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Abstract

Rational design of efficient pH-universal hydrogen evolution reaction
catalysts to enable large-scale hydrogen production via electrochemical
water splitting is of great significance, yet a challenging task. Herein, Ru
atoms in the Ru,P structure were replaced with M = Co, Ni, or Mo to
produce M, ,Ru,P nanocrystals. The metals show strong site preference,
with Co and Ni occupying the tetrahedral sites and Ru the square pyramidal
sites of the CoRuP and NiRuP Ru,P-type structures. The presence of Co or Ni
in the tetrahedral sites leads to charge redistribution for Ru and, according to
density functional theory calculations, a significant increase in the Ru
d-band centers. As a result, the intrinsic activity of CoRuP and NiRuP
increases considerably compared to Ru,P in both acidic and alkaline media.
The effect is not observed for MoRuP, in which Mo prefers to occupy the
pyramidal sites. In particular, CoRuP shows state-of-the-art activity,
outperforming Ru,P with Pt-like activity in 0.5M H,SO4 (9;o=12.3mV;
100 = 52 mV; turnover frequency (TOF) = 4.7 s™'). It remains extraordinarily
active in alkaline conditions (10 =12.9 mV; 7,90 =43.5mV) with a TOF of
4.5s7 ! which is 4x higher than that of Ru,P and 10x that of Pt/C. Further
increase in the Co content does not lead to drastic loss of activity, especially
in alkaline medium, where, for example, the TOF of Co, ¢Ru, ;P remains
comparable to that of Ru,P and higher than that of Pt/C, highlighting the
viability of the adopted approach to prepare cost-efficient catalysts.
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1 | INTRODUCTION

Water electrolysis, when powered by electricity gener-
ated from renewable sources, is considered to be a
sustainable technology to produce green hydrogen (H,),
which is an energy carrier with a high energy density
that could potentially replace fossil fuels." Electrocata-
lysts are required to promote the hydrogen evolution
reaction (HER) at suitable rates over a broad pH range, to
achieve commercial large-scale H, production via water
electrolysis.>* Platinum is the most efficient catalyst for
HER in acidic medium.* However, its prohibitively high
price has led to extensive research over the last decade
for developing effective but cheaper catalysts based on
Earth-abundant transition metals.* Transition-metal
phosphides were found to be among the most promising
catalytic materials for acidic HER.** However, producing
H, at high rates in alkaline solutions remains a
challenge, as even the activity of Pt decreases by 2-3
orders of magnitude compared to that in acidic media,
owing to the high kinetic energy barrier for the water
dissociation that slows down the overall reaction.*®
Therefore, developing active, durable, and economically
viable materials to catalyze the HER in acidic as well as
alkaline environments is crucial for the implementation
of a future H,-based economy.

Recent studies indicate that Ru-based catalysts are
suitable candidates for the HER in a broad pH range. Ru
has moderate hydrogen-bond strength, comparable to
that of Pt (62 kcal mol™! for Ru-H and 65 kcal mol™* for
Pt-H),*”8 higher corrosion resistance, smaller water
dissociation barrier than Pt, and is also significantly less
expensive, making it promising for both acidic and
alkaline water elec‘urolyzers.9 Nevertheless, research on
Ru-based catalysts is still in its early stages.'® It has been
mainly focused on attempting to achieve high activity
while further decreasing the catalysts' costs. In addition,
the performance of many of the Ru-based materials
remains inferior to that of commercial Pt/C, particularly
in acidic media.

Alloying Ru with Earth-abundant transition metals
(e.g., Fe, Co, Ni, Cu, Mo, etc.) allows to tune the
electronic properties and thus enhance the HER
performance while simultaneously mitigating the
costs.'’ For instance, Lu et al.® reported bimetallic
RuNi nanoparticles anchored on carbon quantum dots
(RuNi/CQDs) exhibiting outstanding performance
(overpotentials at —10mA cm™2 are 13, 58, and
18mV in 1.0M KOH, 0.5M H,SO,, and 1.0M
phosphate buffer solution, respectively) over a wide
pH range. The authors suggested that alloying Ru with
Ni optimized the H-binding energy nearby the surface
Ru atoms. Likewise, RuCo'*>"* and RuMo'* alloys

showed potential to increase the Ru activity while
decreasing the catalyst cost.

The combination of Ru with nonmetals such as P in
phosphide compounds has also been investigated in this
context with promising results. Ru phosphides can
adopt four structures depending on the Ru/P ratio
(Ru,P, RuP, RuP,, and RuP,).">*® The importance of the
phosphide phase on the HER activity in acidic medium
was studied by Liu et al.,' who reported that the
intrinsic activity increases with increasing the Ru/P
ratio of the structure (Ru,P > RuP > RuP,). Similarly,
Kim et al.'” reported that Ru phosphides with a higher
Ru/P ratio exhibit higher HER activity in alkaline
conditions, possibly due to a higher degree of hydroxyl-
ated Ru species on their surface that facilitates water
dissociation during the Volmer step.

