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Enhancing the Alkaline Hydrogen Evolution Reaction Activity
through the Bifunctionality of Ni(OH),/Metal Catalysts**
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The hydrogen evolution reaction (HER) plays a key role in
a number of technologically important areas such as water
and chlor-alkali electrolysis,!") metal deposition,” corrosion,?!
and fuel production from CO, reduction.” The HER is also of
fundamental importance, serving for decades as a model
reaction for exploration of the relationship between the
electrode material and the kinetic rates of electrochemical
transformation of protons (acid) or water (alkaline) into
molecular hydrogen (2H'[2H,0]+2e =H,+[20H]).”
Traditionally, the mechanism of the HER is usually assumed
to proceed by an initial formation of hydrogen intermediates
(denoted hereafter as H,4) which, depending on the pH value
of solutions, is formed by an electron-transfer step through
the discharge of protons or water (H'[H,O]+e =H,q-
[+OH™]). This, so-called Volmer step, is then followed
either by the Tafel chemical recombination step (2H,,=H,)
or by a second electron transfer through the Heyrovsky step
(H'[H,O] + Hyy + e =H,[+OH]). Although the reaction
pathways are similar because of the activated water dissoci-
ation step the HER activities for most catalysts in alkaline
medium are usually about two to three orders of magnitude
lower than in acid solutions.’>® This recognition initiated
development of the Ni(OH),/Pt catalysts for which, in
a bifunctional mode of action, the edges of Ni(OH), promote
the dissociation of water and the production of hydrogen
intermediates that then adsorb on nearby Pt sites and
recombine into molecular hydrogen.'”! However, one key
question still remains open; can this method be successfully
applied to design active, cost-effective catalysts for the HER
in alkaline solutions. So far, the conventional alkaline water
electrolyzers use high-surface-area Raney Ni and Ni
alloys,’*”! materials that are cheaper but not active enough,
thus providing a significant scope for improving the reaction
kinetics at the cathode.
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Here, we demonstrate that the HER on a Ni electrode
modified by Ni(OH), nanoclusters is about four times higher
than on bare Ni surfaces, thereby providing a means to
enhance the activity of cost-effective catalysts for alkaline
electrolyzers. To emphasize the importance of the bifunc-
tional mechanism, we also report the results for the HER on
1B group (Group 11) metals (M =Cu, Ag, Au) as well for the
Pt group (Group 10) metals (M =Ru, Ir, Pt) and transition
metals (3d TMs=Ni, V, Ti) modified by Ni(OH),. Rather
than attempting to present the data in a volcano-like fashion
for this multifaceted (and often esoteric) area, the overall
emphasis here is on providing a straightforward analysis of
the underlying physical concepts and the experimental
insights on the activity trends along the periodic table for
the alkaline HER. These will be further supported by drawing
comparisons with the corresponding acid HER activities.

