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Abstract: Developing alternatives to platinum-based electrocatalysts for the hydrogen evolution reaction
(HER) is an important challenge for realizing the green transition. This is especially the case for alkaline con-
ditions where Pt-based catalysts have very poor stability. Here, we demonstrate new solvothermal synthesis
methods with facile allotropism control for selectively obtaining hexagonal-close-packed (hcp) and face-cen-
tered cubic (fcc) ruthenium nanoparticles. Both samples are highly active HER catalysts in alkaline conditions
outperforming commercial Pt/C. However, the samples show markedly different stabilities. The hcp sample
shows exceptional stability for 12 hours constant operation at 10 mA/cm? with an overpotential that only
increases 6 mV whereas the fcc sample increases 50 mV and the commercial Pt/C more than 350 mV. Thus,
this study underlines the importance of controlling the crystal structure of nanoparticle electrocatalysts and

shows the potential of using Ru as an alternative to Pt in alkaline conditions.

Production of hydrogen via electrochemical water splitting is expected to be a central technology in order to
achieve a society that runs entirely on renewable energy.™"! This will enable both storage of intermittent en-
ergy sources such as wind and solar as well as decarbonization of heavy-duty transport (e.g. trucks, ships and
airplanes) that cannot be electrified easily. Today, alkaline electrolysis is the most mature electrolysis tech-
nology, however, the hydrogen evolution reaction (HER) occurring at the cathode in alkaline conditions is still
two to three orders of magnitude slower than in acidic solutions.!?! Pt is the most active HER catalyst, but it
is scarce and expensive, which prevents its large-scale commercial use.®! Furthermore, Pt shows very poor
durability in alkaline HER conditions. These issues have generated interest for finding Pt-free but equally

active HER catalysts.!

In recent years, Ru nanoparticles have emerged as a potential substitute for Pt as HER catalyst, where

a very high surface-to-volume ratio maximizes the number of available active sites.™! Ru is significantly



cheaper than Pt and stable in both acidic and alkaline conditions making it a versatile HER catalyst.!® In alka-
line conditions, geometric current densities of 10 mA/cm? have previously been achieved at low overpoten-
tials in the range of 5-95 mV and with low Tafel slopes of 30-70 mV/dec.’™ 7’ Ru nanoparticles have been
synthesized using a multitude of methods® including thermal decomposition/pyrolysis,’® electroreduction,
solution/organometallic methods!’® % and even room temperature solid-state synthesis.”’? Solvothermal
synthesis is a green alternative for the preparation of nanomaterials ranging from simple metals and metal
oxides to highly complex solid solutions.*¥ It is a fast and easy single-step method that can be performed
using simple equipment making it highly suitable for upscaling. The obvious versatility of solvothermal syn-
thetic methods is complemented by the precise control over polymorphism, crystallinity, size and shape dis-
tributions via simple synthesis parameters such as temperature, time of reaction, choice of solvent, precursor

and potential surfactants the method provides.!**?

For Ru nanoparticles, it has been shown that the allotropism can be controlled by using the ruthe-
nium(lll) acetylacetonate precursor (Ru(acac)s) in solvothermal synthesis with absolute ethanol as solvent as
it yields the typically adopted hexagonal close packed (hcp) structure at high temperature whereas the unu-
sual face-centered cubic (fcc) structure can be obtained at low temperature.[*? Previously, Ru nanoparticles
with the fcc structure have shown to be attractive for catalyzing CO oxidation and alkaline hydrogen oxida-
tion.!*3 Reports have also indicated that the presence of Ru with the fcc structure either as mixed-phase or
phase-pure particles is beneficial for the catalytic HER performance in alkaline conditions.!** Ru nanoparticles
with the hcp structure have been shown to be promising catalysts for hydrogenation reactions as well as for
the oxygen evolution reaction in acidic conditions.'% 1> Here, we report new facile solvothermal syntheses
of ultrasmall hcp and fcc Ru nanoparticles with allotropism control simply via the choice of solvent. The small
particles are obtained without the need of any surfactant or capping agent and this is attractive for catalytic
applications due to the high specific surface areas that can be achieved.® Both the hcp and fcc samples are
active HER catalysts in alkaline conditions, but the hcp Ru sample shows exceptional stability with a low over-
potential of 46 mV to reach 10 mA/cm?, which only increases 6 mV after 12 hours of constant operation. This
is significantly better than the increases observed for fcc Ru (50 mV) and commercial reference catalysts (59
mV for Ru/C and 353 mV for Pt/C), which thus show significant losses of activity. This shows the potential of