Further dilution of the Ru with Earth-abundant
transition metals in bimetallic Ru phosphides is expected
to enable additional tuning of the electronic properties to
reach high performances. Indeed, amorphous RuCoP
clusters fabricated by direct phosphorization of pre-
synthesized RuCo alloy exhibited excellent HER per-
formance in acidic as well as in alkaline media,
outperforming Ru and Ru/CoP clusters."”® Similarly,
amorphous RuFeP nanoclusters supported on carbon
nanofibers showed high activity, requiring small over-
potentials of 65.8 and 16 mV to reach a current density of
—10mAcm~2 in acidic and alkaline media, respec-
tively.'® Despite such results, bimetallic Ru phosphides
have been scarcely studied until now. Part of the reason
may be the difficulty in producing M,Ru,P, with well-
defined and controlled structures under mild synthesis
conditions because combining two metals homogenously
in the same phosphide crystal structure is a complex task
due to the tendency for multiple phase formation caused
by the different phosphide structures in which different
metals crystallize.” In fact, the studies reported so far
comprise catalysts that are amorphous or have very low
crystallinity and mixtures of different single-metal
compounds and/or phases, where solid solutions are
not formed.'®'® These types of catalysts can lead to
outstanding performance due to factors like high defect
contents and high amounts of exposed active sites, as
well as doping and interfacing, which can modulate the
electronic properties. However, investigating specific and
well-defined bimetallic phosphide structures is also
important to establishing clear relationships between
structure, composition, and activity.

Herein, we report the high HER activity in both
acidic and alkaline environments of M,_,Ru,P nanocrys-
talline catalysts (M =Mo, Ni, Co) adopting the same
orthorhombic crystal structure as Ru,P. To the best of
our knowledge, it is the first time that such structures are
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investigated as HER electrocatalysts. Bulk MoRuP,*
NiRuP,>! and CoRuP?! have been synthesized before,
although under harsh conditions such as high tempera-
tures and pressures. The bimetallic phases, particularly
CoRuP and NiRuP, are highly active in acidic and
alkaline media, despite the decrease in noble metal
content. To drive current densities of —10 and —100 mA
cm™? in 0.5M H,SO,, CoRuP, NiRuP, and MoRuP
require overpotentials of 12.3, 14.2, and 30.4mV and
52.0, 60.8, and 77.9 mV, respectively. The values in 1.0 M
KOH are 12.9, 16.0, and 23.7mV at —10 mA cm ™2 and
43.5, 68.7, and 77.6 mV at —100 mA cm ™2, respectively.
The preparation of nanocrystalline solid solutions
allowed the establishment of correlations between the
activity and the structure of the metal sites.

2 | RESULTS AND DISCUSSION

The carbon-embedded M,_,Ru,P nanocrystals (M = Co,
Ni, Mo) with different Ru contents were synthesized via
thermal decomposition of M,Ru-carboxyphosphonates. In
the first step, M,Ru-(phosphonomethyl)iminodiacetate
compounds with the desired metal composition were
synthesized to act as single-source precursors of the M,Ru
phosphides. The precursors provide all the necessary
elements (metals, phosphorus, and carbon) for the final
products with a homogeneous distribution.*” In the second
step, the precursors were converted to metal phosphides by
pyrolysis under Ar/H,(5%) atmosphere. The target prod-
ucts were bimetallic phosphides with Ru,P-type structures.

