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Abstract: Carbon supported nanoparticles of monometallic Ni catalyst and binary Ni-Transition
Metal (Ni-TM/C) electrocatalytic composites were synthesized via the chemical reduction method,
where TM stands for the doping elements Fe, Co, and Cu. The chemical composition, structure and
morphology of the Ni-TM/C materials were characterized by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS). The electrochemical properties
towards hydrogen oxidation reaction in alkaline medium were studied using the rotating disc
electrode and cycling voltammetry methods. A significant role of the TM dopants in the promotion of
the hydrogen electrooxidation kinetics of the binary Ni-TM/C materials was revealed. A record-high
in exchange current density value of 0.060 mA cm?y; was measured for NizFe; /C, whereas the
monometallic Ni/C counterpart has only shown 0.039 mA cm?y;. In order to predict the feasibility of
the electrocatalysts for hydrogen chemisorption, density functional theory was applied to calculate
the hydrogen binding energy and hydroxide binding energy values for bare Ni and Ni3TM;.

Keywords: metal doping; nickel-based catalyst; transition metals; synthesis; hydrogen oxidation
reaction; exchange current density; alkaline medium; DFT; hydrogen binding energy; hydroxide
binding energy

1. Introduction

Anion exchange membrane fuel cells (AEMFCs) have seen a rapid increase in interest in recent
years [1,2], as they promise to overcome the existing cost barriers inherent to low temperature acidic
polymer electrolyte membrane fuel cells. In the past 3 years, extensive research in AEMFCs, mainly
in polymer performance stability [3-12], carbonation effects [13-15] and modelling [16-19], led to
significant progress in this technology. However, in spite of this progress, in order to fulfill the
optimistic potential of AEMFCs in the near future, catalysts should be completely free of expensive
noble metals, and eventually free of critical raw materials. Although great progress has been done in
the development of Pt-free catalysts for oxygen reduction reaction in base medium [20,21], significantly
less attention has been paid to the catalysis for the hydrogen oxidation reaction (HOR). The lack of
fundamental understanding of the HOR mechanism in basic media and of the main energy barriers
needs to be firmly established to overcome this challenge. In a recent comprehensive study, challenges
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of HOR catalysis in alkaline electrolytes were reviewed [22]. The review presents the most updated
understanding of the HOR electrocatalysis in basic media and outlines promising future research
directions for the development of better HOR electrocatalysts for alkaline electrolytes, mainly to be
used for advanced AEMFC devices.

High-performance AEMFCs have been recently reported, showing peak power values that well
exceed 1.0 W cm™~?; predicting performance stability in anion exchange membrane fuel cells [7,23]
however, all of these state-of-the-art AEMFCs exclusively rely on Pt-based HOR catalysts [24]. Very few
studies reporting AEMFC performance with zero-platinum loading can be found [24]. Among them,
the highest performing Pt-free AEMFCs consist of palladium-based catalysts for the HOR, showing
performance close to that of platinum, with peak power densities of 0.4-1.4 W cm~2 [25-27]. However,
complete removal of platinum group metals (PGMs) in AEMFC anodes is still widely recognized as
a major challenge [22,24].

Nickel exhibits the most promising HOR activity of any of the 3d transition metals (TM) [22].
However, until now, undoped Ni electrocatalysts demonstrate about two orders of magnitude lower
activity than Pt or Pd [22]. Calculations predicted that doping of Ni by TMs decreases Ni-H bond
strength [28,29], thus, allowing to optimize hydrogen binding energy (HBE) values via positively
shifting them close to those of PGMs [30]. Nickel doping was also reported to suppress nickel
oxophilicity, and hence, to impede surface (electro)oxidation [31]. It was reported that alloying Ni
with other 3d TM helps to prevent the formation of Ni-hydride and increases the durability of the
electrodes in hydrogen evolution reaction (HER) [32,33], strengthening the understanding that Ni
doping is a powerful tool in modifying and tailoring Ni (electro)catalytic properties.

Several studies have examined the doping effect of TM for some binary [29,34-38] and ternary [29]
Ni-based alloys for HOR in base media. Sheng et al. [29] showed that ternary metallic CoNiMo layers
electrodeposited on the surface of Au substrate exhibit a significant increase of exchange current
density (0.015 mA cm™?2), as compared to bulk Ni (0.002 mA cm~2). The authors suggested that the
formation of multi-metallic bonds modified the HBE value of Ni and likely contributed to the enhanced
HOR activity [29]. However, thick layers of the electrodeposited CoNiMo layers might be of low
practical interest for real AEMFC devices. Kabir et al. [34] developed 50% NigMo, /Ketjenblack via
thermal reduction method under H, flow at 550 °C, with oxidative treatment in 2% O, /He mixture for
8 h at room temperature. The resultant Ni-Mo catalyst was shown to comprise only ca. 2% NiMoy
alloy, however the authors assumed that the enhanced activity of Ni-Mo catalyst could be ascribed to
the decrease in HBE value by ca. 0.14 eV, as compared to that of unmodified Ni. The authors showed
that an AEMFC based on this Ni-Mo/C anode catalyst and Pd/C cathode catalyst, can reach a peak
power density value of 0.12 W cm ™2 [34].

