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ARTICLE INFO ABSTRACT
Keywords: Bimetallic Metalorganic Framework (MOF)-derived PdCo and PdMn nanoparticles have been shown to be
MOF-Derived excellent bifunctional electrocatalysts for overall electrocatalytic alkaline water splitting. Through an innovative

Bimetallic nanoparticles
Nanomaterials characterization
Electrocatalytic water splitting
Bifunctional electrocatalyst

strategy combining a soft chemical (Q) transformation followed by pyrolysis (T) of PdCo-MOF and PdMn-MOF
precursors, well-defined and uniformly distributed nanoparticles supported on N-doped graphitic carbon were
synthesized (PdCo-QT and PdMn-QT, respectively). The influence of the first row transition metal into the
bimetallic nanoparticles on the electrocatalytic activity for both electrocatalytic hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) was assessed. Comprehensive characterization using TEM/STEM,
PXRD, Raman, XAS and XPS revealed the ultimate structural and compositional features of the synthesized
materials. Notably, the bimetallic PdCo-based catalyst demonstrated the best electrocatalytic performance,
exhibiting the lowest Tafel slopes for both HER and OER processes, along with superior thermodynamic and
kinetic metrics compared to the bimetallic PAMn and monometallic Pd nanoparticles. The exceptional catalytic
activity of the PACo-QT electrode competes with that of benchmark materials, attributed to a synergistic effect
between Pd and the secondary metal (Co), likely forming Pd-O(OH)-Co active centers. Moreover, operando and
after electrocatalysis characterizations of the electrodes validate the remarkable stability and efficiency of PdCo-
QT, underscoring its potential for practical water-splitting applications.

1. Introduction appealing method for producing “green” hydrogen [6-9]. Two main
technologies are currently employed for industrial-scale hydrogen pro-

Hydrogen is increasingly seen as a promising solution to the growing duction via water splitting (WS): acidic water electrolyzers with polymer
demand for clean, renewable, and sustainable energy due to its zero- electrolyte membranes and alkaline water electrolyzers [10,11]. Water
emission characteristics and high energy density [1-5]. In this context, electrolysis (WE) is based on two semi-reactions, the hydrogen evolution
electrochemical water splitting driven by renewable energy sources is an reaction (HER) at the cathode and the oxygen evolution reaction (OER)
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at the anode, leading to hydrogen and oxygen gases formation, respec-
tively. In standard conditions, the free Gibbs energy (A,G°) associated
with the water splitting reaction is 237.2 kJ mol ™!, corresponding to a
standard cell potential of E° = 1.23 V (pH 0) [12,13]. Therefore, water
splitting is a difficult reaction that is usually thermodynamic- and
kinetically hampered by the OER half-reaction [14-16]. Consequently,
decreasing the overpotential associated with the OER while maintaining
the thermodynamic requirements for the HER is a major challenge for a
feasible WS technology. Furthermore, researching effective bifunctional
electrocatalysts for overall water splitting is crucial. While
platinum-based materials are the benchmark catalysts for HER, they are
not effective for OER. Conversely, iridium and ruthenium oxides are
excellent materials for electrocatalytic OER but are largely inefficient for
HER [17]. Moreover, the high cost and scarcity of these noble metals
further limit their widespread use [6,8,18]. A promising approach to
develop high-performing bifunctional catalysts for both HER and OER
involves combining first-row transition metals such as nickel, cobalt, or
manganese with noble metals [19-23]. In that sense, recent studies
indicate that the generation of an active phase combining a second metal
with palladium species seems an auspicious alternative, since this het-
erometallic phase can improve the OER catalytic activity versus homo-
metallic systems, preserving the typical HER activity observed in
Pd-based electrocatalysts. Specifically, heterometallic M-M'OsHy in-
termediates [24-31] are believed to enhance OER activity compared to
homometallic systems, thanks to charge delocalization between metal
centers [25]. By balancing the rates of first raw transition metal disso-
lution and re-deposition on a MOxHy host, dynamically stable active
sites can be established, which improves OER activity. The interaction
between the noble metal and the MOxHy host is crucial for controlling
the number of active sites at the electrode/solution interface, leading to
enhanced electrocatalytic performances [25].

Besides, high-porosity carbon materials are ideal supports for
bifunctional electrocatalysts due to their high conductivity, large surface
area, tunable porosity, affordability, and strong corrosion resistance
[32]. Although pyrolysis of carbon precursors such as polymeric aero-
gels and organic materials has been explored, disordered activated
carbon faces limitations from uneven pore distribution, relatively low
surface area and challenges in achieving effective heteroatom doping. In
that sense, the optimization of carbon structures with high surface area,
large pore volume, and stable electrocatalytic activity is crucial overall
performance [33-35]. In light of this, MOF-derived materials have
emerged as a promising strategy to simultaneously promote the forma-
tion of bifunctional metal electroactive centers as well as achieve a
promising carbon structures. By treating MOF precursors with chemical
modifications and heat, researchers can tailor their structure for
improved bifunctional character, conductivity, active sites accessibility,
and mass transfer [36-39].

