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Multielement combinations either as high entropy alloys or as
nanocomposites are highly effective electrocatalysts for key reac-
tions such as the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). Both these reactions are crucial for
generation of green hydrogen from water splitting. In this work
we demonstrate the concept of using an electrical double layer to
modulate the formation of these multielement catalysts. A one-pot,
room temperature synthesis method is used to prepare dual func-
tional HER and OER catalysts. The nanocomposite catalyst (NAC)
forms chain-like structures composed of Au nanoparticle (AuNP)
cores with a shell structure of Pt, Ni, Cu, Co and V that form a
combination of metallic and amorphous composite heterostruc-
tures on a nanoscale, tailored using the electrical double layer. The
NAC achieves low HER and OER overpotentials in 0.1 M KOH with
fast kinetics for both reactions.

By combining multiple early transition metals with noble metal
catalysts, synergistic effects are observed that can improve water
splitting performance. Among such multielement composites are
high entropy alloys (HEAs), which are composed of five or more
elements.'™ While ideally the alloying elements do not need to
be precisely equimolar, the term high entropy was rationalized
from the hypothesis that when five or more equimolar elements
are mixed, the configurational entropy of mixing’s contribution
to free energy would overcome the enthalpy of forming inter-
metallic compounds. This would in turn lead to the formation of
stable solid solutions over intermetallic compounds.” HEAs are
an emerging class of catalysts owing to their high structural and
thermal stability, a result of their high entropy and sluggish
diffusion effects. The lattice distortion and cocktail effects in
HEAs provide many unique coordination environments on the
catalyst surface that can enhance electrocatalytic activity.>®’
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Similar advantages will also be present in nanocomposites that
use a combination of elements (5 or more) and hence can provide
a multitude of surface sites that can catalyse key reaction steps in
processes such as the HER and OER for water electrolysis.®® Both
the HER and OER, the two half reactions in water electrolysis,
have multiple steps and also involve a variety of intermediate
species.'®™* Sluggish kinetics for either reaction can impede the
water splitting process. Also hindering the wide scale application
of water electrolysis is the need for either highly acidic or basic
environments, as water splitting requires extreme conditions to
achieve good kinetics."*™® Typically, noble metal catalysts such
as Pt, Ir, and Ru which are effective for the HER and OER are used
in combination with early transition metals such as Ni, Cu, Co, Fe
and V for developing such multi-element combinations to further
improve the performance and stability.""*'"'3

Synthesizing HEAs and such nanocomposites using either a
bottom-up or a top-down approach can involve wet chemistry
and high temperature methods and can be lengthy, adding to the
cost of the catalyst.*"® These methods typically also have little
control over the distribution of the elements and their oxidation
states. Herein, we show the concept of using a colloidal template
and its electrical double layer (EDL) to direct the synthesis of a
bifunctional water splitting nanocomposite catalyst (NAC). The
one-pot method is easy and conducted at room temperature. The
developed catalyst consists of Au nanoparticle (AuNP) chains as a
template structure with a surface shell layer composed of a
PtNiCuCoV mixture. The NAC structure results from the use of
the EDL on the AuNP chains to direct the synthesis.'”® As a
concept, we show that this EDL directed synthesis results in
key differences in the NAC structure compared to undirected
synthesis. The Au-PtNiCuCoV catalyst exhibits, as a result of
these structural changes, exceptional HER and OER perfor-
mances under weak alkaline conditions with good kinetics.

The NAC is prepared through self-assembly of 10-12 nm
AuNPs into distributed chain-like structures in aqueous media
using metal cations of Pt**, Ni**, Cu®*, Co®", and V*". These
metal cations interact preferentially with the negatively charged
AuNPs through the EDL causing chain-like structures to form.
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Scheme 1 Schematic illustration outlining how different preparation methods can lead to structural changes on the NAC. (a) Au chains are self-
assembled separately with Pt** cations and the transition metal cations (V**, Co?*, Cu?*, and Ni?*). The chains are then mixed and subsequently reduced
to form the NAC mixed chains. (b) All the five cations are simultaneously added to the AuNP solution for self-assembly and then reduced. This leads to the
formation of NAC mixed ions. (c) A control is made without the use of AuNPs as a chain template, where the five cations are added to a solution (just

water) and then reduced leading to the formation of NACs in H,O.