In another study, binary Ni-Ag bulk alloys across a range of compositions were deposited on
glassy carbon substrate using electron beam evaporation [36]. X-ray diffraction (XRD) data showed
that e-beam evaporation results only in partial alloying of Ni and Ag, while the rotating disk electrode
(RDE) measurements revealed a negligible effect of silver doping on the catalytic activity of Ni
towards hydrogen electrooxidation. Zhuang et al. [28] showed that by developing nickel nanoparticles
supported on nitrogen-doped carbon nanotubes (CNTs) via hydrothermal treatment at 150 °C in the
presence of ammonia and hydrazine, the catalytic activity of bare Ni can be significantly improved
(0.028 for Ni/N-CNT vs. 0.0014 mA cm 2y for bare Ni in 0.1 M KOH). The authors attributed the
promoted HOR activity to the synergetic effect of the optimal HBE resulting both from geometric
and electronic interaction of Ni atoms with the edge N atoms in CNT. Although the authors achieved
a high mass activity (ca. 9 A geat '), the elegant but still single data point does not anticipate the
future directions for improving the catalytic activity of Ni. Cherstiouk et al. [37] have proposed a series
of Ni,Cuj_y/Vulcan XC72 electrocatalysts obtained via successive wet impregnation, calcination
and reduction in Hy at 250 °C for 1 h. The authors assume that the enlargement of the lattice
parameter for Nig5Cug5/Vulcan XC72 suggests the formation of Ni-Cu alloy with ca. 5 at.% Cu
content. The enhancement of the HOR activity of Ni-Cu samples (0.014 mA cm~2) compared to Ni
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(0.004 mA cm~?2) was tentatively explained by the electronic effect of Cu resulting in the decrease of
the energy of adsorption of the hydrogen intermediate.

In summary, certain moderate progress was done in understanding the role of the TM dopant
nature and doping level on the catalytic properties of Ni towards HOR in alkaline. However, there is
still an enormous gap between systematic understanding of the dopant role in the HOR electrocatalysis
and the random results of the experimental data.

In this work, we undertake a systematic scanning of the first row TMs, from Sc to Zn, to predict
by density functional theory (DFT) calculations the HBE and OH binding energy (OHBE) values for
three different facets—(111), (200) and (220)—of bimetallic face-centered cubic (FCC) NizTM; alloys.
To reveal the effect of TM doping on the electrocatalytic properties of nanosized NizTM; electrocatalysts,
the HOR kinetics of monometallic Ni/C and bimetallic Ni3TM; /C composites in 1 M KOH was also
systematically measured for selected TMs that were found to be potentially interesting based on the
DFT calculations.

2. Results and Discussion

2.1. Theoretical Prediction

DFT method was used to calculate the HBE and OHBE values on (111), (200), and (220) facets
of NisTM; alloys. The HBE and OHBE values are presented in Tables A1-A6 (Appendix A). To the
best of our knowledge, this is the first time the OHBE values were calculated for the electrocatalysts.
Figure 1 shows the calculated HBE values (Figure 1a) and OHBE values (Figure 1b) for the case of
pure Ni and different Ni3TM; alloys. As seen in Figure 1 and Tables A1-A3 (Appendix A), hydrogen
atom has the lowest HBE for the (111) facet, compared to the (220) and (200) facets. For example, HBE
value for bare Ni (111) is —0.54 eV, while is —0.48 and —0.45 eV for Ni (200) and Ni (220), respectively
(see also Tables S1-S3, Supplementary Materials). The reason for the stability of the (111) facet is
that H atoms can establish more bonds on the (111) facet, which is more atomically dense than other
facets. The facet Ni (200) of the bare Ni shows the highest affinity to OH chemisorption and the
facet (220) is characterized by the weakest OH bonding (OHBE: (200) < (111) < (220)) (Figure 1b).
The comparison of OHBE and HBE values (HBE and OHBE are —0.54 eV for (111), and HBE is —0.45
and OHBE is —0.49 eV for (220)) shows that the co-adsorption of the both H and OH species is
thermodynamically favorable.
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Figure 1. HBE (a) and OHBE (b) values on different facets for Ni3TM; alloys presented in the same
order as the 3d TMs in the Periodic Table.

Some authors assume that the kinetics of HOR directly follows the thermodynamics of the
reaction [39,40], and therefore it is explicitly related to the HBE values according to the so-called
volcano plot [41], where HOR/HER exchange current densities are plotted versus HBE, with the PGMs
normally at the top of the graph. The optimal HBE value was predicted to be ca. —0.24 eV, which
corresponds to the HOR AG~0 [41]. HBE might be considered as the main factor influencing the HOR
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kinetics solely in case the rate-determining step (rds) of the reaction is either Volmer [42], or Heyrovsky
reactions [43], namely the removal of the adsorbed H atom from the catalyst surface. Studies of the
HOR mechanism in alkaline for Pt electrocatalysts have revealed a controversy in the experimental
data interpretation [22]: while some of the authors experimentally proved that Tafel reaction is the
HOR rds [44-48], others provided experimental evidence for the HOR kinetics limited by the Volmer
reaction [49,50].

The mechanism of HOR on Ni-based materials has been hardly explored [22,51]. The analysis
below is done provided that Volmer or Heyrosky reactions are rds of HOR in alkaline media—the
speculative assumption based on the nonlinear dependence of the HOR kinetics on the surface
coverage [34,52]. The HBE value calculated for the facet Ni (111), —0.54 eV (Figure 1), is more negative
than those calculated for Pt (111), Rh (111) and Ir (111), —0.37, —0.33 and —0.24 eV [30], respectively.
In turn, Pt, Rh and Ir show the highest catalytic activity in HOR in alkaline media, which is more than
two orders of magnitude higher than that of Ni electrocatalysts [22]. Thus, based on the predicted
optimal HBE value [41] and on the calculated HBE values for the most active catalytic materials [22],
the recommended HBE values for the newly designed electrocatalysts should fall into the range
between ca. —0.33 to —0.24 eV. In case of Ni-based materials, higher catalytic activity would be
expected at the HBE values which are less negative than those for the bare Ni surfaces.