the easily scalable solvothermal method for producing very active and stable nanoparticle electrocatalysts.

Solvothermal synthesis was used to produce small metallic Ru nanoparticles with control of the allot-
ropism via the choice of solvent. Ruthenium(lIl) acetylacetonate (Ru(acac)s) was used as Ru precursor in the
autoclave syntheses with water or a mixture of acetone and ethanol as solvents (see detailed experimental

procedure in the supporting information, Sl). Powder X-ray diffraction (PXRD) patterns show that the sample



prepared with water as solvent has the conventional hcp structure whereas the non-conventional fcc struc-
ture was obtained when 50:50 V% ethanol/acetone was employed as the solvent (Fig. 1a and 1d). It has been
suggested previously that the Ru(acac)s precursor is important for stabilizing fcc Ru in triethylene glycol or at
low temperature in ethanol due to strong coordination of the acetylacetonate anion and stabilization of the
{111} facet.[*> *® However, this does not occur when water is used as the solvent possibly due to the lower

miscibility of acetylacetonate.

The broad peaks observed in the diffraction patterns of both samples indicate the presence of ul-
trasmall crystallite sizes of the nanoparticles. This is further confirmed from transmission electron micros-
copy (TEM) images (Fig. 1, S1 and S2). The TEM images show the presence of both monodisperse small pri-
mary particles of a few nanometers and their agglomerations. Rietveld refinements of the diffraction pat-
terns yield volume-averaged crystallite domain sizes of 3.3(2) nm for the Ru hcp sample whereas it is 1.0(3)
nm for the Ru fcc sample (see details on refinement procedures and extracted values in SI, table S1). Ele-
mental mapping via scanning transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-
EDS) shows the distribution of ruthenium in the samples, and also shows the presence of some oxygen in

both samples (see Fig. S3-S6).
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Fig. 1. Characterizations of the Ru hcp (a, b, c) and Ru fcc samples (d, e, f) by PXRD and Rietveld refinement
and bright field TEM images.



The Ru hcp and fcc catalysts were tested for the HER reaction in 1.0 M NaOH (see experimental details in SI).
A testing protocol inspired by McCrory et al.l'”! (Fig. S7) was used to measure the activity of the samples
before and after the stability test on the same films as well as to ensure similar testing conditions for all
samples. Both samples present high activity for HER catalysis in the strong alkaline conditions reaching 10
mA/cm? at a low overpotentials of 46 mV for the Ru hcp and 54 mV for the Ru fcc (Fig. 2a). Thus, the Ru hcp
sample is the most active, and the activity difference becomes even more pronounced at higher current
densities (it requires only 57 mV overpotential to reach 19.5 mA/cm?). This is comparable to previous reports
on Ru-based HER catalysts (see Table S2).! For comparison, two commercial catalysts were also tested under
the same conditions: 40 wt% Ru/C and 20 wt% Pt/C (see details in SI). The commercial Ru/C catalyst contains
Ru nanoparticles with the hcp structure and estimated crystallite size around 3 nm that is similar to the cat-
alysts obtained by the solvothermal method (Fig. S8 and S9). The commercial sample requires an overpoten-
tial of 51 mV to reach 10 mA/cm? current density, which is only 5 mV higher than our best performing sample.
However, the required overpotential gap increases dramatically at the higher current density i.e. 70 mV to
reach 19.5 mA/cm?, which is 13 mV higher and tends to increase more (Fig. 2a). The commercial Pt/C sample
is considerably less active requiring an overpotential of 110 mV to reach 10 mA/cm? displaying the superiority