The AuNP and metal cation mixture is then reduced to form the
NAC. Depending on how the metal cations are added to the
AuNPs, the atomic distribution can be altered.'**® Scheme 1
shows how the distribution of atoms on the AuNP surface
changes when AuNP Pt*" chains and AuNP Ni**, Cu**, Co*",
V**chains are separately prepared and then mixed together
(NAC mixed chains) (Scheme 1a) versus simultaneously mixing
all metal salts at the same time (NAC mixed ions) (Scheme 1b).
Adding all metal cations at the same time to the AuNPs results
in a more homogenous distribution of atoms after reduction.
This is evident from TEM observations, which show small Pt
nanoparticles evenly distributed on the AuNP surface (Fig. 1a).
More isolated domains of Pt nanoparticles form on the AuNP
surface when the chains are prepared separately and then
mixed (Fig. 1b) and as a result not as evenly distributed.
Differences are also observed in other elements, as will be
discussed later. Both preparation methods resulted in chain-
like structures with AuNP cores and a heterogenous mixture of
Pt, Ni, Cu, Co and V forming a shell on the AuNP surface. An
amorphous layer is also observed surrounding the AuNP chains
(Fig. 1c) and metallic-metallic and metallic-amorphous inter-
faces can be observed in these NACs (Fig. 1c inset). Electron
energy loss spectroscopy (EELS) for the NAC mixed ions further
confirms the formation of the heterogenous composite on the
AuNP shell (Fig. 1d-j). Pt, Cu and V can be observed directly on
the AuNP surface. While Ni and Co are observed more on the
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diffuse layer around the AuNP surface, which corresponds to
the amorphous layer surrounding the NAC. Mixing the metal
cations in water without the use of AuNPs resulted in the
formation of a nanocomposite lacking the chain-like structure
and its heterogeneity (Scheme 1c and Fig. S1, ESIt). Inductively
coupled plasma mass spectroscopy (ICP-MS) shows that the
relative atomic distributions of elements in the NAC mixed ions
are 72.8, 1.4, 16.8, 1.2 and 7.8 at% for Pt, Ni, Cu, Co, and V,
respectively. This demonstrates that the NAC is primarily a Pt
composite with high concentrations of Cu and V and low
concentrations of Ni and Co. The NAC mixed chains also show
a similar composition (75, 1.5, 12.8, 0.3, and 10.2 at%), while
the NAC made without AuNPs shows a more homogenous
atomic distribution (29.8, 12.8, 30, 10.6, and 16.7 at%).

The difference in the composition and distribution is also
because of the Au nanoparticles (zeta potential of ~—35 mvV)
whose EDL leads to the preferential accumulation of the Pt**
ions (and V**) compared to the divalent ions.”" This is due to the
concentration of the ions in the EDL being exponentially
dependent on their charge. The higher concentration of Cu is
due to its ability to form intermetallics with Pt at very low
concentrations compared to other transition metals.>*>* Mean-
while, in the synthesis without the use of the AuNP chain
template, purely entropic considerations lead to a more uniform
distribution of the five elements. The chain like morphology of
the NAC is also confirmed by UV-vis absorption spectroscopy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural characterization using TEM and EELS for the NAC. (a) TEM image of NAC mixed ions outlining the chain-like structure and even
distribution of Pt nanoparticles on the surface (inset image). (b) TEM image of NAC mixed chains outlining regions of high (circled) and low-density Pt
domains. (c) HRTEM image of NAC mixed ion showing the presence of crystalline and amorphous domains. Clearly seen in the higher magnification
image of the inset is that next to the AuNP is a crystalline—crystalline interface and then a crystalline—amorphous interface. The annular dark field (d) and
EELS spectrum (e)—(j) of Au, Pt, V, Cu, Ni and Co showcasing the atomic spatial distribution on the NAC mixed ion surface.

(Fig. S2, ESIT) where Au nanoparticles show a typical plasmon
resonance peak at ~525 nm. In contrast, for the NACs prepared
with the AuNP chain like template, this red shifted to ~620-
640 nm due to the delocalization of the plasmon on the chain.