Among the facets, Pt (100) surpasses the activity of (110) by an order of magnitude, while (111)
shows the lowest activity: (110) > (100) > (111) [44,53]. This sequence could be correlated with the HBE
values estimated from the peak potential values for the desorption of the underpotentially deposited
hydrogen atom in 0.1 M KOH: —0.48 eV for Pt (110) is much less negative compared to —0.60 eV
for Pt (100) [39,49]. The exchange current density values, iy, of carbon supported polycrystalline Pt
nanoparticles, Pt/C, and bulk polycrystalline Pt, Pt(pc), are close to each other [54,55] and to iy for
Pt (110) [44]. Thus, the catalytic activity in HOR might be mainly determined by the presence of the
facet Pt (110). The calculations of the HBE values done for Pt(pc) show a span within the range of
—0.46 [29] and —0.33 [41] eV, while the value of —0.48 eV is reported for Pt/C [56]. Similar order of
activity (Ni (110) > Ni (100) > Ni (111)) is observed in the study of Floner et al. [51]: Ni (100) and
above all (110) are more active than polycrystalline Ni, whereas the behavior of the latter is close to
(111), particularly at low pH where dissolution of Ni occurs. Based on the results of Floner et al. [51],
we assume that iy of the polycrystalline NizTM; /C electrocatalysts might be dominated by the facet
Ni (110) or Ni (220). Interestingly, our calculated HBE values for the bare Ni facets is mostly ordered
according to Ni (220) > Ni (200) > Ni (111) (see Figure 1), in good agreement with the activity order
experimentally shown by Floner et al. [51]. Furthermore, as seen in Figure 1, it follows that solely
alloying Ni with Co results in a positive shift of the HBE value compared to the bare Ni (111) facet,
—0.45 vs. —0.54 eV. For the facet (200), the alloying with Sc, Cr, Fe, Co, Cu and Zn were shown to
have a positive effect on the HBE values, with only NizZn; (—0.19 eV) close to the aimed range of
—0.33-—0.24 eV. NizFe;, Ni3Co; and Ni3Cu; demonstrate the HBE values close to the earlier reported
NizAg; [36], CoNi/Mo (110) [29], and Ni/N-CNT [28], the last two materials showing the highest
mass specific/surface specific activity values published till now. As regarding the facet (220), the HBE
value of NizV; falls into the recommended range, and the catalyst might be of interest of the HOR.
NizFe; (—0.37 eV) and NizCoq (—0.35 eV) of the facet (220) could also result in better HOR than bare
Ni catalyst, and therefore, they are included in our experimental work for further study. Thus, based
on the theoretical predictions (Figure 1), a series of carbon supported binary electrocatalysts (NizFeq,
Ni3Coq and NizCu;) and monometallic Ni (as reference material) were synthesized by the chemical
reduction method. Fe, Co and Cu were chosen as the TM dopants due to their promising HBE and
OHBE values (Tables A4-A6, Appendix A).

2.2. Physical and Chemical Characterization

The TEM image (Figure Sla, Supplementary Materials) shows that electrocatalysts are characterized
by nanoscopically uniform distribution of near-spherical particles with the average diameter of ca.
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10 nm (Figure S1b, Supplementary Materials), surrounded by amorphous carbon support. Assuming
spherical particles, the calculated specific surface area of ca. 70 m?g~1y; would be expected for a particle
average diameter of 10 nm.

For binary NizTM; /C catalysts, element mapping revealed nanoscopically non-homogeneous
co-distribution of the metallic components (Figures 52-54, Supplementary Materials). This shows
that the chemical reduction method most likely might result in the formation of composite materials
(mechanical mixtures), rather than alloys. The most significant heterogeneity was observed for the
NizCuy /C catalyst (Figure 54, Supplementary Materials), where separate areas of Ni (red pixels) and Cu
(green pixels) can be seen. Surface enrichment by Ni phase (red pixels) was revealed for all the binary
Ni3TM; /C systems (Figures S2-54, Supplementary Materials), which is in good agreement with the
X-ray photoelectron spectroscopy (XPS) data (Table S1, Supplementary Materials). The opposite—bulk
segregation of Ni—was observed in binary NigMo; /C electrocatalyst [34]. These observations illustrate
that special controlled synthetic approaches are needed in order to synthesize Ni-TM materials
with the given Ni-to-TM ratio. Nevertheless, quite homogeneous metal co-distribution topography
was observed for the Ni-Fe and Ni-Co couples in NizFe; /C (Figure S2, Supplementary Materials)
and Ni3Co; /C (Figure S3, Supplementary Materials) catalyst, respectively. This latter observation
might be related to the fact that Ni co-deposits simultaneously with Co and Fe due to the reduction

potential values. To compare, the standard reduction potentials of Ni (Egﬁz N T —0.25 V) and
Co (Eg02 B —0.28 V) are close, whereas Cu has much higher potential (Egu Jold = +0.34 V).

Consequently, the coexistence of the composites with the alloyed phase(s) in Ni3TM; /C catalysts
cannot be ruled out unambiguously. Therefore, a thorough analysis of the XRD patterns of the
as-synthesized catalysts and of those after the thermal treatment at 450 °C was done (Figures S5 and S6,
Supplementary Materials). On XRD patterns (Figure S5), catalysts show wide peaks at ~44.5° of low
intensity, which corresponds to Ni (111) facets, the same facet as calculated by DFT (see previous
section). Small particle sizes explain the broadening of the (111) peak (with extremely low crystallite
sizes of ca. 0.7 nm) and the absence of (200) and (220) reflections on the XRD patterns, which does
not rule out the coexistence of the high-index facets in the catalysts. The Ni (200) and Ni (220) facets
are expected to appear at 51.85° and 76.37°, respectively. All the catalysts are characterized by the
presence of hydrated nickel hydroxide Ni(OH),-0.75H,O (ICDD, #00-038-0715) or nickel oxyhydroxide
NisO(OH)g (ICDD, #00-027-0340) phase. These phases can be ascribed to the surface oxidation of the
catalysts, which potentially may block the electrochemically active surface (see the section below).
According to the XPS analysis (Figure S8, Supplementary Materials), the surface of Ni is predominantly
oxidized to NiO, Ni,O3 and Ni(OH), with the ratio of metallic Ni between 4.5 to 18 at.% (Table S3,
Supplementary Materials). Copper phase in NizCu; /C is partially oxidized forming Cu,O (ICDD,
#00-005-0667), which is in an agreement with the XPS data (Figure S7a, Supplementary Materials).
The crystallite sizes of metallic copper are ca. 22 nm, which is comparable to the catalyst particle
sizes (Figure S1, Supplementary Materials). Shale-up satellites of copper for NizCu;/C catalyst
(Figure S7a, Supplementary Materials) are characteristic of divalent Cu, whereas monovalent Cu has
no satellites [57]. The peak at 953.0 can correspond to all three components: Zerovalent Cu (Cu 2p, /, at
952.6 eV) [58], monovalent (Cu 2pq /, at 952.7 eV) [59] or divalent Cu (Cu 2p4 /; at 952.5 eV) [60], as well
as the peak at ca. 933 eV. High resolution XPS spectrum for NizFe; /C (Figure S7b, Supplementary
Materials) shows three distinguishable peaks: A peak of the highest intensity at binding energy (BE)
~712-714 eV which could be ascribed to Fe®* salts, but most probably arises from Ni LMM Auger peak
(712 eV), overlapping with Fe 2p3,,. The peak of low intensity at 707.9 eV corresponds to metallic
Fe [61]. The broad peak at ca. 725 eV can be ascribed to either Fe;O3 (Fe 2p1/, at 724 eV) [62], or FeOOH
(Fe 2pq /5 at 724.3 V) [62], or Fe3Oy4 (Fe 2pq /5 at 723.5 eV) [62]. It is more challenging to determine the
concentration and chemical shifts of cobalt for Ni3Co; /C, since Co 2p3,; is close to Ni LMM structure
and Co 3p spectrum overlaps with the one for Ni 3p.