of Ru-based HER catalysts in strongly alkaline conditions.
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Fig. 2. HER activity assessment in 1.0 M NaOH. a) iR-corrected linear scan voltammograms showing the geometric cur-
rent density. b) Tafel plot. c) Nyquist plots of the obtained EIS spectra (dots) obtained at an overpotential of 27 mV and



fit results (solid lines) from the equivalent circuit model shown in the inset. d) Plot of the charge transfer resistance
versus overpotential.

The Tafel slope of the Ru hcp sample is found to be very low at only 16 mV/dec (Fig. 2b). The other samples
show higher Tafel slopes of 27 mV/dec for the Ru fcc sample, 28 mV/dec for the commercial Ru/C samples

and 43 mV/dec for the commercial Pt/C sample.

The intrinsic activities of all samples for the HER reactions were analysed by performing electrochemical im-
pedance spectroscopy (EIS) at a range of different overpotentials (see Fig. 2c and S10). All the EIS spectra
feature two semi-circles in the Nyquist plot. The semi-circle at higher frequency does not change with in-
creasing overpotential whereas the resistance of the lower frequency semi-circle decreases with increasing
overpotential so this is interpreted as representing the HER reaction (see Fig. S10). All the EIS spectra were
fitted using the equivalent circuit model shown in the inset of Fig. 2c (see results in table S3). At an overpo-
tential of 27 mV, the Ru fcc and commercial Ru/C samples show charge transfer resistances, R, of 70 and 77
Q, respectively, whereas the Ru hcp sample has an R of only 60 Q at the same overpotential. This indicates
that the Ru hcp sample has a higher intrinsic activity for the HER reaction which results in the higher current
response observed in the LSVs compared to the other samples. The charge transfer resistances decrease with
increasing overpotential and this dependence can be used to determine Tafel slopes.*®! Plots of —log(Rct)
versus overpotential yield straight lines that were linear fitted and Tafel slopes were determined as the re-
ciprocal of their slopes (Fig. 2d).[*) The resulting values of the Tafel slopes obtained in this way are slightly
higher than the values obtained from the Tafel plots obtained via voltammetry. However, Tafel slopes from
EIS have been reported to be more accurate as they purely reflect the charge transfer kinetics whereas those
from voltammetry may include contributions from catalyst resistance.™™® Thus, the EIS Tafel slopes for Ru hcp
(31(2) mV/dec) and commercial Ru/C (32(1) mV/dec) indicate that their rate-determining step is the Tafel
step, which has a characteristic Tafel slope of 30 mV/dec.!>?% This is in contrast to the Heyrovsky step with a

characteristic Tafel slope of 40 mV/dec, which seems to be rate-determining for the Ru fcc sample.



Q
(o)

Jgeo= 10 MA/CM? 5001 o
S 400 2h
-504 | é 12h
< =
£ £ 100
o -1001 § 5
LITJ Ru hcp 8_
Ru fec E 50
-400 Comm. Ru/C >
Comm. PYC @]
AT S T S S '
Comm. Comm.
Ru he Ru feec
Time (h) P RUC  PC
C d
.. + Ruh
80| | Runc 200 . Ry e a,
E . Comm. Ru/C 24 my dec! . Comm. Ru/C| % Q
—60 s S50 i n
= 31 mv dec™ @
ﬂs’ 40 - P E 100
8‘ - 16 mv dec T
o o
> 20 50
(@]
0 ‘ . 0 ; ; ; ; ;
1 10 0 50 100 150 200 250
Current (mA/cm?) Re(Z) (@)

Fig. 3. HER stability tests. a) Stability tests by performing chronopotentiometry at 10 mA/cm? for 12 hours.
b) Overpotentials required for 10 mA/cm? current density from the chronopotentiometry measurements af-
ter 0, 2 and 12 hours. c) Tafel plots obtained after the 12 hour stability tests. d) Nyquist plots of the obtained
EIS spectra after 12 hour stability tests (dots) obtained at an overpotential of 27 mV and fitting results (solid
lines) from the equivalent circuit model shown in the inset.