Grazing incidence X-ray diffraction (GIXRD) data (Fig. S3,
ESIYt) for both the NAC mixed ions and mixed chains primarily
showed crystalline Pt peaks, shifted to lower 20 angles indicating
a distortion in the crystal lattice of Pt. For example, Pt (220) peaks
shifted from 67.55° (for Au-Pt) to 65.25° for both NAC mixed ions
and mixed chains. No other prominent peaks were observed from
any of the other transition metals either due to their low
concentration on the surface or due to the formation of the
amorphous phase. In contrast, for the NACs made without the
AuNP chain like template, a contraction in the Pt lattice was
observed. The Pt (220) peak, for e.g, shifts to a higher 26 angle of
69.65°. The peaks are also broad, which further indicates the
small size of the crystalline domains. Some alloy formation and
overlap in XRD peaks with Au cannot be ruled out. The effect of
both lattice shrinkage and expansion can lead to enhanced HER
and OER activity.”>*” The difference in the strains between the
templated and untemplated NACs indicates a fundamental dif-
ference in their formation mechanism. Specifically, the EDL
directed synthesis alters the chemical composition of the NACs,
which results in the observed differences. The difference in
chemical composition will be further discussed below based on
X-ray photoelectron spectroscopy (XPS) results.

XPS analysis was conducted to further detail the differences
in the samples. XPS data (Fig. 2) show that Pt 4f peaks on both
NAC mixed chains and NAC mixed ions (Fig. 2a) lack shoulders
that are observed at higher binding energies (72 and 78 eV) on

© 2025 The Author(s). Published by the Royal Society of Chemistry

the NAC without AuNPs. This indicates that NAC samples pre-
pared in the presence of AuNPs contain relatively less amounts of
Pt>". The higher binding energies of the Pt peaks are also an
indication of electron transfer to neighbouring atoms on the
catalyst surface in both Au chain templated NACs.?® This indicates
that the Pt atoms interact with other atoms (Ni, Cu, Co and V)
confirming a distorted lattice which was observed in GIXRD (Fig.
S3, ESIY).

Another critical observation is that the presence of metallic
species for the transition metals Ni, V, Cu and Co is predomi-
nantly observed for NACs made with the Au chain template.
This can be clearly observed in the case of Ni (Fig. 2b), where
only the NAC mixed chain and NAC mixed ion samples show a
metallic Ni peak (813 eV). This peak is absent in samples that
lacked either the Au chain template or Pt. Similarly, for V, a
long tail observed in the low energy region for NAC mixed
chains and mixed ions shows the presence of metallic ‘V’. This
is absent for the other NAC samples made without the Au chain
template or Pt. XPS peak analysis (Table S1, ESIT) shows that in
all cases the NAC mixed chains and mixed ion samples have a
higher fraction of transition metals in a metallic form com-
pared to the samples made without the Au chain template or
without Pt. This leads us to conclude that stable multielement
metallic compounds are only prepared in the presence of a high
fraction of Pt. This is possible only when the NACs are prepared
with the Au chain template in the presence of Pt'". The
preferential accumulation of the Pt** ions in the EDL (due to
their high charge) of the Au chains leads to the formation of
NACs with a high fraction of Pt and hence also inclusion of
metallic species of Co, Cu, Ni and V. In the absence of the Au

Mater. Adv., 2025, 6, 945-953 | 947
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Fig. 2 XPS characterization of NAC mixed ions, NACs, mixed chains, NACs in H,O, and NACs without Pt, for the main elements: (a) Pt 4f, (b) Ni 2p, (c) V

2p, (d) Cu 2p, (e) Co 2p and (f) O 1s.

chain template, the NAC is formed with a lower fraction of Pt
which limits the formation and inclusion of the transition
metals in the metallic form.

Furthermore, in the NAC mixed chains and NAC mixed ion
samples, besides the metallic form, higher oxidation states of the
transition metals are also observed. For example, larger shoulders
were observed at 858 eV (Fig. 2b) corresponding to a greater
presence of oxidized Ni*" on the catalyst surface in the case of
NACs made with the Au template. This catalytically active form of
Ni is beneficial for both the HER and the OER.***' V is one of the
elements found in high concentrations on the NAC surface and
observing V 2p peaks in Fig. 2c shows that, in the absence of Au
or Pt, the primary peak observed is that of V** (517 eV). Mean-
while, on both the Au chain templated and Pt containing NACs,
the larger and broader spectra observed (518-524 eV) correspond
to an increased presence of both V** and V°* on the NAC
catalysts, and peak fitting indicated that V** was more prominent
in the NAC mixed ions. A mixture of metallic Cu, Cu'* and Cu**
was likely present in all samples (Fig. 2d), but the NAC mixed ion
contained relatively more Cu®" than the NAC mixed chain sample
(937 eV). The highly oxidized surface of the NACs was also
prominent on both Co 2p (Fig. 2¢) and O 1s (Fig. 2f) spectra.
The NACs likely contain a mixture of Co'", Co®, and Co®%;
however, the multiplet peak present on the NAC mixed ions
(fitted at 781 and 782.5 eV) and the larger shoulder at higher
energies indicate a larger presence of Co®>". The O 1s spectra
demonstrated that the NAC mixed ions contained the most