The XRD patterns registered on the as-synthesized Ni3TM; /C catalysts cannot provide clear
evidence of metal alloying. Therefore, thermal treatment at 450 °C in reducing atmosphere was used
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as an indirect indication of the presence of several metallic phases in the as-synthesized materials.
The XRD patterns deconvolution for the heat-treated NizFe; /C (Figure S6d, Supplementary Materials)
and Ni3zCu; /C (Figure Sé6c, Supplementary Materials) have shown a splitting of the reflections into
two peaks. One of them can be ascribed to the alloy phases enriched by Ni and by the other—to the
second transition metal. For instance, the reflections of Ni3Cu; /C at the 20angles of 44.16, 51.45 and
75.92 are close to those for the alloy Ni3Cu; (ICDD, #04-004-4502), whereas the set of the facets at 43.96,
51.41 and 75.68 is shifted to the metallic Cu (ICDD, #00-004-0836) and may correspond to the Cu-rich
Ni-Cu alloys.

Thus, chemical reduction of the inorganic precursors on carbon support using sodium borohydride
as the reducing agent results in the formation of near-spherical nanoparticles with poor crystallinity and
the average particle size of ca. 10 nm. In the binary Ni3sTM; /C catalysts, heterogeneous co-distribution
the metallic components was observed, with partially separated areas of CuyO in NizCuy, and
segregation of Ni on the surface for all the samples. Homogeneity of the metallic components
co-distribution in the bulk of the as-synthesized catalysts and the separation of the XRD reflexes
after the thermal treatment at 450 °C illustrates that the binary Ni3TM; /C catalysts are predominantly
composites—mechanical mixtures of either Ni with TM, or mixture of several NixTMy alloys.

2.3. Electrochemical Characterization

Figure 2a shows the first several cycles of the HOR polarization curves (solid lines) on the Ni/C
catalyst and compares them with the corresponding cyclic voltammogram recorded in Ar atmosphere
(dashed line). Opposed to the behavior of the TM-doped catalysts, bare Ni shows a significant increase
of the catalytic activity after the first HOR cycle (Figure 2a), namely after the partial electrochemical
oxidation of the surface. The positive effect of the surface pre-oxidation on the Ni catalytic activity
in HOR was also reported previously [52,63]. This observation might serve as direct experimental
evidence of the bifunctional mechanism of HOR [26,50,64—67] when OH,4 species, pre-chemisorbed on
the adjacent active sites, are required in order to remove H,4 chemisorbed on the free metallic surface
of Ni, and to make the hydrogen oxidation reaction proceed. Thus, presumably a certain optimal ratio
of Ni(OH,q)/Ni(H,q) sites is needed to retain the HOR activity of bare Ni electrocatalyst. Therefore,
the theoretical estimations of HBE and OHBE, provided in Figure 1a,b, might shed some light on the
understanding of the competitive co-adsorption of H and OH species (see Section 2.1). Noteworthy,
NizTM; catalysts do not require a preliminary electrooxidation cycle, which might be related either
to the fact that the presence of TMs with higher affinity to oxygen (such as Cu [68], Co [69] and
Fe [69]) stabilizes the oxygenated species on the surface of Ni, or the TMs serve by themselves as
the active sites for formation of OH,q4 species. In any case, an important theoretical question arises:
Would a hypothetical surface with the optimal value of HBE (discussed earlier) and no affinity to
chemisorption of OH species catalyze HOR in alkaline media? Might it be the case that PGMs (e.g., Pt,
Ir, Rh) show two orders of magnitude lower catalytic activity in HOR in alkaline media compared to
acidic ones [45,49,56], because in the potential range of hydrogen electrooxidation the surfaces produce
a negligibly low ratio PGM(H,q)/PGM(OH,4)? The doping of PGMs by TMs with high affinity to
chemisorption of OH species was shown to result in the HOR catalysis promotion [67,70,71]. However,
this subject is beyond the scope of this work.