The stability of the samples was assessed by performing chronopotentiometry for 12 hours at a constant
current density of 10 mA/cm? (Fig. 3a). The Ru hcp sample shows excellent stability as the required overpo-
tential is nearly constant with an increase of only 6 mV after 12 hours (Fig. 3b). In contrast, the activities of
the Ru fcc and commercial Ru/C catalysts decrease at constant and nearly equal rates, which result in over-
potentials that have increased 50 mv for Ru fcc and 59 mV for commercial Ru/C after 12 hours. The commer-
cial Pt/C sample shows an overpotential at 10 mA/cm? that increases rapidly to more than 400 mV exempli-
fying the stability issues when using Pt-based HER catalysts in strong alkaline conditions. The observed deac-
tivation of the Ru fcc sample is in contrast to previous reports, which have showed relatively high stabilities
in chronoamperometry tests for 2-50 hours. However, in those studies the fcc Ru particles have either
been supported on graphitic CsN4 on carbon or they form part of inter-grown Ru hcp and fcc nanodendrites,
which may improve the stability relative to the unsupported phase-pure fcc nanoparticles presented in this

study.

The Ru hcp sample retains a Tafel slope of only 16 mV/dec after the 12 hour chronopotentiometry test (Fig.

3c) indicating that the reaction kinetic remains similar to before the stability test. The Ru fcc and commercial



Ru/C samples still have higher Tafel slopes at 24 and 31 mV/dec, respectively. ECSAs were determined again

after the chronopotentiometry tests and showed a negligible decrease (Table S3).

EIS spectra were also obtained after the 12 h stability tests (Figure 3d). Here, the diameter of the low-fre-
guency semi-circle has increased significantly for Ru fcc and commercial Ru/C, whereas it only has increased
marginally for Ru hcp. This further corroborates the chronopotentiometry results and the exceptional stabil-
ity of the Ru hcp catalyst. The fitted values of the charge transfer resistance is now 81 Q for the Ru hcp sample
(up from 60 Q before chronopotentiometry test), but it has increased to 137 and 135 Q for the Ru fcc and
commercial Ru/C samples, respectively, which are nearly double of their initial values. This shows that the
Ru hcp sample retains a high intrinsic activity whereas those of the Ru fcc and commercial Ru/C samples
degrade significantly. This could possibly be due to higher crystallinity or the presence of more favourable

faceting in the Ru hcp sample.

In conclusion, we demonstrate new solvothermal synthetic protocols with facile control over the fcc and hcp
structures of Ru to produce highly active and stable nanoparticle electrocatalysts for the HER reaction under
highly attractive but demanding alkaline conditions. The prepared Ru hcp catalyst shows exceptional stability
with an overpotential at 10 mA/cm? that only increases 6 mV during 12 hour chronopotentiometry testing.
This significantly outperforms both the prepared Ru fcc catalyst, which increases 50 mV as well as the com-
mercial Ru/C and Pt/C reference catalysts, which increase 59 and 353 mV, respectively. Thus, the study shows

the potential of using Ru-based electrocatalysts as an alternative to Pt in alkaline conditions.
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Ru nanoparticles are prepared via solvothermal synthesis with allotropism control over their hcp or fcc struc-
tures. Both samples are active catalysts for the hydrogen evolution reaction, but the crystal structure is

shown to be important for the stability as only the Ru hcp sample is stable during 12 hour operation.
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