948 | Mater. Adv., 2025, 6, 945-953

hydroxides as it had the widest shoulder (533 eV) due to the
formation of metal hydroxides on the catalyst surface.

Overall, XPS data showed that the surface of the NAC
catalysts, in particular the NAC mixed ions, was highly oxidized
and contained a wide range of oxidation states for each of its
corresponding transition metals. The presence of oxides and
oxyhydroxides on the catalyst surface can greatly enhance the
OER and HER catalytic ability of a catalyst in alkaline media as
demonstrated in the literature and later on in this work.>*="
XPS also confirmed the presence of metallic elements (Ni, V, Cu
and Co) in NACs (especially in mixed ion and mixed chain
catalysts), implying that there is crystalline composite for-
mation with Pt which will distort the Pt lattice as confirmed
by XRD. Some alloy formation with Au cannot be ruled out;
however, the shift in the Au 4f spectra is small (Fig. S4, ESIT).
The mixed ion and mixed chain NAC surfaces therefore likely
consist of a cocktail of Ptrich crystalline regions interfacing
with the surrounding amorphous regions (Fig. 1c), which are
composed of metallic oxides/hydroxides.

The metallic and amorphous regions on the surface of the
NAC should provide a multitude of potential catalytic sites for
the HER and the OER making it a suitable multifunctional
catalyst.**® Therefore, HER and OER performances were
tested in 0.1 M and 0.5 M KOH solutions, and the polarization
and Tafel curves are shown in Fig. 3. In 0.1 M KOH, the NAC
mixed ions and the NAC mixed chains showed the best over-
potential for the HER. The NAC mixed ion catalyst showed the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01262c

Open Access Article. Published on 27 December 2024. Downloaded on 2/1/2026 6:00:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Communication

5 80 0.8
a NAC Mised Tans NAC Mized lons c —— NAC Mixed Lons d NAC Mixed Toms
~ 0 NAC Mized Chains NACHMIS:aCRatis 70 NAC Mised Chuins 0.75 | ——NAC Mixed Chains
& PC el - Ru0O2
o . % PUc 3 o Ru0; 07 ;"
5.5 | —Macimmomaw NAC in H20 (10 Au) N e i PuC
Z NACwithoutV /7 = NAC without \ 5 s0 NACin 120 (0 Aw) s NAC in 1120 (n0 Aw)
31 H - NAC without V Z 06 |~ vacwmouv
g 2 40 23
&5 59.3 mVidee 2 - &
£ Z g 30 117.4 mVidec
=20 3 20 / 107.6 mVidec
2 £ Z
[¢] £ //
5% R _—
= 3 /e
L 541 mVidec  50.8 mV/ = I 109.8 mVidec
30 J 541 mVidec  50.8 mVidee 0 075 mVidee
35 - 10
05 -12 0.7 02 12 14 06 04 02 0 02 04
Log j (mA/cm 2) Log j (mafem %)
€s gss
N NAC Mixed Ions NAC Mixed Tans —— NAC Mixed Toms P
_ Biic ~ o pic S Ruo2 Ru02
] & P 0.6 s
g E S
-0 0.06 23 < 055
H o =
T e E S 05 /
S = > b
£ ZE o0 225 £ 045 1
s 20 H £ ) 163.1 mV.dec
~ = a . s 04 /
£-25 =002 215 — &
E H 38.5 mVidee H / S 035 | " 50.9 mVidec 206.6 mVidec
S H y 0.3
0 ©:8 / ..
=35 B 82.2 mV/dec
025
5

-40 -0.02
0.5 0.3 v s REE ™1 0.1 0.2 0 0.2 0.4
Log j (mA/cm )

0.2

12 1

=

* vysrue" 0.5 1
Log j (mA/cm?)