HOR polarization curves in the potential range of 0-0.4 V, presented in Figure 3ab, show
electrocatalytic behavior of Ni/C, NigFe; /C, NizCo;/C and NizgCu; /C typical for polycrystalline
Ni[51], or TM doped Ni electrocatalysts [34]. For all the catalysts, during the forward scan (Figure 2a,b),
a peak of HOR is observed, with the current increasing up to certain potential values (see the peak
potential values in Figure 2b). Further, the surface deactivates with the increase of the potential
due to the increasing surface electrooxidation, and at E > 0.4 V there is no catalytic activity in HOR.
A similar effect was observed in HOR for Ru/C [72] due to the competitive adsorption of H, and OH™.
On the backward scan, the surface of the catalysts reactivates, due to the reversible electrochemical
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reduction of Ni (see black solid and dashed circles marking the onset of HOR and Ni electroreduction,
respectively, on the backward scans).
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Figure 2. (a) Hydrogen oxidation reaction (HOR) polarization curves (solid lines) and cyclic
voltammogram (dashed line) for the Ni/C catalyst. The arrows show the potential sweep direction.
(b) Comparison of the HOR polarization curves (forward scans) for monometallic Ni/C and bimetallic
Ni3TM; /C catalysts for TM = Fe, Co and Cu. The numbers correspond to the peak potential values.
* Potential range of 0.01-0.05 V used for the kinetic analysis.

The analysis of the HOR kinetics in the micropolarization area (0.01-0.05 V) reveals a clear effect
of the dopant on the exchange current density: At the comparable values of the electrochemical surface
area (ECSA), bare Ni/C shows 0.039 mA cm 2y (Table 1), whereas addition of Fe, for instance, results
in a significant reaction promotion with 0.06 mA cm~2y;;, which in turn positively affects mass specific
activity, 1.6 A g’lNi vs. 1.87 g’lNi (Table 1). The iy values reported in this work exceed the highest iy
values reported earlier in the literature, for instance, 0.028 mA cm~2y; for hydrothermally synthesized
70% Ni/N-CNT [28], or 0.027mA c¢m 2y for thermally reduced 50% NigMo; /C [34] and 0.025 mA
cm~2y; for 50% Nig 5Cug5/C [73], showing that chemical reduction might be a promising approach for
the further development of Ni-based catalysts. However, overall catalyst mass activity of our catalysts
is lower (0.35-0.55 A g_lcat) for the binary electrocatalysts compared to the bare Ni/C (0.6 A g_lcat),
due to the high concentration of the catalytically inert TMs. The mass catalytic values are lower
(6.5 A g1 ot for 70%Ni/N-CNT [28], 3.54 A g~ !, for the electrodeposited CoNiMo [29],2.9 A g~ !yt
for 50% NigMoq /C [34]) or comparable (0.94 A gflcat for 25% Nig 5Cug 5/ Vulcan XC72 [37]) to the
published ones. In previous works, the authors have applied preliminary electrochemical reduction of
the surface, which allowed increasing the surface area up to 10-20 m? g~!y;. In our work, we have
intentionally avoided the preliminary reduction step in order to demonstrate that carbon supported
nanoparticles synthesized via simple chemical reduction method at ~0 °C can be handled in ambient
atmosphere, and they can still retain their electrocatalytic activity, opposed, for instance, to the
thermally obtained Ni-based electrocatalysts [34].

Table 1. Comparison of surface area values and the HOR electrocatalytic properties for
different catalysts.

iatn =005V i
Catalyst ESCA/m? g~y 2

mA crn72geom A gilcat A gilNi A mizNi A gilNi mA Crl172Ni

Ni/C 13402 0.12 0.6 1.60 0.347 0.83 0.039 t%%lg
NigFe; /C 1.2+ 0.6 0.11 0.55 1.87 0.858 0.96 0.060 t%%%%
NigCu; /C 12402 0.09 0.45 2.01 0.510 0.98 0.051 t%%oolu
NizCo;/C 15403 0.07 0.35 1.28 0.290 0.66 0opg  0-030

—0.003
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Figure 3a—d shows the linear potential stripping (solid lines) for the catalysts under Ar atmosphere
at the same potential sweep rate (1 mV s~ !) used to record the HOR polarization curves, and
the corresponding derivatives of the HOR polarization curves (dashed lines), for all the catalysts.
The charge consumed for the full surface coverage by Ni(OH), (the area under the solid line peaks,)
was used to estimate ECSA of Ni. The ECSA values are presented in Table 1. Extremely low ECSA
values were obtained in all catalysts (< 2 m? g~ !y; compared to the expected ~70 m? g~ !y; based
on TEM images, Figure S1, Supplementary Materials), which are probably due to the oxidative
surface passivation evidenced by EDS (Table S1, Supplementary Materials) and XPS (Tables S1 and S3,
Figure S8, Supplementary Materials).
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Figure 3. Linear potential stripping (solid lines) for the Ni/C (a), NizCo;/C (b), NizFe; /C (c) and
NizCuy /C (d) catalysts under Ar atmosphere and the corresponding derivatives (dashed lines) of the
HOR polarization curves. Numbers indicate the peak potential values.

The HOR polarization curves (Figure 2b) were differentiated, and the potential values corresponding
to the minimum of the derivatives (dashed lines, Figure 3a—d) were used as one of the catalyst
characteristic parameters, showing the potential of the catalytic activity loss. As seen from Figure 3a—d,
the potentials of the derivative minimum (marked in red: 0.23, 0.23, 0.20 and 0.24 V for on the bare Ni/C,
NizCo;/C, NizFe; /C, and Ni3Cu; /C, respectively) correspond to the full surface coverage (indicated
by black arrows). Full surface coverage by monolayer of Ni(OH); on the bare Ni/C, NizCo;/C and
NizCu; /C takes place at more anodic potential (0.23, 0.23 and 0.24 V, respectively, Figure 3a,b,d), whereas
the surface of NizFe; /C is fully covered already at 0.20 V (Figure 3c). The peak potential of NizFe; /C
electrooxidation (solid line, Figure 3c), 0.125 V, is negatively shifted as well compared to Ni/C (Figure 3a),
Ni3Co; /C (Figure 3b) and NizCuy /C (Figure 4d). Thus, Ni-Fe catalysts are prone to the higher OH_,4

coverage at lower overpotentials, which results in higher HOR catalytic activity at lower overpotential
values (Figure 3b, insert).
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Figure 4. Correlation between the experimentally determined exchange current density values of the
catalysts with the theoretically predicated HBE and OHBE values: (a) (111) facet, (b) (200) facet, and
(c) (220) facet.