For decades, practical design of metal catalysts for the
HER in acidic media has been based on the well-known
concept of volcano plots,’® which is generally used to express
the relationship between the rate of the HER and some of the
physicochemical properties (descriptors) of metals such as,
for example, the hydrogen adsorption energies,”! bulk heats
of metal-hydride formation,'” and the metal work func-
tion.''l With rare exceptions,'™ a classical volcano-shaped
correlation is found from both experimental results!"' as well
as computational approaches®<'? with metals that adsorb
hydrogen neither strongly nor weakly (the Pt group metals)
occupying the apex of the volcano curve. While the metals
that adsorb hydrogen strongly (Ru and 3d elements) are
positioned on the descending part of the volcano plot, the IB
group metals which exhibit a weak M—H,, interaction are
found on the ascending part. In contrast to the computation-
ally derived volcano plots on “ideal” metal surfaces, however,
one might anticipate that either because of metal-hydride
formation during the HER (e.g., Pd, 3d TMs) and/or the
presence of hydroxides/oxides on many metals even in the
HER potential region (e.g., Ru, 3d TMs) it is very difficult (if
not impossible) to establish, solely based on experimental
results, the true relationship between rates of the HER and
the metal surfaces. In fact, only Pt, Ir, and Au (and to some
extent Cu and Ag) may be considered as metals in the HER
potential region. Consequently, experimentally derived vol-
cano plots could easily be “contaminated” with adsorption of
“spectators”®! such as, for example, anions and oxygenated
species. Furthermore, because the rates of the HER on Pt and
Ir in acidic environments are facile, it is plausible that the
HER activities measured in this case are dominated by the
concentration overpotential instead of kinetics. In the follow-
ing, therefore, analysis of the experimental results for the
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HER in acid and alkaline solutions will not be tied to the
concept of the volcano plot (notice, the results when plotted
using the conventional approach form “volcano trends”, as
shown in the Supporting Information). As summarized in
Figure 1, variations of HER activities in acid and alkaline
environments will simply be expressed as the measured
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Figure 1. a) Comparison between activities for the HER, expressed as
overpotential (1) required for a 5 mAcm™ current density, in 0.1m
HCIO, and 0.1 M KOH for both bare metal surfaces and Ni(OH),-
modified surfaces. Metals are grouped into three distinct groups, the
IB group (Cu, Ag, Au), the Pt group (Pt, I, Ru), and the 3d transition
elements (V, Ti, Ni). We refrain from using the volcano plot form
because of the ambiguity related to the exact nature of the “metal”
surface, especially for the non-noble metals. As inset, 2D representa-
tions of the mechanism for the transformation of protons (pH 1) and
water (pH 13) into H,. The IB group exhibits opposite trends in acid
versus alkaline solutions. Pt group metals show no discernible differ-
ences in acid solution between Ir and Pt, but a much larger potential
difference in alkaline solution. These differences are found to disap-
pear when we compare the trends between acid and Ni(OH),/M
surfaces in alkaline solution, confirming the role of the water dissoci-
ation step. No clear understanding is possible for 3d transition metals
because of the poorly defined surface properties of such materials,
which are often covered with “oxide” species. However, given that the
HER activity is enhanced for all these metals with the introduction of
Ni(OH),, it is clear that the oxide species are important for the water
dissociation step and relevant for the HER.

overpotential (1) at a constant current density (7). For clarity,
results will be clustered into three groups; IB group metals,
Pt group metals, and 3d TMs (for more details see the Method
Section in the Supporting Information and the figure
captions). We will also avoid any rigorous kinetic analysis of
the HER in acid and alkaline solutions in the present
discussion. Tafel slopes provided in the Supporting Informa-
tion are merely for comparison purposes.

In acid environments (Figure 1), three distinct relation-
ships are noteworthy: 1) while there is no difference in the
activities between Pt and Ir (presumably because of similar
metal-H,, energetics), Ru is the least active either because of
a strong Ru-H,, interaction and/or the presence of oxy-
genated species even in the HER potential region;!'! 2) for
the IB group elements, the activity trends increase in the
order Au> Ag > Cu, signaling that the HER activities may
increase in the same order as the hydrogen adsorption energy
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on the IB group metals;*>*'? 3) considering that in electro-
chemical environments all of the 3d TM elements are covered
by oxides/hydroxides (with unknown stoichiometries) in
varying degrees, the observed trends (Ni>V > Ti) may or
may not correspond to the M-H,,4 energetics. For the latter
systems, given that there are no available in situ methods
capable of resolving the exact nature of the surface atoms of
3d TM elements in the HER potential regions (e.g. as pointed
out in the Supporting Information, the Ni surface is at least
partially covered with oxide species), at this moment it is not
possible to propose any correlation between the rate of the
HER and the M—H bonding, thereby validating why we
refrain from using the traditional volcano-type plots here.

As pointed out earlier,!'” catalytic activity of the HER at
high pH values can be simultaneously controlled by the M-H,4
bond strength as well as by the energy required to dissociate
water into H and OH . From Figure 1 we conclude that:
1) the activities in alkaline solutions are significantly lower
than in acid solutions, consistent with the observed inferior
activities of the HER in alkaline solution; 2) unlike in acidic
media, in alkaline solutions the activity increases in the order
Ir > Pt > Ru (see also the polarization curves in the Support-
ing Information), suggesting that for a similar energy of
hydrogen adsorption on Pt and Ir, the rate of the Volmer step
is enhanced on more oxophilic Ir; 3) also, the activity trend
for the IB metals is inverse to that found in acids (Cu > Ag >
Au), signaling that the rate of reaction may be controlled by
the dissociation energy of water rather than by the adsorption
energy of hydrogen; and 4)the order of activity of the
3d elements is the same as in acidic environments, confirming
that the nature as well as the coverage by surface oxides may
be more important than the energy required for the water
dissociation step. Based on these observations and keeping in
mind that the M-H,, binding energy should be pH independ-
ent,*1% we suggest that the rate of the water dissociation step
must provide an important contribution to the observed
pH variations in activity trends. Consequently, then, for the
catalysts with comparable M-H,, energetics, improving the
water dissociation step can improve the alkaline HER
activities.