CARBON ENERGY-WI LEYy—L 2o

Among the pure Ru phosphides, the phase with the
highest metal/P ratio is reportedly the most active for HER
in both acidic and alkaline solutions, but its bimetallic
analogue nanocrystals have not yet been investigated.'>'’
It was shown before that the metal/P ratio and structure of
the final phosphide can be controlled by rational selection
of the ligand used to build the precursor.® Therefore, the
(phosphonomethyl)iminodiacetate ligand was selected to
produce the single-source precursors that direct the
synthesis toward the formation of the Ru,P-type structures.
In the first part of this study, we synthesized
M,_,Ru,P catalysts with x=1, that is, with half of the
Ru atoms in the structure replaced with Co, Ni, or Mo,
and evaluated them as HER electrocatalysts in acidic and
alkaline media. Figure 1A shows that all the synthesized
catalysts adopt the targeted orthorhombic Ru,P-type
structure without any other crystalline phases being
present in the X-ray diffraction (XRD) patterns. The
broadened diffractions suggest the formation of small
crystallites and nanocrystals. Importantly, the diffraction
peaks shift to lower or higher angles with respect to
Ru,P, depending on the size of the second metal,
suggesting the formation of true solid solutions with
orthorhombic Ru,P-type structures containing the two
metals.?’ Thus, Ni and Co, which are smaller than Ru,
according to the general atomic radii trend in the
periodic table, cause shifts to higher 26 angles, while
the peaks are slightly shifted in the opposite direction for
MoRuP due to the larger size of Mo compared to Ru.
Transmission electron microscopy (TEM) reveals the
formation of small nanocrystals surrounded by a carbon
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FIGURE 1 (A, B) X-ray diffractograms of the M,_,Ru,P catalysts. (C) Ru,P structure, showing the tetrahedral and square pyramidal
metal sites. Vertical lines represent ICDD PDF files (Ru,P- PDF 000-0997, MoRuP- PDF 015-7732, and Co,P- PDF 032-0306).
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matrix that subsequently forms larger secondary agglom-
erates, as shown in Figure 2 for CoRuP and Figures S1
and S2 for NiRuP and MoRuP. The small sizes of the
nanocrystals explain the peak broadening observed in the
XRD patterns, a phenomenon known as Scherrer
broadening. Despite their small size, high-resolution
TEM (HRTEM) shows that the particles are very well
crystallized. Further analysis of individual CoRuP nano-
crystals gives a calculated interplanar spacing of 0.225 nm
that can be ascribed to the (112) planes of the
orthorhombic CoRuP lattice. The selected area electron
diffraction pattern (SAED) is indexed to the orthorhombic
structure of CoRuP, further corroborating the XRD
analysis (Figure 2B, inset). The (phosphonomethyl)
iminodiacetate ligand decomposition during the pyrolysis
step induced the formation of a carbon shell encapsulat-
ing the phosphide core (as indicated by the red arrows in
Figure 2B and Figure S1), which shows lattice fringes on
the carbon layer with d spacing of ca. 0.335 nm, consistent
with the dgo, of graphite. This phenomenon is discussed
in detail in our previous publication, where the same
ligand was employed to promote the formation of
orthorhombic CoMoP.** The presence of two carboxylate
groups in the ligand renders low thermal stability that is
responsible for the formation of agglomerates surrounded
by a thin carbon shell at low pyrolysis temperature.** The
carbon shell is believed to increase the conductivity

of the catalysts and thus facilitate the charge transfer
reaction as well as enhance the stability, as discussed in
previous studies.””** High-angle annular dark field-
scanning transmission electron microscopy (HAADF-
STEM) imaging reveals the porosity of the derived core-
shell structure, which is beneficial for electrocatalysis as it
increases the accessibility to the active sites. The energy-
dispersive X-ray spectroscopy (EDS) elemental maps
confirm that Ru, Co, and P are homogenously distributed
throughout the RuCoP structure (Figure 2C). Element
quantification gives Ru:Co:P ratios of ca. 1:1:1, in
agreement with the expected composition (Table S1).
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) measurements were performed to further
check the elemental ratios. The data (Table S2) corrobo-
rate the EDS findings. The results are analogous for
NiRuP and MoRuP in terms of morphological and
microstructure properties, as well as element distribution
and M:Ru:P ratios (Figures S2 and S3). These results
provide further evidence of the formation of MRuP
crystals comprising the two metals in Ru,P-type struc-
tures and the absence of metal segregation.

The HER activity of the catalysts was investigated in
0.5M H,S0, and 1.0M KOH solutions (Figure 3). The
measurements were performed on glassy carbon (GC)
electrodes, with mass loadings of 0.25mgcm ™ for all the
catalysts. Commercial Pt/C (20 wt%) was used to benchmark

FIGURE 2 (A) TEM, (B) HRTEM of CoRuP (inset SAED pattern), and (C and C1-3) HAADF-STEM images and corresponding

EDS maps of Ru, Co, and P.
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FIGURE 3 HER polarization curves of the M,_,Ru,P catalysts in (A, B) 0.5M H,SO, and (C, D) 1.0 M KOH; (E) overpotentials
at —10 and —100 mA cm ™2 for the Co,_,Ru,P catalysts, as a function of the Ru content; (F) Tafel slopes.

the HER activity (Figure 3). Its performance agrees with the
results published in the literature. Pt/C is extremely active in
0.5M H,SO,, but the activity drastically decreases in 1.0 M
KOH, with the overpotential at —10 mA cm ™ (7,,) increas-
ing by more than threefold and the Tafel slope increasing as
well. The activity decrease is attributed to the inability of Pt
to promote the dissociation of water molecules at a high rate
during the Volmer step, which slows down the overall
reaction.

Despite being highly active in acidic solution, Ru,P
still underperforms compared to Pt/C. In alkaline
solution, on the contrary, Ru,P shows 7,0 =16 mV and
%100 = 70 mV, which are below those of Pt/C. The trend
agrees with the electrocatalytic behavior reported for
catalysts containing nanocrystalline Ru,P.'>** The
replacement of half the Ru atoms in the structure with
Co, Ni, or Mo has different effects on the apparent
activity of the catalysts. Thus, a performance decline is
observed for MoRuP with respect to Ru,P. NiRuP
remains similarly active as Ru,P, in spite of the 50 at%
decrease in Ru content. Finally, Co has the most
beneficial effect, enhancing the catalytic activity in both
acidic and alkaline solutions. In fact, CoRuP exhibits
Pt-like activity in 0.5M H,SO,4, with 7,0 =12.3mV and

%100 =52 mV, and remains exceptionally active in 1.0 M
KOH, with 70=12.9mV and 7,90 =43.5mV, which
makes this catalyst compare favorably with the state-of-
the-art catalysts reported in the literature (Table S2).