Fig. 3 Polarization curves and Tafel slopes for NACs in 0.1 M KOH (a)-(d) and 0.5 M KOH (e)-(h). (a) HER polarization curves and (b) their respective Tafel
d

slopes for various NACs in 0.1 M KOH. (c) OER polarization curves and (
(

their respective Tafel slopes for various NACs in 0.1 M KOH. (e) HER polarization

)
curves and (f) Tafel slopes for NAC mixed ions and Pt/C in 0.5 M KOH. (g) OER polarization curves and (h) Tafel slopes for NAC mixed ions, RuO, and Pt/C

in 0.5 M KOH.

best performance with an overpotential of 91 mV at 10 mA cm ™2,

compared to 20% Pt/C which had an overpotential of 189 mV at
10 mA cm ™ (Fig. 3a). RuO,, which is a catalyst for the OER, as
expected showed limited capacity for the HER with an over-
potential of 350 mV at 10 mA cm > (Fig. S5, ESIf). The NAC
mixed ion catalyst also had the best kinetics with a Tafel slope
of 50.8 mV dec" (Fig. 3b) and the highest mass activity of
0.773 MA pgp ' at 70 mV and 1.24 mA pgpe - at 100 mV, which
is ~ twice that of Pt/C. The NAC mixed ion catalyst slightly
outperformed the NAC mixed chain catalyst, which can be
attributed to the difference in spatial distribution on the catalyst
surface, implying that the even distribution of Pt and the transi-
tion metals on the surface was a contributing factor to the
increase in HER performance. As a control, the NAC made
without the use of AuNPs as a chain template was also tested
(NAC in H,0) and it showed considerably worse HER perfor-
mance (Fig. 3a and b). This demonstrates the importance of the
EDL in directing the NAC formation process. The resulting core-
shell chain-like structure of the NAC also exposes more surface-
active catalytic sites and increases the electron transport and
mass activity, improving reaction kinetics.

The presence of ‘V’ in the catalyst was essential, as the NAC
prepared without ‘v’ (substituted with Fe®") showed poor HER
performance (Fig. 3a and b). This implies that V in the NAC played
a major role in the HER mechanism. Pt on the NAC surface still
played the largest role for the HER as the NAC without Pt under-
goes the HER at extremely large overpotentials (Fig. S6, ESIT).

The bifunctionality of the NAC mixed ions is shown by its
ability for the OER in 0.1 M KOH. Polarization and Tafel curves
(Fig. 3c and d) for the NAC mixed ion catalyst showed an
overpotential of 523 mV at 10 mA cm™> with a Tafel slope of
107.5 mV dec ". In comparison, RuO, had an overpotential
of 671 mV at 10 mA cm ™2 and a Tafel slope of 107.6 mV dec .

© 2025 The Author(s). Published by the Royal Society of Chemistry

The NAC mixed ions also showed the best kinetics as the gap in
OER performance increased at higher overpotentials relative to
RuO,. The other NACs also start saturating at higher over-
potentials. This is also reflected in mass activity (based on
the noble metal Pt/Ru mass), for example, at an overpotential of
570 mV the NAC mixed ions have a value of 30 A mgp ' and
that of Ru,O is only at 7.7 A mggy .

The NAC mixed chains performed considerably worse for the
OER, implying that the even distribution of elements on the
NAC surface plays a crucial role in the formation of the catalytic
active sites for the OER (in comparison to the HER). The EDL
directed NAC formation, and the presence of ‘V’ was also shown
to be key for the improved OER performance (Fig. 3c and d).
The OER is generally known to have sluggish kinetics, primarily
due to the multitude of steps involved from adsorption, depro-
tonation of water, then the coupling of oxygen intermediates,
followed by desorption.’"*® OER kinetics can be improved by
optimizing d-spacings and also through inducing strain by
lattice expansion.”>” In the NAC mixed ions, both these
factors will be observed, as seen from the XRD results and
the formation the of multi-element composites that will alter
the local energy structure of the binding sites.>?”