Recently, the electrocatalytic trend for the HER has been
established on 3d TM(OH),/Pt pseudo monofunctional cata-
lysts!™™ with Ni(OH),/Pt having the highest activity. Here, we
aim to transform the bifunctionality of Ni(OH),/3d TM to
a pseudo monofunctional type of catalysts, which is depen-
dent on the substrate—H,, interaction, akin to the acid HER.
As shown in Figure 1, the Ni(OH),/M surfaces are always
more active (about 3-5 fold) than on the corresponding bare
substrates. In turn, this suggests that, the edges of Ni(OH),
clusters do promote the dissociation of water and the
generated hydrogen is “collected” and recombined on the
substrate sites at a rate similar to that in acid solutions. On the
basis of this, one should expect that reactivity trends on
Ni(OH),/M catalysts should be very similar to those observed
in acidic solutions. Indeed, the trends for the HER on
IB metals established in acid solution are re-established in
alkaline solutions on surfaces modified by Ni(OH), (Au>
Cu > Ag), implying that the rates are controlled again by the
M-H,, energetics. Furthermore, there is no discernible differ-
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ence in activity between Ni(OH),/Pt and Ni(OH),/Ir, indicat-
ing that, as in acid solution, the HER is almost completely
controlled by a similar hydrogen adsorption energy on these
two surfaces. Although the relative coverages of the Ni(OH),
clusters is expected to be different between the elements
within the same group (depending on, e.g., oxophilicity and
metal sites available), our objective here is to show the
phenomenological changes brought about by the introduction
of such clusters (very little dependence on the coverage
expected at sufficient low current densities) and not to
quantify activities for the corresponding HER. Finally, the
overpotentials for the HER on Ni(OH),/3d TMs are signifi-
cantly smaller, depending on the nature of 3d TM elements,
ranging from 0.2 to 0.5 V. Given that the nature of 3d TM
elements during the HER is unknown (see above), it is not
straightforward to propose a model that explains the
improved activity on the Ni(OH),/3d TM surfaces. At this
point, however, it is reasonable to propose that Ni(OH),
serves to enhance the water dissociation step (it does this
on IB group metals and Pt group metals) and its ability is
superior to that of the native oxide species present on the
3d TM surfaces. The presence of Ni(OH), on these 3d TM
systems was confirmed by analyzing X-ray absorption spectra
(XAS) for the Ni(OH),/V system (for details see Figure S9).
To determine the presence of the oxide species on the Ni
electrode, exsitu X-ray photoelectron spectroscopy (XPS)
analysis was performed. These results reveal two chemical
states; the metallic state at 852 eV (2p*?) and 869 eV (2p"?)
and the oxide state characterized by the binding energy of
855eV (2p*?) (see the Supporting Information for more
details). Although XPS methods are not surface sensitive they
show that on the Ni electrode there are some metal sites that,
in turn, may serve to “collect” and recombine the hydrogen
atoms produced from the water dissociation step on Ni(OH),
through a similar bifunctional mechanism.

Finally, to emphasize the importance of tailoring the
active sites for the HER in alkaline solutions, we present the
results for Ni(OH),/M (M = Cu, Ag, and Ni); all three metals
are low-cost alternatives to Pt-group metals. Ag and Cu have
unique advantages because of the relatively low affinity
towards formation of hydrides over long-term operations,
whereas Ni offers the highest activity. Importantly, the results
for the HER on Ag, Cu, and Ni modified by Ni(OH),
(Figure 2) reveal that the activities of these surfaces nearly
match those in acid solutions on unmodified electrodes.
Furthermore, the activity of Ni(OH),/Ni is enhanced by
a factor of four versus the Ni(OH),free Ni surfaces,
confirming that the nature of the oxide species on the surface
is critical. To our knowledge, this is the first report displaying
that for some hydroxide-modified “metal” surfaces the HER
can be made even more active in alkaline solutions than in
acid environments. This is particularly relevant for Ni, Ni
alloys, and Raney Ni, which are used as commercial catalysts
in alkaline environments. We believe that extending our
bifunctional approach to such systems will, in turn, help
further towards bridging the gap between noble and non-
noble HER “metal” catalysts, especially with the possibility of
using a higher loading of non-noble materials. We conclude,
therefore, the indispensable condition for the HER in
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Figure 2. Activity enhancement achieved by the introduction of bifunc-
tionality through Ni(OH), addition to the surface of metal M. Ni, Ag,
and Cu are shown here for comparison. Ni for being the most active,
whereas Ag and Cu offer the unique advantage of low costs and low
affinities towards the formation of hydrides, which have been known to
decrease the activities for the HER. Activities were measured from the
first polarization scan, and the current densities at =0.3 V are
plotted.

alkaline medium is a synergy between the effectiveness of
the catalyst to break water molecules and to efficiently form
hydrogen that subsequently can be adsorbed and associated
on metal surfaces.