In that context, we recently developed a novel methodology to
chemically transform a PdFe-MOF into Fe-doped Pd nanoparticles (NPs)
supported on clusters of FeOx@C (PdFe@FeOx-C) [40]. Compared to
other strategies, this soft synthesis method enables a better tailoring of
the material’s properties, achieving well-defined and distributed small
NPs (2.3 nm), despite the material having 35 wt% metal loading. From
nitrobenzene, the in situ aniline generation in the presence of 5 bar of Hy
at room temperature provides a controlled, slow supply of amine,
resulting in a reproducible material that combines metallic NPs and an
FeOx-doped graphitic support. Interestingly, this PdFe electrocatalyst
could be used as a bifunctional electrocatalysts for overall water split-
ting. The ultrasmall PdFe-NP proved to have a high number of Fe-Pd
interactions, making it an excellent candidate for HER, while the
nanometric iron oxide was effective for OER. Meanwhile, we have
recently combined that strategy with a pyrolytic treatment, resulting in
the synthesis of efficient MOF-derived PdCo and PdMn bimetallic
nanoparticles with enhanced stability and resistance to leaching
(denoted as PACo-QT and PAMn-QT) [41,42].
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In this line, looking at our previously reported findings related to the
PdFe-derived nanocomposite and the PdCo and PdMn systems, the latter
appeared as the perfect candidates to be used as electrodes for the
overall water splitting reaction. Therefore, their electrocatalytic per-
formances were evaluated in this work by testing their HER and OER
activity and long-term stability. Notably, PdCo-QT-based electrodes
exhibit outstanding performances as bifunctional catalysts for electro-
catalytic water splitting under basic conditions. Additionally, a thor-
ough characterization of the electrodes before, during, and after
electrocatalysis provides valuable insights for the future design of
analogous efficient bifunctional electrocatalysts for sustainable
hydrogen production.

2. Results and discussion
2.1. Structural characterization of PAM-QT-based electrocatalysts

In this work, electrodes based on well-defined Pd-based bimetallic
nanoparticles supported on a N-doped carbon are developed. First, fresh
materials were obtained from PdCo and PAMn MOFs precursors using a
soft chemical treatment using in-situ generated aniline (from nitroben-
zene) and Hj, followed by pyrolysis [42]. Then, the resulting PAM-QT
materials (M = Co or Mn) were dispersed in an alcoholic Nafion sus-
pension, forming the catalytic composite for further deposition on the
graphite electrodes. To explore the atomic distribution and structural
properties of the so-called PdCo-QT@Nafion and PdMn-QT@Nafion
composites, high-resolution electron microscopy imaging (HREM and
HAADF), powder X-ray diffraction (PXRD), X-ray photoelectron spec-
troscopy (XPS), and Raman analysis were performed (see SI, Section II
Catalyst characterization and Section V Additional characterization). Fig. 1
provides a summary of the microscopy characterization of both com-
posites. Notably, nanoparticle size, composition and crystalline struc-
tures within the nanocomposites remain unchanged compared to the
previously reported pure materials [42]. Precisely, the PdCo-QT@Na-
fion and PdMn-QT@Nafion composites still present well-defined and
distributed carbon-supported nanoparticles with average size of 17.0
5.4 nm and 12.1 + 3.8 nm, respectively, and the STEM XEDS maps
provided in Fig. S7 prove an intimate metal mixture.

Furthermore, the PXRD patterns of PdCo-QT@Nafion composite in
Fig. 2a showed the presence of two face-centered cubic (fcc) Pdg 7Coog.3
and Pdjg9Cog; crystal systems together with small proportions of
monometallic phases, while PXRD patterns of PdMn-QT@Nafion re-
veals a tetragonal Pd;Mn; crystal system [42]. Similarly, the graphitic
carbon nature of the catalysts depicted by the Raman spectra in Fig. S2b
remains unchanged before and after the incorporation of Nafion. Note
the presence of the peaks corresponding to CoOyx species in the
PdCo-QT-based materials. The signals at 631 cm ™' and 672 cm™*
correspond to shifted Fay and A;g Co304 transitions, likely due to
Pd-Co-Ox, or Pd-Ox-Co interactions [42,43]. Additionally, the typical
graphitic carbon G band appears around 1589 cm ™, with the Ip/Ig ratio
suggesting a low carbon order in both materials [44,45].

Furthermore, the electronic states of Pd, C, and N in both freshly
prepared composites were analysed by XPS and their corresponding
spectra are depicted in Fig. 3. First, regarding the Cls XP region
(Fig. 3a), apart from the typical signals from sp? carbon (graphitic), sp°
carbon (C-C,C-H),C-0and C-N, and O - C=0, already identified in
our previous work [42], the Nafion contributions can be observed at
higher binding energies (B.E). In particular, a signal at ca. 292 eV,
corresponds to the main Nafion’s structural units (- CF; — and — CF - O)
[46,47]. Moreover, while addressing the fitting of the ClIs, it became
necessary to introduce an additional component at a BE lower than that
of the graphitic peak, previously associated with C atoms close to
vacancy-like defects [48]. Alternatively, a differential charging effect of
over a fraction of the carbon might account for this effect. In the Pd3d XP
region (Fig. 3b), signals characteristic of Pd°3ds,; appear at 335.1 eV for
PdCo-QT@Nafion and PdAMn-QT@Nafion. Also, surface oxidized Pd
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Fig. 1. Electron microscopy characterization of PdCo-QT@Nafion (panel 1) and PAMn-QT@Nafion (panel 2) composites. Their representative (a, b) HAADF-STEM,