The Tafel slopes of CoRuP, Ru,P, and NiRuP in
acidic media are close to that of Pt/C (Figure 3F),
indicating that the reaction proceeds at very high rates
for these catalysts, via a Volmer-Tafel mechanism. The
reaction is more sluggish for MoRuP, taking place via a
Tafel-Heyrovsky mechanism. The reaction Kkinetics
remains very fast in alkaline solution for Ru,P,
CoRuP, and NiRuP, which exhibit Tafel slopes around
30mV dec™* (Figure 3F). The Tafel analysis confirms the
favorable effect of combining Co and Ru for accelerating
the HER in both acidic and alkaline environments. The
reaction acceleration observed in the basic medium can be
ascribed to the dissociation of water molecules being
facilitated at the surface of these catalysts due to the
oxophilic nature of Co.>>*® The results suggest that water
dissociation is facilitated at the surface of these catalysts
and takes place at high rates.

The superior electrocatalytic behavior of CoRuP also
becomes evident by comparing the mass activity of the
various catalysts. Figure 4A,B shows the mass activity at
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FIGURE 4 Mass activities of the catalysts in (A) 0.5 M H,SO, and (B) 1 M KOH on the basis of the total mass of metal and (insets) mass

of Ru in the catalysts; (C) TOF of the catalysts at = 50 mV.

different overpotentials in terms of the total mass of
metals in the catalyst or the mass of Ru (Figure 4A,B
insets). For example, at »=10mV, the HER mass
activities of CoRuP are 965 and 848 mA mgmetal_1 in
0.5M H,SO, and 1.0M KOH, respectively, which are
significantly higher than those of pure Ru,P (417
and 273 MA mgnew |, respectively) and Co,P (6 mA
Mgmew - in both solutions). Additionally, the mass
activity in terms of the mass of Ru in the electrodes
clearly shows that if the Ru is replaced with Ni or Co and
its content is decreased by half, the activity is largely
enhanced at both pHs. Thus, the combination of Ru with
Ni and, especially, Co in a Ru,P-type structure may
potentially lead to noble-metal-like performances with
minimum noble metal content in the electrodes.

The double-layer capacitance (Cq) of the electrodes was
also evaluated (Figure S4) due to its relation of proportional-
ity with the electrochemically active surface area (ECSA).
Differences in the ECSA can contribute to the differences in
the catalytic activity observed. The Cg of all the catalysts is

relatively small, as expected, considering that the materials
were directly drop-casted onto the GC electrode and not
supported on a high surface area support. The Cg values
and, thus, the ECSA follow the trend CoRuP > NiRuP >
MoRuP, suggesting that CoRuP and NiRuP have more
exposed active sites than MoRuP and Ru,P, which
contributes to their higher activity. The differences in ECSA
are consistent with the above HRTEM and HAADF analysis,
which showed that CoRuP and NiRuP possess porous
structures with smaller particles than MoRuP. However,
even considering the differences in ECSA, CoRuP, and
NiRuP remain more active than Ru,P, indicating that the
differences in performance are associated with the intrinsic
activity of the catalysts. The number of active sites can also
be inferred from the surface charge, which is derived from
cyclic voltammetry (CV) curves measured at pH 7."%%7 A
similar trend is observed in the number of active sites,
consistent with the Cy results (Figure S5).

Figure 4C shows the turnover frequency (TOF) values
of the catalysts at 7 = 50 mV, which gives an estimation
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FIGURE 5 High resolution XPS results. (A) Co 2ps,, (B) C 1s/
Ru 3d, and (C) P 2p spectra of Ru,P (bottom), Co,P (middle), and
RuCoP (top).

of the intrinsic activity of the active sites. The TOF
values of MoRuP, NiRuP, and CoRuP follow the same
trend as the apparent and mass activities (CoRuP >
NiRuP > MoRuP). MoRuP exhibits slightly smaller TOF
than Ru,P at low pH and similarly at high pH. NiRuP has
higher TOF values than Ru,P in both acidic and alkaline
conditions. CoRuP exhibits remarkably high TOF values,
identical to that of Pt/C in 0.5M H,SO, and almost 10
times higher than that of Pt/C and four times higher than
that of Ru,P in 1.0 M KOH. The strong performance of
CoRuP and NiRuP can therefore be attributed to the high
intrinsic activity of their sites for the HER, originating
from the modification of the electronic structure when
Co or Ni and Ru are combined.