Experimental Section

Chemicals: Alkaline solutions were prepared from respective alkali
salts (Multipharm, Sigma Aldrich, JT Baker, and Alfa Aesar),
perchloric acid from concentrated HCIO, (Sigma Aldrich), and Milli-
Q deionized (DI) water. Pt, Ru, Ir, Au, Ag, Cu, and Ti metal
electrodes were of 4N purity and had a diameter of 6 mm.

Pristine electrode preparation: The electrodes were prepared by
radiofrequency (RF) annealing at about 1100°C (Pt, Ru, Ir), about
800°C (Au, Ag, Cu), in a 3% H,—Ar gas mixture for 7 minutes. Ti was
polished and de-oxidized in strong acid prior to testing. The samples
were transferred into the electrochemical cell with the surface
protected with a drop of DI water and immersed under potential
control at 0.05V versus the reversible hydrogen electrode (RHE).

Oxide-modified electrodes: Ni(OH),-modified electrodes were
prepared by chemical deposition, whereby the pristine electrode
samples were immersed and equilibrated in 0.01-0.1m NiCl, (Sigma
Aldrich) solutions for 4-12 h, and washed thoroughly before being
introduced into the electrolyte. The procedure, which was found to
provide the desired oxide coverage, was used for all the materials. The
time for the final oxide coverage was achieved by observing no
change in both the HER activities (and in some cases the voltamme-
tries, see the Supporting Information). Determination of the exact
coverage of the oxides is very difficult for most of the systems
considered here. For Pt, and to some extent Ir, it can be determined
from the suppression of the under potentially deposited hydrogen
(Hypa) as shown in the Supporting Information. As we move to more
oxophilic systems, for example, Ru, such determinations are
extremely difficult because of the relatively large pseudo capacitance
exhibited by the metal substrates as well as the lack of clearly defined
regions for hydrogen or OH adsorption. Typical coverages of 30-40 %
were obtained based on the H,,q of the modified surface of Pt and Ir
compared with that of the bare surfaces. Coverages on the surface of
other elements are hard to detect electrochemically. Preliminary XPS

www.angewandte.org

12497


http://www.angewandte.org

12498 www.angewandte.org

Angewandte

Communications

measurements reveal coverages ranging between 30-50%. No
attempt was made to control the coverages because of the lack of
well-defined geometry or surface “chemistry”. It is important to note
that in this work, our main focus was to demonstrate the applicability
of bifunctionality to enhance the HER activity of the material
considered by introducing Ni(OH),. Therefore, we have not per-
formed any optimizations of the catalyst design here nor did we
perform any comparison of the activity trends across the different
groups of metals.

Electrochemical measurements: A typical three-electrode Fluo-
roethylene polymer (FEP) cell was used to avoid contamination from
glass components, for the ring disc electrode (RDE) measurements.
An Ag/AgCl reference (—0.96V vs. RHE) was used for electro-
chemical measurements. The counter electrodes used were Au (Au,
Ag and Ti), Cu (for Cu), and Pt (Pt, Ru, Ir). The sweep rates used in
the cyclic voltammetry (CV) experiments were 50 mVs™', whereas
the rotation rate was 1600 rpm. For the hydrogen oxidation reaction
(HOR) and HER experiments the potential was swept in the cathodic
direction from the hold potential. The data presented is taken from
first sweep curves. Ohmic compensations were applied for all the data
reported here. Experiments were controlled using an Autolab
PGSTAT 302N potentiostat. The gases used were research grade
(5N) Ar and H,. The HER measurements were also performed at
different scan rates (50 mVs~!, 20mVs~!, and 5 mVs™) with little
change in the activity values reported. Also, rotating ring disc
electrode (RRDE) measurements were performed for various
systems to quantify the HER currents. For the ring electrode, with
a collection efficiency of 21 %, the currents from the ring and disc
electrodes confirmed that all the currents measured were mainly from
the hydrogen evolution reaction and the contributions from other side
reactions were negligible.
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