(c) HR-TEM images and, (d) nanoparticle size distribution.
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Fig. 2. (a) XRD patterns and (b) Raman spectra of PAM-QT fresh and with Nafion, PdMn (blue), PdCo (red). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

peaks at higher B.E. (337.2-336.7 eV) could easily be introduced in the
fitting in both cases. Additionally, one last peak stood out in the case of
PdMn-QT@Nafion at 339.2 eV, suggesting either a differential charging
effect of a Pd fraction or the distortion of its environment by the F from
Nafion [49-51]. Unfortunately, upon mixing with Nafion, the main XP
regions for the Co and Mn elements became weaker and very close to the
spectrometer’s quantification limit. Although these elements could be
detected by XPS, no peak fitting or quantification was done out of pre-
caution (Fig. S9). Then, the N1s fitting (Fig. 3c) reveals in the PdMn and
PdCo composites a nitrogen signal at ca. 400.7 eV, as found in our
previous works after submitting the MOF to the combination of chemical
and thermal treatments [41,42]. This signal, according to specialized
literature, should be associated with graphitic nitrogen (isolated N
defect), pyrrolic nitrogen or nitrogen coordinated to metal [52]. The
increase in peak width (FWHM) observed in PdCo-QT with Nafion (3.6
eV) compared to the material without Nafion (2.8 eV) [42] suggests a
more heterogeneous nitrogen environment, which may be unresolved
due to the quality of the spectra. In addition, PdMn-QT@Nafion

displays a pyridine signal at 399.0 eV. However, this B.E. is too high for
free pyridine and too low to be associated with pyridine coordinated to
Pd. Especially, if considering the values we previously reported in the
parent MOFs and Nafion-free composites (ca. 398.5 and 400.3 eV,
respectively) [42]. Thus, free pyridine seems losing negative charge due
to an interaction with an unidentified component from the catalyst
matrix, perhaps becoming protonated, hydrogen bonded, or chemically
coordinated, pushing it toward a higher B.E. The fitting constraints and
the charge referencing methodology used in these analyses can be found
in the Supporting Information Section II-Catalyst characterization (XPS)
Table S1 [42,53-55].

2.2. Electrochemical characterization of PAM-QT based electrodes

2.2.1. Electrochemical activation of the PAM-QT-based electrodes
Electrodes based on the deposited catalytic composites typically

require an electrochemical activation process. Thus, prior to the

assessment of the electrocatalytic properties of the bimetallic
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Fig. 3. (a) ClIs, (b) Pd3d, and (c) N1s XPS regions of PAM-QT materials upon mixing with Nafion (X = Co or Mn).

nanoparticles for both HER and OER in an alkaline medium, the pre-
pared electrodes were electrochemically activated by potentiostatic
polarization by applying a fixed potential where the electrocatalytic
reaction occurs. Specifically, the electrodes (PdCo-QT@Nafion and
PdMn-QT@Nafion) were subjected to a potential of - 0.08 V vs RHE
(Reversible Hydrogen Electrode) for applying for HER. In comparison,
for OER electrodes the electroactivation was performed at 1.72 V vs.
RHE. The activation was allowed to proceed until the linear scan vol-
tammograms became stationary, typically lasting 45 min. Fig. 4 illus-
trates a comparison between the initial voltammetric responses and
those of the activated electrodes for the different materials and reactions
(i.e. HER and OER). Irrespective of the applied potential, the electro-
chemical activation leads to a significant increase in the capacitive
current associated with the charge of the double layer of the electrode-
solution interface, which ultimately implies an increase in the electro-
chemically active surface area (ECSA). Specifically, the ECSA values
were calculated from the double layer capacitance of the current elec-
trode (Cq)), obtained from the non-Faradaic voltammetric current at
different scan rates (Fig. S1), and the specific capacitance (Cs) of a
smooth planar pyrolytic edge graphite electrode (see SI Section III Elec-
trochemical Measurements). Notably, the estimated ECSA of the activated
electrodes strongly differs between materials, the PdMn-QT@Nafion
value being three times higher than the corresponding PdCo-QT@Na-
fion (Fig. 4f). In addition, the ECSA obtained for the activated electrodes
also depends on the potential applied during the activation. Indeed, the
ECSAs achieved for the electrodes polarized at highly negative poten-
tials are significantly higher than those activated at positive potentials.
This is typically justified in terms of a different structural, composi-
tional, and/or morphological reconstruction of the interphase during
the activation [31].

In addition, the ECSA increase of the different electrodes parallels
with an increase of both the faradaic current associated with the redox
conversion involving the metal active centers, and the electrocatalytic
current of both the electrocatalytic oxygen and hydrogen evolution. In
particular, the cyclic voltammogram of an activated PdCo-QT-based
electrode in the high potential window displays two poorly defined
voltametric waves with midpoint potentials at 1.09 V and 1.40 V vs. RHE
(Fig. 4b), which can be ascribed to the monoelectronic redox conversion
Co(II)/Co(III) and Co(IlI)/Co(IV), following with an increase of the
current associated with the electrocatalytic water oxidation. On the
contrary, an activated PdAMn-QT-based electrode by anodic polarization
exhibits a cyclic voltammogram characteristic of supercapacitor
behavior, consisting of a high capacitive current and the absence of
redox conversion. Moreover, both cyclic voltammograms obtained for
PAM-QT@Nafion electrodes after activation at negative potential are

characterized by the pronounced electrocatalytic branches associated
with the water reduction, which anticipates a high HER activity, and the
oxidative desorption waves of the generated hydrogen, both processes
likely involving the Pd metal sites.