X-ray photoelectron spectroscopy (XPS) analyses
and density functional theory (DFT) calculations were
performed to evaluate the electronic alterations occur-
ring when Ru is replaced with Co, Ni, or Mo, and
consequently establish the origin of the improved
activity. The Co 2p, C1s/Ru 3d, and P 2p high-
resolution spectra of Ru,P, Co,P, and RuCoP are shown
in Figure 5. The XPS spectra of the other compounds are
shown in Figures S6 and S7. Two doublets are observed
for all P 2p spectra, one at ~129-130eV ascribed to
metallic phosphide and one at 132.5-134 eV ascribed to
oxidized phosphorus species. The Co 2ps,, spectrum of
Co,P consists of a small peak at ~779 eV, attributed to
metallic cobalt, and a larger peak at ~782.5eV,
attributed to Co(OH),. In line with the P 2p spectrum,
this indicates a strong oxidation of the Co,P sample
during the short air exposure time. The Co 2p;,, and
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P 2p spectra of the CoRuP sample (as well as the other
bimetallic samples), on the other hand, show very small
oxide peaks, implying a reduced oxidation in the
bimetallic compounds. A comparison of the binding
energy difference between Ru 3ds;, and the metallic
P 2p;/, component shows a reduction from 151.2 eV for
Ru,P to 149.9 eV for CoRuP, as indicated by the dashed
lines in Figure 5. This suggests a change in the
electronic structure of the compound after the substitu-
tion of Ru with Co, specifically an electron transfer/
redistribution from phosphorous to ruthenium. Similar
binding energy shifts are observed for the other
bimetallic compounds, where the binding energy
difference is 150.4 and 150.3 eV for MoRuP and NiRuP,
respectively. The shift of Ru 3d to lower binding energy
is ca. 0.1eV for RuMoP compared to that of Ru,P and
ca. 0.4¢eV for both RuCoP and RuNiP, indicative of a
stronger effect of Co and Ni on the electronic structure
of Ru compared to that of Mo.

The Ru,P-type structure has two types of metal sites:
tetrahedral (T4) and square pyramidal (Py) (Figure 1C).
Since the type and structure of the active sites can
strongly influence the electrocatalytic activity, calcula-
tions were done to determine the type of sites occupied
by Co, Ni, and Mo in the bimetallic MRuP structures.
The results show that these metals exhibit strong site
preference. Specifically, the CoRuP and NiRuP structures
are energetically stabilized when all the Co or Ni atoms
occupy the Ty sites, and the Ru atoms are in Py sites
(Figure S8A,B). On the contrary, MoRuP is stabilized
when Mo is located on the P, sites while Ru occupies the
T4 centers (Figure S8C). Furthermore, XRD patterns
were calculated for the possible structures where metals
occupy different sites and compared with the experi-
mental ones to further corroborate the thermodynamics
stability data. It turns out that for CoRuP and NiRuP, the
calculated XRD patterns match the experimental ones
only if Co and Ni atoms occupy all tetrahedral sites and
Ru atoms occupy all pyramidal sites (Figure SOA-D). In
contrast, in the case of MoRuP, the calculated XRD and
the experimental patterns match when all Mo atoms
occupy the pyramidal sites and Ru atoms occupy the
tetrahedral sites (Figure SOE,F).

To gain further understanding of the intrinsic
electronic effects responsible for the different perform-
ances, DFT calculations were conducted to acquire the
partial density of states (PDOS) for the studied catalysts.
As shown in Figure 6, replacing Ru with Mo has little
effect on the d-band position of the Ru atoms. As a result,
the calculated d-band center (g4) for Ru of MoRuP is
similar to that of Ru,P (Figure 6), suggesting similar
reaction activity, in agreement with the experimental
observations. In contrast, substituting Ru with Co or Ni
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FIGURE 6 DFT calculated PDOS of d-bands and d-band
centers ¢q of ruthenium atoms for Ru,P (cyan), MoRuP (blue),
NiRuP(orange), and CoRuP (purple).

can push the positions of the d-bands of the Ru atoms
significantly closer to the Fermi level (Figure 6). This
kind of shift suggests improved adsorption energy of the
intermediates, rationalizing the observed enhanced
reaction activity of the CoRuP and NiRuP materials.
The trend in the d-band center is consistent with the
trend in the XPS Ru 3d shifts observed. Changing the site
preference of the metals in the structure leads to a
different trend in the calculated ¢4, inconsistent with the
experimental observations.

Replacing Ru with Co or Ni, that is, reducing the Ru
content, resulted in superior electrochemical perform-
ance in acidic and alkaline media, manifested in smaller
overpotentials, efficient reaction kinetics, higher TOFs,
and mass activities. These findings correlate with the
charge redistribution observed via XPS measurements
and with the d-band center shift found by DFT
calculations. Therefore, based on these findings, we can
conclude that the orthorhombic Ru,P structure repre-
sents a suitable matrix for achieving synergism between
Ru in Py sites and Co or Ni in Ty sites, thus offering an
effective strategy to derive efficient catalysts while
simultaneously reducing the noble metal content.