To compare the NAC’s performance with other HER and
OER catalysts, it was tested in 0.5 M KOH. The NAC mixed ion
catalyst showed better HER performance with a lower overpoten-
tial of 54.5 mV at 10 mA cm ™ vs. 70 mV for 20% Pt/C (Fig. 3e). It
also had significantly faster kinetics (Fig. 3f) with a Tafel slope of
38.5 mV dec™" (vs. 70.9 mV dec' for 20% Pt/C). The OER
overpotential for NAC mixed ions improved in 0.5 M KOH to
453 mV at 10 mA cm > with a Tafel slope of 89.9 mV dec™ . RuO,
overpotentials and kinetics also improved, where its performance
and kinetics are comparable at low overpotentials to the NACs.
However, at higher overpotentials, the NAC outperforms RuO, as

Mater. Adv., 2025, 6, 945-953 | 949
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it probably starts running into transport limitations (Fig. 3g
and h) which leads to significantly higher Tafel slopes (Fig. 3h).
The NAC mixed ions were also tested in 0.5 M H,SO,, and the
overpotential was found to be 33 mV at 10 mA cm ™2, comparable
to other Pt based alloys (Fig. S7, ESIY).

The close values of the Tafel slopes in the HER for the NAC
catalyst and Pt/C show that they have similar rate limiting
steps.*® However, the lower overpotential for the NAC mixed
ion catalyst illustrates its faster kinetics. In the case of the OER,
the NAC catalysts have a similar Tafel slope as RuO, (and much
lower than Pt/C) which may imply the same rate limiting step.>®
However again, the NAC mixed ion catalyst has faster kinetics
than RuO,. This illustrates that the NAC catalysts does provide
a heterogeneity in surface sites, where both the facile HER
(similar to Pt/C) and the facile OER (similar to RuO,) is
possible. The NACs made by the EDL directed synthesis showed
significantly better performance (especially mixed ions). This
illustrates that the formation of a heterogenous structure with
close proximity between nanoscale domains of the multiele-
ment metallic Pt composite and the amorphous composite with
transition metal oxides and hydroxides is required for achiev-
ing the bifunctional behaviour with fast kinetics. The electro-
chemical impedance spectroscopy (EIS) results for the NAC
catalysts (Fig. S8, ESIT) show that both the NAC mixed ions and
mixed chains, as well as Pt/C, demonstrated good electron
transport kinetics with the exception of the NAC in H,O. The
catalysts had relatively similar Rcr at around 8-9 Q with smaller
semi-circles compared to the NAC in H,O, which had a signifi-
cantly larger semi-circle and Rcr of around 250 Q. This further
demonstrated the significance of the AuNP template as an
electron transport material for the NAC catalysts.

The NAC’s improved water splitting performance is attributed
to more optimal hydroxide and proton adsorption/desorption on
the catalyst surface, both of which are key descriptors for HER and
OER performance.>'**° Cyclic voltammetry (CV) for hydrogen
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underpotential adsorption/desorption in 0.1 M KOH (Fig. 4) was
performed for the catalysts. The NAC mixed ions (Fig. 4a) demon-
strated a higher potential for H adsorption, Eqy, (a broad peak
from 0.211 V to 0.261 V), as well as a lower potential for
H desorption, Eg., (a broad peak centred at 0.261 V) making
AE = Efs — Enys for NAC mixed ions very small (overlapping
peak regions). In comparison, Pt/C has an Ehys peak at 0.2 V and
an Ehe at 0.321 V, leading to an AE of ~0.121 V. Au-Pt chains
(with no use of transition metals) have an Eqys peak at 0.241 V
and Efi peak at 0.281 V, leading to an AE of ~0.04 V. This
signifies that NAC mixed ions have the lowest barrier for the
HER. Furthermore, both peaks are broad in the NAC sample
signifying its variety of surface sites for H-interaction. The OH™
adsorption and desorption are also crucial steps for the HER
and the OER. We observe that, for NAC mixed ions, Pt/C and
Au-Pt catalyst, critical differences are observed in hydroxide
adsorption and desorption (Fig. 4a). For the NAC mixed ions,
the OH adsorption Eqqe starts at ~0.731 V with a peak observed
at 0.951 V. For Pt/C, these values are 0.731 V and 0.841 V, and for
Au-Pt chains, these values are 0.731 V and 0.811 V. Meanwhile,
OH-desorption Eges is observed in NAC mixed ions with a broad
peak from 0.801 to 0.691 V. In contrast, Pt/C and Au-Pt show
relatively sharp Eges peaks at 0.581 V and 0.641 V, respectively.
The NAC mixed ion sample has an overlap in potential between
ESSE and EQy, signifying its relative ease in comparison to the
Pt/C and Au-Pt samples. Furthermore, the peaks are very broad
in the NAC mixed ion sample which arises from its heteroge-
neity in surface sites that interact and lead to OH ™~ adsorption
and desorption over a broader potential range.*® Likewise, the
NAC mixed chains also showed similar adsorption/desorption
profiles (Fig. 3b), but the NAC without V or Pt and without
AuNPs (NAC in H,O) did not show prominent H nor OH™
adsorption/desorption peaks. The TEM images of the NAC in
H,O (Fig. S1, ESIf) confirm their size of ~4-5 nm and hence
surface area effects are not a factor. These results further