2.2.2. Electrocatalytic HER and OER activity of the activated PAM-QT-
based electrodes

The electrocatalytic activities of PAM-QT nanoparticles for alkaline
HER and OER were assessed by rotating disk voltammetry. Fig. 5 shows
the linear sweep voltammograms acquired at a scan rate of 5mV s~ and
1500 rpm of rotation rate obtained for the activated PdM-QT-based
electrodes in 1 M KOH. Also, The HER and OER polarization curves of
a modified electrode based on carbon-supported monometallic palla-
dium nanoparticles (see SI Section II-Catalyst Characterization Pd-QT
reference material) were also measured to evaluate the effect of intro-
ducing a second transition metal on Pd nanoparticles on the electro-
catalytic activity for alkaline water splitting. First, an analysis of the
HER polarization curves (Fig. 5a) reveals that the electrocatalytic
branch commences at a lower onset potential for the PdCo-QT and
PdMn-QT-based electrodes (—25 mV and —58 mV vs. RHE) compared to
that obtained for the monometallic Pd-QT nanocomposite (—95 mV).
Notably, the overpotential value at 10 mA cm™2, defined as 5 = E-E°
(with E‘P’I+ Iy = 0 Vvs. RHE), of PdCo-QT and PdMn-QT based electrodes
are also markedly lower than that of Pd-QT, with values of —48 mV and
—97 mV in the case of the cobalt-doped and manganese-doped mate-
rials, respectively, and —141°mV in the case of the monometallic
reference (Table 1), indicating a favored HER kinetics in the bimetallic
systems, most notably for the PdCo-QT@Nafion-based electrode. To get
insight into the HER mechanism through bimetallic PdM interfaces, we
estimated the Tafel slopes obtained from the corresponding Tafel plots
of the logarithm of the steady state currents against overpotential at high
enough overpotential (Fig. 5d and Table 1). Notably, the Co-doped
material yields the lowest slope (70 mV dec™ compared to those ob-
tained in the Mn-doped and monometallic Pd materials with Tafel slopes
of 145 mV dec™! and 185 mV dec™!, respectively. These results agree
with previous works that reported higher activity of bimetallic electro-
catalysts for HER in alkaline media [56-58]. From a mechanistic
perspective, the values of the Tafel slope provide details about the
rate-determining step (RDS) of the water reduction process. Accord-
ingly, HER reaction involves two main steps: i) Proton adsorption via
Volmer reaction by an initial discharge reaction, with a Tafel slope of
120 mV dec™}; and ii) Hydrogen molecule release via Heyrovsky reac-
tion or, electrochemical desorption reaction (Heyrovsky reaction) or
homogeneous chemical desorption by a recombination reaction (Tafel
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QT@Nafion (upper panel) and PdAMn-QT@Nafion (lower panel) composites before and after being subjected to an electrochemical activation at - 0.08 V and 1.72 V
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symbols) processes. Solid lines in panel e correspond to experimental data fits employing equation 3 (see SI). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

reaction), with Tafel slopes of 40 or 30 mV dec ?, respectively (see
Table S2) [59]. Accordingly, the Tafel slope values higher than 120 mV
dec™! obtained for Pd-QT and PdMn-QT are consistent with a slow
discharge reaction involving an additional hydrogen adsorption step
into the metal bulk, being the RDS the Volmer reaction [56,60-62]. On
the other hand, the lower Tafel slope value of the PdCo-QT nano-
material (with a value of ~ 70 mV dec™!) agrees with a slow desorption
reaction, being the RDS the electrochemical desorption step with gen-
eration of molecular hydrogen. The diminution on the Tafel slopes on
bimetallic based materials points to a clear effect of the incorporation of
the second metal into the HER activity, which we speculate may arise
from a synergistic electronic interaction between the metallic species of
the composite. It has been previously demonstrated, both by the
experimental and DFT studies, that the relation between HER exchange
current density in alkaline medium and H-binding energy values can be
correlated via a volcano type of relationship [58,63,64]. Therefore, the
superb HER kinetics at alkaline pH for the bimetallic material can be

attributed to the hybrid nature of the catalyst that has an active
component for water dissociation (metal transition and their oxides),
thus promoting the proton adsorption which ultimately may increase
the HER activity of its monometallic counterpart [31,65]. In addition,
the significantly better HER kinetics of PdCo-QT nanomaterial can be
explained in terms of the compact and low overlapping of cobalt with
hydrogen, which it is expected to boost the HER reaction [66]. Finally,
to compare their intrinsic electrocatalytic HER activity, their
specific-mass activities (SMA) were determined by normalizing the
electrocatalytic density current to the palladium loading (inset Fig. 5a).
At a potential value of —0.10 V, the PdCo-QT nanomaterial exhibits an
SMA value 3-fold higher than the corresponding for Pd-QT and
PdMn-QT nanomaterials. Indeed, it is observed that the PdCo-QT
bimetallic nanoparticles display a significantly higher SMA within the
entire tested potential range (Fig. S4a). In comparison, the PdMn-QT
based electrode exhibits slightly higher SMA than monometallic
Pd-QT-electrodes. Altogether, these results reveal the outperforming
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Fig. 5. (a) HER and (b) OER polarization curves recorded at 5 mV s~ and 1500 rpm in a deaerated 1 M KOH aqueous solution at 25 °C of a pyrolytic graphite
electrode coated with the PdCo-QT@Nafion (blue line), PdAMn-QT@Nafion (red line) and Pd-QT@Nafion (grey line) composites and the corresponding bench-
marking in the HER (Pt(20 %)/C - black line) and OER (RuO,, - yellow line- and IrO, -purple line-) potential region. In the inset plots are depicted their corresponding
specific-mass activity at the indicated potential. (¢) OER and (d) HER steady-state Tafel plots of the above-mentioned electrodes. Nyquist plots of the (e) PdCo-
QT@Nafion composite at —0.09 V and (f) 1.61 V, and (g) PdMn-QT@Nafion composite at —0.04 V and (h) 1.63 V. Solid lines in panels e-h correspond to
experimental data fits employing a Ry(RadQad)(Rc(Qa1) equivalent circuit and the indicated values of R,q and R. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

electrocatalytic activity of bimetallic nanoparticles for HER in an alka-
line medium. This can be justified in terms of a synergetic effect induced
by M — Pd interaction [31]. Indeed, it is well recognized that metal
alloys consisting of a noble metal (-d-electron number greater than
-d-orbital number) and a non-noble transition metal (with unpaired
d-electrons and unfilled d-orbital) improve the catalytic activity of the
precious metal by changing charge distribution (see below) [67].