Figure 4a shows the general trend of decrease in exchange current density values with the HBE
value increase for the facet (111), whereas the opposite trend is expected (see Section 2.1. Theoretical
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prediction). At the same time, the expected catalytic activity increase is observed with the increase
of HBE for the facets (200) and (220) (Figure 4b,c). This observation might indicate that the catalytic
activity is predominantly determined by higher index surfaces, (200) and (220). Figure 5a,b also show
that i, increases as OHBE values increase. The latter observation might serve as indirect evidence of the
bifunctional mechanism of the HOR hypothesized earlier in different studies [25,26,64] explaining the
promotion effect of the dopants on the HOR kinetics. According to this bifunctional mechanism, there is
a need for more than the conventional HBE indicator to describe the HOR in alkaline [22]—the OHBE
indicator may bring the missing parameter to clearly understand the HOR kinetics and mechanism.
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Figure 5. Slab models for all three Ni3TM; (111), (200) and (220) facets constructed from the primitive
cell. The locations marked by black circles indicate the H adsorption sites with the lowest energy.

This study provides an initial thought supported with some first data on HBE and OHBE, both as
important parameters to describe the electrocatalytical activity of Ni-based catalysts towards HOR in
alkaline medium. Further DFT calculations and experimental studies of specifically Ni-TM facets are
needed to increase this understanding.

3. Materials and Methods

3.1. Computational Details

Spin-polarized DFT calculations were performed with the Vienna Ab Initio Simulation Package
(VASP) [74,75]. We use the Perdew —Burke—Ernzerhof (PBE) [76] of the general gradient approximation
(GGA) exchange-correlation functional in all computational calculations. This functional describes
well all the chosen transition metal alloys [77-80]. Projected augmented wave (PAW) potentials [81,82]
represented frozen core electrons and nuclei for each atom. For the whole first row 3d TM, including Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn atoms, the appropriate PAW potentials for inner shell electrons are
replaced with Ar’s electronic configuration. Kohn-Sham (KS) equations were solved with a plane-wave
basis. Symmetry operations were imposed for a better description of the geometry. k-space integration
was performed with the tetrahedron method with Blochl corrections [82].

We used a k-mesh of 3 x 3 x 1 in the Monkhorst—Pack scheme and an energy cutoff of 400 eV for
the plane-wave basis set. These k-grids and energy cutoffs were converged to a total energy lower than
1 meV atom~!. For all of the calculations, we relaxed the cells using convergence criteria of 107> eV
for electronic iterations and of 0.01 eV A~! for ionic iterations. Geometrical relaxations took place with
a conjugate gradient algorithm [83]. All slabs were separated from their periodic image by a minimum

of 16 A vacuum layers, which is converged the total energy up to 0.1 meV atom .
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The unit cells of the catalytic materials were built with 25% of TM (i.e., atomic ratio Ni:TM =
3:1), with an FCC structure. We considered three facets that have been experimentally observed in
the XRD patterns (Figures S5 and S6, Supplementary Materials) of the electrocatalysts: Ni3TM; facets
(111), (200), and (220). The (111) and (200) facets were modeled by a five-layer slab, while the (220)
facet needed seven layers to converge the calculated adsorption energies. The hydrogen and OH
adsorbate coverage corresponds to a low coverage of 1/16 monolayer (ML) for (111) and 1/8 ML for
(200) and (220) surfaces, with supercell size of 2 x 2 x 1 (see Figure 5). The adsorbed hydrogen atoms
and the top three layers of the slab were fully relaxed during energy relaxation by selecting several
initial hydrogen positions and performing geometry optimization, until forces on all atoms reached
the convergence threshold of 0.01 eV A~!. The rest of the atoms in the slab were fixed on its bulk
lattice configuration since adding more atoms gave the same hydrogen binding energies. The most
stable H adsorption sites found for NizFe; were adopted and used for all the Ni3TM; systems. All the
optimized ground state structures of bare and adsorbed hydrogen surfaces of 1 x 1 primitive cells and
2 x 2 x 1 sized supercell are listed in the Supplementary Materials.

3.2. Catalyst Synthesis

Monometallic Ni/C and bimetallic NizTM;/C carbon-supported electrocatalysts were
synthesized via the chemical reduction method at 0 °C, using sodium borohydride as the reducing
agent. To synthesize monometallic catalyst, 100 mg of VXCMAX22 (Cabot, Boston, MA, USA) carbon
black, noted as C, was suspended in 15 mL of isopropanol (HPLC Plus GC, 99.9%, Sigma Aldrich,
St. Louis, MI, USA) in the ultrasound bath (XUBA3, Grant Instruments, Cambridge, UK) and then
mixed with 15 mL aqueous solutions containing 1.7 mmol of NiCl,-6H,0 (99.3%, Alfa Aesar, Ward
Hill, MA, USA). The mixture was cooled down in the ice-bath and deaerated by flowing Ar (99.999%,
Maxima, Ashdod, Israel). For the synthesis of bimetallic Ni3TM; /C catalysts, 15 mL of the solutions
containing 0.567 mmol of either FeCl,-4H,O (99.95%, Sigma Aldrich), or CoCl,-6H,0O (99.99%, Alfa
Aesar), or CuSO4-5H,0 (for analysis, Merck, Kenilworth, NJ, USA) were added to the carbon-NiCl,
mixture. The intended weight ratio of nickel to carbon in monometallic Ni/C catalyst was 0.5-to-0.5.
The same Ni-to-C weight ratio was kept for the bimetallic Ni3TM; /C catalysts, where the atomic ratio
of Ni-to-TM was 3-to-1. Ice-cold solution containing 3.4 mmol of NaBHj (99.99%, Sigma Aldrich) in
25mL of 0.1 M KOH (AR, Bio-Lab Ltd., Jerusalem, Israel) was used as the reducing agent. The reduction
of the metal precursors was carried out in the ice bath by dropping NaBH, solution into the mixture
while stirring. The precipitates were separated in the centrifuge (Eppendorf 5804, Hamburg, Germany).
After being rinsed by milli-Q H,O (18.2 M) x cm) five times at 10,000 rpm for 10 min, the samples
were placed in the vacuum oven (1407-2, MRC, Holon, Israel) at r.t. and then dried at 80-90 °C for
24 h. Before removing the samples from the vacuum, the oven was cooled back to room temperature.
The samples were stored in a desiccator under vacuum and handled in the ambient air.