a b
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Fig. 4 CVs of catalyst samples in 0.1 M KOH showing the H-adsorption and desorption regions (dashed circles in blue) and the OH-adsorption and
desorption regions (dashed circles in red) for (a) NAC mixed ions, AuPt chains and Pt/C and (b) NAC mixed chains, NAC in H,O, NAC without vanadium

and NAC with no platinum.

950 | Mater. Adv, 2025, 6, 945-953

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01262c

Open Access Article. Published on 27 December 2024. Downloaded on 2/1/2026 6:00:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Fy
=)

w
=}

[
=)

—_
=]

Current Density (mA/cm 2)

-30

-0.5 0 0.5 1 1.5 2
Vvs RHE

View Article Online

Communication

0.20
0.10

——NAC Mixed Ions
Pt/C

0.00
= -0.10
-0.20
-0.30
-0.40

Solution
Changed

Potential vs RH

-0.50
-0.60
-0.70

0 5 10 15 20 25 30
Time (hours)

Fig. 5 Demonstration of NAC mixed ion multifunctional water splitting and stability performance. (a) Polarization curve of NAC mixed ions in 0.5M KOH
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ions and 20% Pt/C in 0.1 M KOH, where the NAC demonstrated more stable performance and ability to recover catalytic activity.

confirm that the NAC mixed ions provide a unique heteroge-
nous surface compared to the other materials which is key to
their electrocatalytic activity for both the HER and the OER.

Overall, this work demonstrated that the spatial distribution
of elements on the catalyst surface as directed by the EDL can
have a significant effect on HER and OER performance. A
homogenous distribution of Pt on the AuNP chain surface is
essential for Pt to form a stable composite with other elements
in their elemental state. This is coupled with regions of transi-
tion metal oxides and hydroxides. The NAC mixed ion catalyst
specifically has a more homogenous distribution of these
regions leading to its multifunctional ability for both the HER
and the OER. We also observe that without the EDL directed
synthesis (NAC in H,O) the catalyst does not show such
structural heterogeneity and hence is a poor catalyst for the
HER and the OER.

Conclusions

This work demonstrated an easy and quick method to synthe-
size a multi-element PtNiCuCoV NAC with good HER and OER
catalytic activity under weak alkaline conditions. Both water
splitting reactions can be observed with good kinetics (Fig. 5a)
for the NAC mixed ions at high current densities with low
overpotentials. Furthermore, the NAC mixed ion catalyst also
demonstrated stable performance towards the HER (Fig. 5b)
over a 24-hour period. Chronopotentiometry (at 10 mA cm ™ ?)
showed that the NAC mixed ion overpotential increased by
351 mV vs. Pt/C’s 419 mV over the 24 hours time period. The
initial rapid decrease is due to the formation of bubbles. Upon
replenishing the electrolyte solution (KOH) and removing the
bubbles after 24 hours, the actual drop was only 119 mV.
The NAC heterostructure’s surface is heavily influenced by
the method of preparation as directed by the EDL. The core-
shell structure with the metallic composite of Pt and the metal
oxide-hydroxide layer is obtained due to the EDL of AuNPs

© 2025 The Author(s). Published by the Royal Society of Chemistry

which directs the assembly process and the formation of the
final catalyst structure. This enhances the surface availability of
the elements increasing the atomic utilization of expensive Pt.
In combination with the multitude of coordination sites owing
to the presence of both metallic and amorphous composite
regions and their interfaces, it creates an abundance of unique
catalytic sites by taking advantage of several synergistic effects
to enhance the water splitting process.
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