On the other hand, a comparison of the OER polarization curves of
bimetallic PAM-QT nanoparticles at an alkaline medium with those of
solely Pd nanoparticles is depicted in Fig. 5b. Interestingly, the elec-
trocatalytic OER activities of the PAM-QT-based electrodes are markedly
better than the monometallic Pd nanoparticles, being superior for the
PdCo nanoparticle catalyst. This result indicates that the transition
metal in the bimetallic nanoparticles can mediate the water oxidation
reaction, thereby bringing forward its onset potential in the order of
1.56 V> 1.59 V > 1.66 V for the PACo-QT, PAMn-QT and Pd-QT-based
electrodes, respectively. In addition, Pd, PdCo and PdMn, nanoparticles
display Tafel slopes of 110 mV dec™!, 75 mV dec ™! and 100 mV dec !,
respectively, indicating that PdCo-QT exhibits superb OER kinetics. For
metal transition mediated OER follows the Krasil’shcikov path for
alkaline electrolyte (Table S2) [68], which involves four steps where
water molecules are adsorbed onto the reactive sites through an elec-
trooxidation process, forming the M — OH species which then undergoes
proton coupling and electron removal to form M—O intermediate that
reacts with another water molecule to form M-OOH. Finally, M-OOH is
oxidized by an electron transfer process to release Oy and restore the

initial metal active site. In this case, the obtained Tafel slope value also
sheds light on the reaction mechanism’s rate determining step.
Accordingly, the RDS for PAMn-QT and Pd-QT materials corresponds
primary discharge of OH™ ions leading to the hydroxyl adsorption (Tafel
slope of 120 mV dec™1), whilst in material (Tafel slope of 60 mV dec™,
the RDS is probably related to the formation of oxide species (M—O)
from the chemisorption of hydroxide (M—OH). This superior OER ac-
tivity of the bimetallic PdCo-QT nanomaterials might be tentatively
ascribed to the formation of M;-O(OH)-M, bimetallic intersections
charge that provokes the delocalization between metal centers (see
below). This would lead to a higher number of active sites but also their
stabilization, where the oxygen-oxygen bond formation could take place
preferably through bimetallic centers, which ultimately improves the
OER activity of these materials in alkaline media [25]. On the other
hand, the slightly OER kinetic improvement by incorporating Mn can be
attribute to the strongly low stability of the Mn®" redox species, which is
the active phase of the OER in MnOs type electrocatalysts. In addition,
the specific-mass activity of PdCo and PdMn NPs, both determined by
the normalization of current density with the non-palladium metal
loadings (Table S3), are 13 and 4-fold higher at 1.70 V than that cor-
responding to the monometallic Pd NPs, respectively (Fig. 5b inset).
Furthermore, for comparative purposes, we benchmarked the elec-
trocatalytic performance of the PAM-QT bimetallic composites with that
corresponding to Pt(20 wt%)/C catalyst in HER, and IrO, and RuO;
catalysts in OER (Insets in Fig. 5a and b). Firstly, we compared the HER
and OER specific-mass activities of the bimetallic materials with the
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Comparative chart of the overpotentials (110) and Tafel slopes (TS) from HER and OER polarization curves of PAM-QT materials

and the corresponding benchmarking.

HER OER
Catalyst N/ mV TS/ mV dec! N/ mV TS/ mV dec!
Pd-QT -141 £ 10 185+ 15 507+ 15 110+ 15
(R2=0.997) (R2 = 0.999)
PdCo-QT 48+ 5 705 385+ 15 75+5
(R2=0.999) (R? = 0.998)
PdMn-QT 97+£10 145 £ 15 438 + 15 100+ 15
(R2 = 0.994) (R2 = 0.998)
Pt(20%)/C 6+5 35+5 - -
(R2 = 0.989)
RuO, - 321+ 15 505
(R? = 0.994)
IrO; - 424 + 15 50£5
(R2 = 0.993)

1M1 overpotential at £10 mA c¢m? from the OER and HER polarization curve, respectively.

corresponding benchmarking catalysts (Pt/C for HER and IrO2, RuO; for
OER). Inset in Fig. 5a reveals that the Pt(20 wt%)/C electrode performs
greater specific-mass HER activities, at potential of —100 mV, than the
PdM-QT bimetallic materials. In the OER region, the specific-mass ac-
tivity at 1.70 V of the PdCo-QT bimetallic material is greater than those
reported for RuO, and the IrO,. Even the PAMn-QT specific-mass ac-
tivity is higher than the IrO5 benchmarking value, considered one of the
most efficient OER electrocatalysts in alkaline medium [69].

Additionally, an electrochemical impedance spectroscopy analysis
was conducted on the bimetallic composites at potential values, where
the HER (—0.09 V and —0.04 V for PdCo-QT and PdMn-QT, respec-
tively) and OER (1.61 V and 1.63 V for PdCo-QT and PdMn-QT,
respectively) processes occur. The corresponding Nyquist spectra both
agree with the overlapping of two semicircles, in which the intercept of
the semicircle at high frequency with the x-axis is above 0 Q. This is
ascribed to an equivalent circuit consisting of a serial connection of a
resistance (R) and two components, each formed by a parallel between a
constant phase element (Q) and a resistance [70]. These represent the
ohmic resistance (R;), the proton/hydroxyl adsorption (Qaq and Rag) and
the faradaic process (Qq; and R¢) (Inset Fig. 5e). Both the adsorption
resistance and the resistance associated with the faradaic process for the
PdCo-QT composite at HER potential region as well as OER region
exhibit lower values than the corresponding for the PAMn-QT one,
pointing to a more favored electrocatalysis processes by the PdCo
bimetallic material in accordance with the voltammetric results. These
results evidence that PdCo-QT catalyzes the water splitting process
more efficiently than PdMn-QT.