Owing to the exceptional HER performance of CoRuP
in both acidic and alkaline media, Co-containing
catalysts were selected for evaluating the effect of further
decreasing the Ru content on the HER activity. An
additional advantage of the Co,_,Ru,P catalysts is that
since Co,P crystallizes with the same structure as Ru,P,
the Ru content in the structure can be decreased down to
x =0 without structural changes occurring. This means
that a clear correlation between the metal composition
and HER activity can be established, excluding the effects

of structural modifications, which can strongly influence
the activity. As the Ru amount gradually decreases in the
Co,_,Ru,P catalysts, the unit cell contracts, and the
diffraction peaks continuously shift to higher angles,
approaching those of Co,P (Figure 1B). Solid solutions
are therefore achieved over the entire Ru composition
range studied (Tables S1 and S2). By decreasing the Ru
content to make the Ru/Co ratios be well smaller than 1,
the Co atoms will necessarily occupy pyramidal sites in
the structure in increasingly higher proportions.

The HER activity slowly declines with decreasing Ru
content, although not as much as it would be expected
if it was only dependent on the Ru amount in the
catalyst (Figure 3), suggesting that the electronic effect
of Co over Ru in the P, sites compensates up to a
certain point the replacement of Ru from the T4 of the
structure. Therefore, the differences between 719 (A710)
of Co; gRuy P and Ru,P are only 26 and 10 mV in H,SO,4
and KOH, respectively. By contrast, Ao values between
Co,P and Co; gRug ;P are 120 and 200 mV, respectively
(Figure 3). Clearly, the combination of only a very small
amount of Ru (Ru/Co = 0.05) with Co leads to a major
activity improvement in comparison with Co,P. More-
over, despite the activity gradually decreasing as the Ru
content is reduced, the losses are not drastic. For
example, Co; sRug sP, which has a small Ru/Co ratio of
0.3, performs similarly to Ru,P in acidic solution and
better in basic solution, which still makes it one of the
best catalysts reported so far. The catalysts remain highly
active up to a Ru/Co ratio of just 0.05, which can be
confirmed by comparing them with recently reported
catalysts based on Co and Ru phosphides, as they
consistently outperform catalysts with similar or higher
Ru/Co ratios, as well as those supported on high surface
area supports (Table S3), but they are made of
amorphous materials or a combination of different Co
and Ru phosphides, highlighting the importance of the
structure in improving the activity.'>!*2%2°

The reaction kinetics becomes gradually more slug-
gish at low pH as the Ru/Co ratio decreases, although not
getting close to Co,P, but remains very fast at high pH,
with the Tafel slope remaining close to 30 mV dec™ for
Co; 9Rug 1P (Figure 3F). The enhanced mass activity of
the catalysts is maintained in acidic solution even as the
Ru/Co ratio is further decreased in the structure to
0.3 and 0.1 in alkaline medium. Although the TOF
decreases with decreasing Ru content, it remains
significantly higher than that of Pt/C in alkaline solution,
even for the sample with the lowest Ru/Co ratio
(Figure 4C). Moreover, the intrinsic activities of Co; sR-
UosP and Co, gRug,P remain higher than that of Ru,P,
while that of Co;gRug;P remains comparable to the
activity of Ru,P and considerably higher than that of
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FIGURE 7 (A) Chronopotentiometry curves of the CoRuP catalyst at a constant current density of —10 mA cm™2 in 0.5 M H,SO,
and 1.0 M KOH. HER polarization curves after 1000 and 2000 CVs of accelerated stability tests of (B, C) CoRuP, (D, E) NiRuP, and

(F, G) MoRuP in (B, D, F) 0.5M H,SO, and (C, E, G) 1.0 M KOH.

Co,P, which has a relatively lower intrinsic activity.
Thus, even a small percentage of Ru combined with Co
in the Ru,P-type structure has a drastic enhancement in
the intrinsic activity compared to Co,P.

Finally, the stability of the catalysts was also evaluated
through chronopotentiometry at -10mAcm™> and CV
cycling (Figure 7). CoRuP is stable in both acidic and
alkaline solutions, showing negligible decay after 12h of
continuous electrolysis and after 2000 accelerated CV cycles.
MoRuP is also fairly stable, while NiRuP shows slight
activity attenuation in alkaline medium after 2000 CV
cycles. TEM analysis for the post-HER CoRuP catalyst in
acidic and alkaline media revealed that the morphology is
maintained (Figures S10 and S11). Moreover, EDS map-
pings showed that the incorporation of Co, Ru, and P is
preserved, further emphasizing the stability of the structure.
The corresponding HRTEM images, as well as SAED
patterns, showed that the CoRuP crystal structure did not
change, as inferred from the well-resolved lattice fringes and
diffraction rings in the SAED patterns, which match the
ones of the pristine CoRuP. Additionally, XPS analysis for

the post-HER material in an acidic medium showed
negligible changes in the surface (Figure S12), further
indicating that Co, ,Ru,P exhibits not only excellent
performance but also good long-term stability.