3.3. Physical and Chemical Characterization

TEM images were obtained on FEI Tecnai T20 LaBg microscope operated at 200 kV. Catalyst
powders were dispersed in isopropanol (2 mgc,: per 10 mL) in ultrasound bath for 2 h, spray-casted
onto a 300 mesh Cu grid coated with holey carbon (300 mesh, Agar Scientific, Stansted, UK), and then
left to dry on the TEM grids at room temperature.

EDS spectra, STEM images and elemental mapping were collected on Zeiss Ultra-Plus HRSEM.
EDS spectra were measured at accelerating voltages in the range of 5-15 kV with the data collecting
time 50-150 s. STEM element mapping was done at 30 kV on holey carbon 200 mesh Cu TEM grids
(Agar Scientific) with the applied catalysts.

XRD data were collected using Rigaku Smartlab diffractometer with Cu X-ray source (A = 1.5406 A).
XRD patterns were recorded in medium resolution parallel beam geometry at the tube current of

100 mA and tube voltage of 35 kV in 0/20 scan mode with the scan rate of 1 deg. min~! and
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step0.01 deg. The structural data were compared to the ICDD database. Crystallite sizes were
estimated using Scherrer’s equation [84].

XPS measurements were performed in ultra-high 2.5 x 10710 Torr base pressure) using
a 5600 Multi-Technique System (PHI, Chanhassen, MN, USA). The samples were irradiated with
an AIK, monochromated source (1486.6 eV) and the outcome electrons were analyzed by a Spherical
Capacitor Analyzer using a slit aperture of 0.8 mm. Survey spectra were registered in a wide energy
range (0-1400 eV) at a low resolution. Utility multiplex spectra were taken for different peaks in a low
energy range window at an intermediate (utility) resolution. Atomic concentration was calculated for
all the elements present. Atomic concentration calculation accuracy was 2, +5, £10 and +20% for
atomic concentrations around 50%, 20%, 5% and 1%, respectively.

3.4. Electrochemical Characterization

Rotating disc electrode (RDE) method and cyclic voltammetry (CV) were applied to characterize
the electrochemical properties of the catalysts using WaveDriver 20 Bipotentiostat/Galvanostat (Pine
Research). For RDE tests, Nafion was used as only ionomer, to avoid surface adsorption effects of other
ionomers onto the catalysts under study [85]. For these tests, 10 mg of the catalyst was suspended
in 2 mL of isopropanol/water mixture (3/1 vol.). Nafion (10 wt.% in H,O, p = 1.05 g mL~!, Sigma
Aldrich) was added to the catalyst to get a Nafion/catalyst weight ratio of 0.15/1. The suspension
was then drop-casted on glassy carbon disc (5.0 mm, PTFE shroud, Pine Research) to form a catalyst
layer with a loading of 200 pgcat cm 2. The electrode was dried in the air for about1 h and mounted
on the rotating shaft. The experiments were conducted at 25 °C in 1 M KOH aqueous solution in
a water-jacketed electrochemical cell. Pt wire (Pine Research) isolated in a glass-fritted tube was used
as the counter electrode. All the potential values were registered vs. Hg/HgO/1 M KOH (RE-61AP,
ALS Co., Tokyo, Japan).

Taking into account electrochemical properties of Ni, the following experimental protocol was
elaborated using RDE and CV methods. Before immersing the working electrode into the electrolyte,
it was purged by H, (electrolyzer SPH-500, H, purity 99.999%, H, flow 0-500 mL min~!, Jinan Mao
An Instrument Co., Ltd., Jinan, China) until the open circuit potential stabilized. The potential was
then scanned repeatedly (up to 5 cycles) in the potential range between 0 V and 0.4 V vs. RHE, with the
sweep rate of 1 mV s~! and at a rotation speed of 1100 rpm, to register the HOR polarization curves.
The values of exchange current density (ig) were calculated in the micropolarization potential range
applying Equation (1) [50]:

. RT i

ip X (@c+aa) = - X y 1)
where «, and a. are the anodic and cathodic transfer coefficients, respectively, i is catalytic activity
averaged for the range of overpotential values (1) between 5 to 50 mV (in A cm~2y;), T is the
temperature of the electrolyte (K), R is the gas constant and F is the Faraday constant. Afterwards,
the gas flow was changed to Ar until the open circuit potential was stabilized, and then the potential
was swept in the potential range between 0 V and 0.4 V vs. RHE at the rate of 1 mV s~!. The anodic
peak was integrated and used as the in situ method to determine the electrochemical active surface
area of Ni with the specific charge density of 514 uC em ™2y [28].

4. Conclusions

Carbon supported nanoparticles of monometallic Ni catalyst and binary Ni-Transition Metal
electrocatalytic composites were synthesized via chemical reduction method. Different TM dopants
(Fe, Co and Cu) were studied in this work. The chemical composition, structure and morphology of
the materials were characterized and related to the electrochemical properties towards HOR in alkaline
medium. For the first time, both HBE and OHBE values were calculated for this kind of catalysts. DFT
calculations showed the significant effect of the dopant TM onto the HBE and OHBE values of the
different Ni-TM catalysts, which in turn affects their exchange current densities. It is proposed that



Catalysts 2018, 8, 454 13 of 19

both HBE and OHBE parameters will be used as the indicators of the electrocatalytic activity of Ni-TM
catalysts towards a better understanding of these catalysts for the electrooxidation of hydrogen in
alkaline medium.