2.3. Structural characterization of the activated PdCo-QT-based
electrodes during and after catalytic reaction

Up to now, fresh electrodes have been structurally elucidated, and

the electrocatalytic activity has been evaluated. These results pointed to
the exciting behavior of the PdCo-QT-modified electrodes. To comple-
ment this view, the present section gathers the results of an ex-situ
structural characterization of the PdCo-QT-based electrodes after elec-
trocatalytic reactions by XRD, Raman, electron microscopy, XPS, Raman
and XAS operando. Besides, structural analysis was also performed on
the used PdMn-QT electrodes. However, considering the lower activity
of this material, we focused mainly on the PdCo-based electrodes. The
corresponding results for the PAMn-QT electrodes are provided in the
Supporting Information (Fig. S11-S15 and Table S6-7).

Fig. 6 depicts the electron microscopy characterization of PdCo-QT
electrodes after the OER and HER processes. Note how the PdCo-QT
electrode presents a well-distributed nanoparticle population with an
average size of 17.9 + 6.2 nm, comparable to that of the fresh material
(17.0 £ 5.4 nm). Besides, after the OER, the material also shows well
distributed nanoparticles, but the size distribution reveals two differ-
ently sized nanoparticle populations with an average of 12.2 + 4.8 nm
and 20.1 + 4.3 nm. As a reminder, the PACo-QT composite is based on
carbon-supported PdCo fcc bimetallic nanoparticles with two different
compositions (Pdgy7Cog 3 and Pdg9Cop 1). Thus, the size modification
observed following the OER suggests a different evolution of the two
types of PdCo NPs under working conditions.

With the idea of further understanding the previous observations and
complementing, the stability studies of the PdCo-QT composite after the
electrocatalytic process, Fig. 7 and Table S4 depict the corresponding
PXRD analyses. All the resulting diffractograms show patterns similar to
that of the fresh nanocomposites, with the signals of Pdy7Cog 3 and
Pdg.9Coq 1 fce structures, as discussed in a previous section. On the one
hand, after HER catalysis, crystal size values are very close to the fresh
material composite, which confirms the material stability in this process,
echoing the HAADF observations. On the other hand, after the OER
process, the relative intensity of the signals between both fcc crystal
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Fig. 6. Electron microscopy characterization of PACo-QT after OER (left panel; 1) and PdCo-QT after HER (right panel; 2). (a) and (b) Representative HR-HAADF
STEM images of the PdCo-QT catalyst, (c) Representative HR-TEM image of the PdCo-QT catalyst and, (d) nanoparticle size distribution.
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Fig. 7. XRD patterns of PAMn-QT-Nafion, and PdMn-QT-Nafion post OER
and HER.
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systems change. The peak and 39.4° corresponding to the (111) reflec-
tion planes of the cobalt-doped palladium Pdj9Cop; phase showed a
slightly higher intensity/width, suggesting the crystal growth during the
OER process. This observation is confirmed by the crystal size estimated
with the Scherrer equation, where the Pdj 9Cog 1 phase presents a bigger
crystal size than that of the fresh material. Except for this last observa-
tion, the PdCo-QT electrodes reveal good stability toward the OER
process and even greater stability toward the HER process.
Additionally, compositional analyses were performed on the result-
ing PdCo-QT material after OER and HER. Both PdCo-QT-OER and
PdCo-QT-HER STEM XEDS studies (Figs. 8 and 9) confirmed the sta-
bility of the bimetallic nature of the PdCo nanoparticles. In that sense,

the spectra evidence mixing at atomic scale of Pd and Co atoms, in good
agreement with PXRD and TEM results. However, STEM-EELS studies
revealed differences compared to the fresh material. In particular, after
both OER and HER processes, where a disappearance of the C-O carbon
layer is observed. Among other, this structural modification could
explain the increase of the ESCA value thought a higher accessibility of
the substrate to the actives centers.

Then, Fig. S10 presents the Pd3dXP region (Fig. S10b) after both HER
and OER. The relative intensity ratio between the signals characteristic
of Pd03d5/2 (ca. 335 eV) and surface oxidized Pd (ca. 337 eV) changes
compared to the fresh electrodes. Thus, the palladium surface appeared
more oxidized after both processes. Then, compared to the fresh elec-
trode, the spectrum for CIs XP region (Fig. S10a) after HER and OER
preserves the same components, but the components corresponding to
Nafion have almost disappeared or were not detected. Again, in a similar
way to the fresh PdCo-based electrode with Nafion, a defective or
differentially charged carbon appears below 284 eV. Nevertheless, the
carbon matrix of the electrodes appeared relatively stable through the
catalytic processes. In the same line, in the N1s (Fig. S10c), the signal at
ca. 400.7 eV remains after the electrocatalytic processes (i.e. HER and
OER). Furthermore, Fig. 10a and Table S5 present and compare the
Raman spectra of PdCo-QT electrodes after the oxygen evolution reac-
tion (OER) and hydrogen evolution reaction (HER) to the fresh material.
The spectra show remarkable similarity before and after electrocatalysis,
indicating the stability of the carbon support. The typical graphitic
carbon G band appears around 1589 cmfl, with the Ip/Ig ratio sug-
gesting a low order of carbon. However, the G and D band values slightly
shift towards a higher Raman shift after catalysis, indicating minor
modifications in the carbon composition [45,71]. As an explanation, this
shift could be induced by the disappearance of the CO carbon layer
detected early by EELS analysis [71,72]. Besides, the initial Raman
spectrum of PdCo-QT is also characterized by two peaks at 631 cm ™
and 672 cm™! typical of CoOy species [43]. After HER and the reductive
conditions it implies, the CoOy species completely disappeared. How-
ever, after OER, additional peaks at 1027 cm ! and 1285 cm ™! are
detected, which could be attributed to the formation of novel Co-O
(OH)-Pd bimetallic intersections during catalysis. To corroborate this
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Fig. 8. STEM-XEDS and STEM-EELS of PdCo-QT electrode after OER. (a) HAADF image and the corresponding chemical maps extracted from the STEM-SI-XEDS:
(b) Pd and (d) Co. (c) A representative XEDS spectrum. (g) EELS spectra with the two independent components, a Pd-Co component and, a C~-N-O component (e),
and (f) images corresponding to the three components of the ICA analysis of the whole set of STEM-EELS-SI data.

