvements of the NF HER activity were previously reported for the case of spontaneous
deposition of Ru and Pd [59]. However, the activities reported in that work are much lower than those

reported here, not only for the modified NF but also for the clean one.
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Figure 6. Improvement of HER activity of commercial NF upon exchange with Rh, from 15 s to 10
min, with insets showing SEM images and EDX results concerning Rh concentration.

Next, we also investigated the improvement of HER via Rh-exchange of electrodeposited Ni
electrodes on Ti mesh (Ni-dep electrodes). The improvement of HER is undoubtedly seen (Figure 7).
Under the used Ni deposition conditions, there is an intense H, evolution. Thus, the surface of Ni-dep
electrodes is highly developed through H,-bubble templating [60], while 152 um thick Ni deposits
are obtained (Figure S5, Supplementary Information), growing in dendritic form. For as-deposited
Ni-dep electrodes, 7,0 amounts to —0.29 V. Based on the voltammetric peaks corresponding to
Ni?*/Ni** (Figure 7, top right) and the corresponding voltammetric responses of smooth Ni-poly
(Figure S2, Supplementary Information), roughness factor is estimated to be 50+10. Similar to the
case of commercial NF, the effects of Rh exchange are not as pronounced as for smooth Ni-poly but
are more than clear. For 30 s of exchange by Rh, 74 is reduced to —0.15 V. SEM images taken at the
identical location before and after the exchange procedure (Figure S6, Supplementary Information)
show no significant changes of Ni-dep morphology. More interestingly, EDX showed no Rh (thus, Rh
concentration was below < 0.005 at.%), but HER activity was visibly enhanced. Considering the

results obtained with NF and Ni-dep electrodes, compared to the ones with smooth Ni-poly, we
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believe that in the case of highly developed Ni surfaces, Rh exchange is hindered by diffusion of Rh-
containing solution through such highly-developed surfaces.

For this reason, we also investigated long Rh exchange time, 5 minutes, and obtained a
further improvement of HER activity. In this case, 710 amounted to —0.09 V, and the Tafel slope was
—122+5 mV dec™. However, after SEM and EDX analysis, it was observed that the surface is
significantly eroded (Figure S7, Supplementary Information), while EDX showed ~20 at.% Rh, in
line with clear Hypp peaks after 5 min of exchange with Rh (Figure 7). This finding is in line with
recorded cyclic voltammograms of Ni-dep electrodes before and after Rh exchange, showing
progressive loss of voltammetric response corresponding to Ni**/Ni®" transition with the extension of
Rh exchange time (Figure 7). Such erosion of Ni-dep is likely due to fast corrosion of a highly
developed Ni surface, and it was not observed for NF or smooth Ni-poly. We ascribe this to the fact
that Ni-poly has a low concentration of highly uncoordinated Ni sites, prone to corrosion, unlike Ni-
dep. Moreover, the surface of NF is also rather smooth, much smoother than that of Ni-dep (Figure 6,

insets, and Figure 7). We believe this is why no pronounced dissolution and erosion of NF is seen.
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Figure 7. Enhancement of HER on Ni-dep electrodes. The upper panel shows the HER currents of as-
deposited Ni-dep electrode and after the exchange with Rh for 10 s, 20 s, 30 s, and 5 min (top left),
corresponding Tafel plots (top middle), and the cyclic voltammograms (common potential sweep rate
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of 100 mV s %, top right). The lower panel shows the SEM images of the Ni-dep electrode at different
magnifications.

4. Conclusions

Fast galvanic exchange of Ni with Rh, using concentrated acidic Rh solution, leads to
tremendous HER activity improvements in alkaline media. In the case of a smooth Ni-poly surface,
HER activity surpasses Pt-poly for Rh exchange times of 30 seconds. Our results suggest that there is
no significant change in the surface roughness of Rh-exchanged electrodes, and when surface-specific
activities of Rh-exchanged smooth Ni-poly are compared to that of Pt-poly, the HER activity of the
modified Ni-poly (30 s of exchange) is roughly 2.5 times higher than the activity of Pt-poly. DFT
calculations suggest that Rh-modified Ni surface interacts weaker with H,g, making the formation of
H, easier. Based on the obtained result, we suggest that the mechanism of HER in alkaline media is
the same for Ni-poly and Rh-modified Ni-poly. More precisely, at high HER overpotentials, the HER
proceeds through the Volmer-Heyrovsky mechanism, and the activity enhancement is through a
synergistic effect of Ni and Rh, which provides suitable energetics for water dissociation and removal
of Hugs. This conclusion is justified by the negative effects of surface oxidation on the HER activity of
Rh-modified Ni surface. Further, we employed the same Rh exchange protocols for highly developed
Ni electrodes — commercial Ni foam and electrodeposited Ni on Ti mesh. In both cases, HER was
improved, but longer exchange times are needed to observe improvements similar to the smooth Ni-
poly. For example, after 10 minutes of exchange using commercial NF, HER overpotential (710) is
reduced down to —0.07 V. No pronounced corrosion is seen, but the surface Rh phase was observed
using SEM. Likewise, for electrodeposited Ni electrodes, after 5 minutes of exchange with Rh, 7
amounted —0.09 V. However, in this case, the Ni-dep electrode was significantly eroded due to
pronounced corrosion in acidic media. Despite the extremely high price of Rh, surpassing the price of
Pt by a factor of 15, it can be estimated that the complete replacement of the surface layer of Ni with
Rh increases the price of the catalyst by roughly 1.4 $ per m® of Ni surface. Thus, rapid galvanic
displacement of Ni by Rh could be a suitable route for enhancing HER activity of high-surface area

Ni-based catalysts for alkaline electrolysis, even at the industrial scale.
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