A significant role of the dopant TM in the promotion of the hydrogen electrooxidation kinetics
of the binary Ni-TM/C composites was revealed. A record-high in exchange current density value,
0.060 mA cm?yj;, was observed for NisFe; /C. We therefore suggest that Ni-Fe/C could be a promising
catalyst for HOR in alkaline media. Development of synthesis approaches and corresponding
conditions to minimize surface oxidation of the metallic Ni in the Ni-TM/C materials may lead
to the development of highly active HOR catalysts for PGM-free AEMFCs.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344 /8 /10/454 /51,
Figure S1. (a) Electron microscopy images of Ni3Fe; catalyst; (b) Particles size distribution for NizFe; catalyst;
Figure S2. STEM images of Ni3Co; /C: (a) Electron image; (b) Element map overlapping: Ni: red; Co: green; Ni +
Co: yellow/orange; (c) Element mapping of Ni; (d) Element mapping of Co; Figure S3. STEM images of NizCu; /C:
(a) Electron image; (b) Element map overlapping: Ni: red; Cu: green; Ni + Cu: yellow/orange; (c) Element
mapping of Ni; (d) Element mapping of Cu; Figure S4. STEM images of NizFe; /C: (a) Electron image; (b) Element
map overlapping: Ni: red; Fe: green; Ni + Fe: yellow/orange; (c) Element mapping of Ni; (d) Element mapping of
Fe; Figure S5. The main reflections of the XRD patterns for the as-synthesized monometallic Ni/C catalyst and
bimetallic Ni3TM; /C composites; Figure S6. The main reflections of the XRD patterns for monometallic Ni/C
catalyst and bimetallic Ni3TM; /C composites after the thermal treatment at 450 °C in the mixture of 10% Hy/Ar;
Figure S7. HR-XPS spectra for Cu of the catalyst NizCu; /C (a) and Fe of the catalyst NizFe; /C (b); Figure S8.
Deconvolution of HR-XPS spectra of Ni 2p3 /;; Table S1. Elemental composition of the catalysts (in at.%) based on
the EDS and XPS data; Table S2. Elemental composition of the catalysts (in wt.%) based on the EDS data; Table S3.
Elemental composition of the catalysts (in at.%) based on the HR-XPS Ni2p3,, spectra deconvolution.
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Appendix A

Table A1l. Ground state energies of bare metal/alloy and one with hydrogen at (111) facet (1/16 ML)
supercell 2 x 2 x 1 and calculated HBE (all energies are in eVs).

Material Bare (111) Facet Surface with Hydrogen HBE/eV
NizScy —465.27 —469.42 -0.77
NisTip —498.92 —503.16 —0.86
NizV; —500.72 —-504.57 -0.47
Ni3Cry —496.02 -500.10 -0.70

NizMn; —494.24 —498.32 —0.69
NizFeq —479.68 —4383.64 —0.58
NizCoq —447.09 —450.93 —0.45
Ni bare —414.05 —417.97 —0.54
NizCuy —380.83 —384.90 —0.68

NizZng —344.05 —348.73 -1.29
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Table A2. Ground state energies of bare and with hydrogen at (200) facet (1/8 ML) supercell 2 x 2 x 1
and calculated HBE (all energies are in eVs).

Material Bare (200) Facet Surface with Hydrogen HBE/eV
NizScq —236.96 —240.79 —0.44
NizTip —251.89 —255.84 —0.57
NizV; —251.01 —254.94 —0.55
NisCry 25146 ~255.31 —047
NizMn; —251.86 —255.78 —0.54
NizFeq —241.93 —245.73 —-0.42
NizCoq —222.10 —225.89 -041
Ni bare —203.61 —207.47 —0.48
NizCuy —184.70 —188.53 —0.45
NizZn; —164.37 —167.95 -0.19

Table A3. Ground state energies of bare and with hydrogen at (220) facet (1/8 ML) supercell 2 x 2 x 1
and calculated HBE (all energies are in eVs).

Material Bare (220) Facet Surface with Hydrogen HBE/eV
NisScq —328.56 —332.63 —0.69
Ni3Ti; —349.00 —352.35 0.04
NisVy —349.56 —353.17 —0.22
NizCry —349.75 —353.55 —0.42
NizMny —349.44 —353.30 —0.47
NizFeq —335.65 —339.40 —-0.37
NizCo; —309.08 —312.82 —0.35
Ni bare —283.84 —287.67 —0.45
NisCuy —258.57 —262.44 —0.49
Ni3zZng —230.78 —234.80 —0.64

Table A4. Ground state energies of bare and with OH at (111) facet (1/16 ML) supercell 2 x 2 x 1 and
calculated OHBE (all energies are in eVs).

Material Bare (111) Facet Surface with OH OHBE/eV
NizCrq —496.02 —506.77 —0.35
NizMn, —494.24 —504.68 —0.04
NizCoq —447.09 —458.05 —0.57
Ni bare —414.05 —424.99 —0.54
NizCu; —380.83 —391.58 —0.34

Table A5. Ground state energies of bare and with OH at (200) facet (1/8 ML) supercell 2 x 2 x 1 and
calculated OHBE (all energies are in eVs).

Material Bare (200) Facet Surface with OH OHBE/eV
NizCrq —251.46 —263.04 —1.18
NizMn; —251.86 —263.06 —0.81
NiszFeq —241.93 —252.45 —0.11
Ni bare —203.61 —214.76 —0.75

Table A6. Ground state energies of bare and with OH at (220) facet (1/8 ML) supercell 2 x 2 x 1 and
calculated OHBE (all energies are in eVs).

Material Bare (220) Facet Surface with OH OHBE/eV
NizCrq —349.75 —360.01 0.14
NizMn; —349.44 —360.01 —0.17
NizFeq —335.65 —345.11 0.93
Ni bare —283.84 —294.73 —0.49
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