result, in-situ raman spectroelectrochemical measurements under OER
conditions of the PdACo-QT and its monometallic counterpart Pd-QT
were performed (Fig. S5a). For comparative purpose, the operando
Raman spectra of the prototypical cobalt oxide and oxy-hydroxide pure
phases deposited onto a graphite electrode were also measured
(Fig. S5b). Notably, the Raman spectrum of monometallic Pd-QT ma-
terial is solely characterized by the carbon G and D band of the support,
suggesting that the Raman peaks observed PdCo-QT under OER condi-
tions originates from the introduction of cobalt-palladium interaction
metal. In addition, the observed two peaks at 631 em ! and 672 cm !
are blue shifted compared to the main Raman bands characteristic of
CoOOH and Co304 species, which can be also attributed to the Co-O-Pd
interaction. Thus, the detected structural modifications mainly high-
lighted by Raman spectroscopy could explain the increase of the ECSA as
well as the highest activity of the activated electrodes.

To strengthen the conclusions drawn from electron microscopy,
PXRD, XPS, and Raman analyses, X-ray absorption spectroscopy (XAS)
was employed to probe the electronic structure and local atomic envi-
ronments of Pd and Co species within the bulk of the PdCo-QT electrode
(Fig. 10). Pd (Fig. 10b) and Co (Fig. 10c) K-edge XANES spectra were
collected at the ALBA synchrotron (NOTOS beamline) using a Nonlinear
Spectro-EFC electrochemical flow cell (Redox.me), coupled to a

PGSTAT202 potentiostat (Metrohm). The XANES operando measure-
ments were performed under three conditions: (i) freshly prepared
electrodes, (ii) after HER (—1.3 V, >30 min), and (iii) after OER (0.7 V,
30 min) all in 1 M KOH (see SI, Section II-catalyst characterization XAS).
As shown in Fig. 10b, the normalized Pd K-edge XANES spectrum of the
fresh electrode closely matches that of Pd foil, with post-edge oscilla-
tions indicating metallic Pd ensembles. Minor spectral shifts and
damping suggest interactions with neighboring Co atoms, consistent
with prior findings [42]. Similarly, the Co K-edge XANES spectra
(Fig. 10c) reveal deviations from the Co foil reference, indicative of the
formation of bimetallic Pd-Co species. These features corroborate the
Pd-edge analysis, supporting the existence of a stable bimetallic frame-
work. Notably, the electronic structure and local geometry of both Pd
and Co atoms remain largely unchanged throughout the catalytic pro-
cess, reflecting the high structural stability of the PdACo-QT electrode.
These results are in good agreement with previous characterizations.
Due to the intrinsic bulk sensitivity of XAS, subtle changes at the
nanoparticle surface where catalysis predominantly occurs and which
accounts for only ~5 % of total atoms (see SI, Section IICatalyst charac-
terization XAS) are not readily detectable [73,74]. Consequently, the
EXAFS fitting results exhibit minimal variation across the different
catalytic stages, as shown by the moduli of the Fourier transform and
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Fig. 9. STEM-XEDS and STEM-EELS of PdCo-QT electrode after HER. (a) HAADF image and the corresponding chemical maps extracted from the STEM-SI-XEDS:
(b) Pd and (d) Co. (c) a representative XEDS spectrum. (g) EELS spectra with the three independent components, a Pd-Co component and, a C-N-O component. (e)
and, (f) images corresponding to the three components of the ICA analysis of the whole set of STEM-EELS-SI data.
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Fig. 10. (a) Raman and (b) XANES spectra at the Pd and (c) Co K-edges of PdCo-QT-Nafion electrode fresh and after OER (0.7 V, 30 min) and HER (—1.3 V, 30 min).

corresponding fits in Fig. S16. Fitting parameters are summarized in
Table S8 and S9 and closely mirror those reported in our earlier study
[421.

Based on these results, we can speculate that the superb electro-
catalytic performance for HER and OER may arise from a synergistic
electronic interaction between the metallic species of the material.
Indeed, it is well recognized that direct interaction of a noble metal (d-
electron number greater than d-orbital number) and a non-noble tran-
sition metal (with unpaired d-electrons and unfilled d-orbital) improve
the catalytic activity of the precious metal by changing its charge dis-
tribution. Accordingly, a cobalt-induced partial charge transfer process
can provoke a change of the average energy of the surface d-band that
can modulate the adsorption energy of the catalytic species (hydrogen or
oxygen intermediates), which ultimately enhances the electrocatalyst
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performance for water oxidation and reduction.