3 | CONCLUSION

In conclusion, we have developed a facile strategy to
synthesize bimetallic Ru-based nanocrystalline phos-
phides adopting the orthorhombic Ru,P crystal struc-
ture (M,,_;Ru,P, with M = Co, Ni, Mo). Our synthesis
approach, which utilized metal phosphonates as pre-
cursors, guaranteed homogenous distributions of the
elements and the formation of solid solutions. The
metals showed site preference in the phosphide
structure, with Co and Ni preferring the tetrahedral
sites while Ru occupied the pyramidal sites, and Mo
preferring the pyramidal sites in MoRuP. The site
preference of Co and Ni resulted in a beneficial
modulation of the electronic structure of Ru, increasing
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the d-band center, according to DFT calculations.
CoRuP showed the highest HER activity, followed by
NiRuP and MoRuP. In acidic medium, CoRuP sup-
ported —10 mA cm ™2 at 12.3 mV (the same as Pt/C) and
outperformed Ru,P. In alkaline medium, CoRuP is also
extremely active (1, = 12.9 mV), with a TOF 10x that of
Pt/C. The flexibility of the Ru,P system to accommodate
Co allowed to investigate the impact of the Co
percentage on the HER activity. Interestingly, increas-
ing the Co content up to 95at.% (Co;oRug;P) did not
induce drastic activity attenuation, with the catalyst still
showing higher TOF than Pt/C and comparable to Ru,P
in the alkaline medium.

4 | EXPERIMENTAL SECTION

4.1 | Materials
N-(phosphonomethyl)iminodiacetic acid (95%), ruthe-
nium chloride hydrate (RuCl;-xH,0), ammonium hydrox-
ide (NH,OH) solution (30%), and Nafion perfluorinated
resin solution (5wt%) were purchased from Sigma-
Aldrich. Anhydrous molybdenum chloride (MoCls)
(99.6%) was purchased from ABCR. 1.0N H,SO, and
1.0 N KOH solutions for electrochemical measurements,
and nickel chloride hexahydrate (NiCl,-6H,0) were
purchased from Carl Roth. Absolute ethanol for synthesis
was purchased from VWR GmbH. Water with a resistivity
of 18.5MQ cm™" was used in all syntheses. All chemicals
were used as received without further purification.

4.2 | Ru-based phosphonate
precursors synthesis

In a typical RuCo-phosphonate synthesis, 0.216 mmol
(0.0447 g) of RuCl;-xH,O was dissolved in 8 mL ethanol
in an ultrasound bath. 0.234 mmol (0.0556 g) of CoCl,-6-
H,0O was dissolved in 5mL ethanol, added to the Ru-
solution, and stirred for 5 min. In a separate vial, 0.25 mmol
(0.057g) of N-(phosphonomethyl)iminodiacetic acid was
dissolved in 9 mL water, and the pH was adjusted to 3-4
with the addition of 10% NH,OH solution. 9 mL of ethanol
was added to the phosphonic acid solution immediately
before the addition of the metal solution. The metal
solution was added dropwise to the phosphonic acid
solution under stirring (1000 rpm), and the mixture was
kept stirring for 30 min, followed by adjustment of the pH
to 4 with 10% NH4OH solution (pH was not allowed to
exceed 4.5). The pH was monitored for 1h and kept at 4
using diluted NH,OH solution, and the mixture was further
stirred for 18 h while maintaining the pH at 4. The product

was collected by centrifugation, washed twice with 30 mL
ethanol, and dried under air at 70°C overnight. The RuNi-
and RuMo-phosphonates were synthesized following the
same protocol, except that CoCl,-6H,0 was replaced with
NiCL,-6H,0 or MoCls, respectively, using the same molar
ratios. Pristine Co,P was synthesized using the same
approach, using 0.45mmol of CoCl,-6H,O as the sole
metal. To obtain pure-phase Ru,P, 0.6 mmol of RuCl;-xH,0
was employed as the sole metal source.

4.3 | Ru-based phosphide synthesis

The phosphides were obtained in one step by pyrolysis of
the corresponding phosphonates precursors under
H,(5%)/Ar mixture at 500-700°C. In a typical synthesis,
50 mg of the precursor was placed in a ceramic boat,
which was positioned in the center of a tubular furnace
(Nabertherm), followed by purging with H,(5%)/Ar for
20 min before heating. Afterward, the precursor was
heated (with a heating ramp of 5.6°Cmin~") at the
desired temperature for 3 h. The sample was then left to
cool down naturally to room temperature, followed by
collection and grinding for further work.