2.4. Operational stability of the activated PdCo-QT-based electrodes

To confirm the operational stability of the PdCo-QT modified elec-
trodes, the OER or HER performances of freshly prepared electrodes
were monitored for 3 days by performing RDE galvanostatic electrolysis
at 1.67 Vand —0.12 V, respectively, during 2 h per day (Fig. 11a and b).
As can be observed, in both OER and HER processes, the catalytic cur-
rent density gradually increases, in absolute value, during two pulses
due to the activation of the catalyst, but slightly decreases resulting in a
decrease of less than 10 % after three electrolysis. The long-term sta-
bility tests result in a total cumulative charge after the OER and HER
experiments of 18.9C and 45.6C, respectively. Additionally, the OER
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Fig. 11. (a) Chronoamperogram for a PdCo-QT@Nafion electrode for three on/off cycles recorded at 1.67 V and (b) —0.12 V vs. RHE. Inset plots: OER (panel a) and
HER (panel b) polarization curves measured at 5 mV s~ ! after each catalytic run. All measurements were carried out in a deaerated solution of KOH 1 M, at 25 °C. (c)
Raman spectra of a PdCo-QT@Nafion electrode during consecutive HER-OER-HER electrolysis at the above-mentioned conditions. (d) XANES spectra at the Pd and
(e) Co K-edges of PdCo-QT@Nafion electrode fresh and after OER (30 min at 0.7 V + 40 min at 0.9 V) and HER (—1.3V, 30 min at —1.3 V + 40 min at —1.75 V).

polarization curves recorded after each potential pulse (inset in Fig. 11a
and b) reveal that the PdCo-QT electrode retains a remarkable elec-
trocatalytic performance during 3 days. Besides, the stable electronic
structure and local atomic environments of Pd and Co species within the
bulk of the PdCo-QT electrode during an extended XAS operando
experiment were recorded at Pd and Co edge after the applications of
harsher OER and HER conditions (OER: 0.7 V for 30 min plus 0.9 V for
40 min and HER: 1.3 V for 30 min and —1.75 V for 40 min), revealing a
superb reversibility of the material (Fig. 11d and e).

To support this result obtained by ex-situ XANES analysis, we also
checked the functional reversibility of the catalysts by consecutive HER-
OER-HER electrolysis tracking the evolution of the electronic structure
and composition of PACo-QT electrode using Raman operando experi-
ments (see SI) (Fig. 11c). Particularly, the D, G and 2D typical carbon
graphitic Raman signals are observable during the entire experiment
around 1350, 1600 and 2600 cm ™, respectively. In HER conditions, no
evidence of CoOx species was observed, which is consistent with the
reductive atmosphere provided by the reaction. However, in the OER
conditions, typical peaks from shifted CoOyx species appeared. The
reversibility of the shifted CoOy species formation and the similar band

11

positions observed by the operando and ex-situ analysis converge to-
wards the formation at surface level of novel Co-O(OH)-Pd bimetallic
intersections during catalysis thus explaining the high activity of our
PdCo-QT electrode.

Finally, we have evaluated the stability of the optimum PdCo-QT
material as bifunctional catalyst for the overall water splitting at alka-
line medium. For this purpose, we used a separated two-compartment H-
type alkaline electrolyzer setup consisting of electrodes of carbon Toray
modified with a catalytic ink containing the PdCo-QT@Nafion com-
posite (see SI Section IV Additional Electrochemical Characterization). The
operational performance of the PdCo-QT || PdCo-QT electrolyzer was
tested by monitoring the evolution of their polarization curves along a
chronopotentiometric electrolysis at 0.13 A during ca. 24 h. (Fig. S6). It
is observed that the initial cell voltage of 2.5 V progressively increase
along the first 10 h of electrolysis, reaching a value of ~ 2.90 V. Then,
the cell voltage was found to remain almost unchanged until the end of
the electrolysis, suggesting that the material remain stable after a con-
ditioning time. Similar conclusions can be extracted from the evolution
of the polarization curves during the experiments.
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3. Conclusions

Recently, we presented the soft chemical transformation followed by
a pyrolysis step of a new PdCo-MOF and PdMn-MOF resulting in the
formation of Co/Mn-doped Pd nanoparticles (Pd-NPs) supported on
nitrogen-doped graphitic carbon, creating materials with well-defined
and distributed particles. Remarkably, the present work reports the
successful use of these materials to construct electrodes for boosting the
electrocatalytic hydrogen evolution reaction (HER) and oxygen evolu-
tion reaction (OER), demonstrating significantly enhanced electro-
catalytic performance with respect to its monometallic counterpart with
improved catalytic metrics in terms of overpotential at high current
densities, high mass activity, and superior stability. The electrodes were
subjected to a deep characterization study including HR-EM, PXRD,
RAMAN and XPS. Notably, the Co-doped material yields the lowest slope
(70 mV dec 1) in comparison to 145 mV dec™! and 185 mV dec™! for
Mn-doped materials and monometallic Pd nanoparticles in the HER
process, respectively. In OER, Pd, PdCo and PdMn, nanoparticles display
Tafel slopes of 110 mV dec™}, 75 mV dec™! and 100 mV dec},
respectively. Excitingly, the performance of the PdCo-QT-based elec-
trode competes with that of benchmark catalytic materials for these
reactions, indicating a positive synergistic effect arising from its multi-
metallic nature. This effect is attributed to the strong interactions be-
tween Pd and M (M = Co, Mn), likely forming Pd-O(OH)-Co active
centers. Furthermore, the impressive electrocatalytic performance and
stability demonstrated by deep operando and ex-situ characterizations
of an electrolytic cell using two electrodes containing the bimetallic
PdCo-QT composites suggests its high potential for practical water-
splitting applications.
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