44 | Characterization

XRD patterns were acquired using an STOE MP diffractom-
eter in transmission mode using Mo Ko radiation
(A=0.07093nm). TEM and HRTEM micrographs were
measured on an FEI Talos F200S scanning transmission
electron microscope operated at 200kV. Elemental ratios
were determined using ICP-OES (Spectroblue OEB; Ametek)
after dissolving the corresponding catalysts in a mixture of
concentrated HCl and HNO;. XPS spectra were acquired in
an ultrahigh vacuum chamber with a base pressure of
10~ mbar, using an Al X-ray source (hv=1486.6¢€V) for
excitation. The number of photoelectrons as a function of
their kinetic energy was measured using an Omicron EA125
hemispherical analyzer, using pass energies of 50 €V for the
survey spectra and 20 eV for the detail scans. The powders
were thinly and evenly spread on carbon tape. The binding
energy scale of the spectrometer was calibrated by setting the
Au 4f,, peak of an Au(111) reference sample to 84.0eV.
Since some samples exhibited charging, we set the carbon
C-C peak of the carbon tape to 285.0 eV as the reference.

4.5 | Electrochemical measurements

Electrochemical measurements were acquired using a
Bio-Logic VMP3 potentiostat/galvanostat equipped
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with a built-in electrochemical impedance spectros-
copy (EIS) analyzer. The HER of the catalysts was
measured in a three-electrode electrochemical cell
using a 3mm diameter GC rotating disc electrode
(RDE). RHE (Gaskatel) and carbon paper were
employed as reference electrode and counter elec-
trode, respectively. The catalysts’ inks were prepared
as follows: 3mg of the catalyst and 1 mg of carbon
super P were added to 470 uL 1:1 water/ethanol and
30 uL of 5wt% Nafion solution, and the mixture was
sonicated for ca. 30 min to obtain a homogeneous ink.
The electrodes were prepared by drop casting 3 uL of
the catalyst ink onto the GC disc and drying at room
temperature to achieve a loading of 0.25mgcm™2
Before catalyst casting, the GC electrode was polished
with several grades of alumina slurry of 1 and 0.05 um
sequentially and then rinsed with deionized water
and dried in air. The HER measurements were carried
out in 0.5M H,SO, and 1.0 M KOH solutions at 25°C
with the RDE rotated at 2000 rpm. CV experiments
were performed in the potential window —0.1 to
0.03V versus RHE with a scan rate of 20mVs™".
Linear sweep voltammetry (LSV) curves were mea-
sured in the potential window —0.25 to 0.05V versus
RHE with a scan rate of 5mVs™'. All represented
polarization curves were corrected against iR-drop,
where solution/ohmic resistance was determined
with EIS measurements. The accelerated CV stability
tests were conducted using RDE setup by sweeping
the potential between —0.08 and 0.02 V at a scan rate
of 100mV s~ for 2000 CVs, followed by measuring
LSV between —0.25 to 0.05V at 5mVs~'. The
chronopotentiometric curves were measured using
carbon paper as a support at —10 mA cm™ > for 10 h.
The TOF values were calculated for each catalyst
according to the following equation:
JXA
2nF’

TOF = (1)

where j is the current density (Acm™?), A is the
geometric surface area (cm™2), F is the Faraday constant
(96,500 C mol™?), and n is the number of active sites. The
number of active sites was determined experimentally
using the protocol devised by Hu et al.,'**” employing
the CV technique. All CVs were recorded in phosphate
buffer solution (pH 7) in the potential window 0.0-0.6
versus RHE at 50 mV s™! scan rate. The surface charge
(Q), which is proportional to the number of active sites,
was then calculated to be half of the whole charge
integrated over the entire CV for each -catalyst
(Figure S5). Thus, the number of active sites n = Q/F
(moles).

CARBON ENERGY-WI LEY—| o

4.6 | Computational models and method
All the electronic structure calculations were per-
formed using the plane-wave periodic DFT as im-
plemented in the Vienna ab initio simulation pack-
age.’°*? The projector augmented-wave method
developed by Blochl to describe the electron-ion
interactions using plane wave basis sets was em-
ployed.>®> The generalized gradient approximation
with the Perdew-Burke-Ernzerh exchange-
correlation functional was used.’* The kinetic energy
cutoff was set to 700 eV. The convergence criteria for
the energy calculations were set to a self-consistent
field tolerance of 1.0 X 10~ eV. All internal structure
parameters were relaxed wuntil the maximum
Hellmann-Feynman force on each ion was less than
0.003 eV A™'. Integration over the Brillouin zone was
achieved using a k-points mesh of 6 X 5 X 4 according
to the Monkhorst-Pak scheme.>” The powder XRD
patterns of the structures obtained by energy minimi-
zation as described above have been calculated using
the VESTA3 software,>® which utilizes RIETAN-FP3’
to simulate X-ray and neutron powder diffraction
patterns from lattice and structure parameters. The d-
band center (gq) was calculated using the following
equation:

Ex
f_ " Epy(B)dE

& = Er s
f_ " py(E)E

@)

where p4 represents the density of states projected onto
the target metal's d band and E; is the Fermi energy.>®
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