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1. Introduction

The role of copper in the synthesis of platinum
based catalysts and in their efficiency for the
hydrogen evolution reactionf

2 Liana Anicai,® Laura-Bianca Enache,® Oana Lazar, (2°

@ Bostjan Genorio (2° and Ayrat M. Dimiev () *°¢

Geanina Mihai,
Marius Enachescu,

In this work, we synthesized two hybrid copper—platinum composites and two mono-metallic control
samples on the carbon black (CB) support with the use of the polyol-formaldehyde method. The bi-
metallic composites were prepared by the two different experimental protocols: consecutive deposition
of the two metals CB/CuPt-1 and co-deposition of CB/CuPt-2. With both methods, the use of copper
facilitates deposition of platinum, leading to a higher platinum content in the products, compared to the
mono-metallic CB/Pt control sample. SEM and HRTEM images show that, in monometallic CB/Cu,
copper does not form any nanoparticles, being atomically dispersed on the CB surface. The other
three samples have uniformly dispersed nanoparticles with a size of 2-4 nm, densely covering the
CB support. XRD and XPS data suggest that copper facilitates more efficient reduction of platinum,
and is incorporated into the nanoparticles. Next, all the synthesized composites were tested for the
hydrogen evolution reaction (HER). The two bi-metallic composites outperform not only the mono-
metallic CB/Pt sample, but also the commercial catalyst with a similar or an even higher platinum
content. Interestingly, the catalytic efficiency is not directly related to the platinum content in the
tested materials. As a result, CB/CuPt-2, which has a lower Pt content, demonstrates greater efficiency
in certain parameters compared to CB/PtCu-1, which contains a higher Pt content. This observation
suggests that incorporation of copper into the structure of the composite materials leads to synergistic
effects. Our results show the role of copper in the efficiency of the platinum catalysts for the HER and
open routes for increasing the efficiency of the hydrogen generation reaction on an industrial scale.

available catalysts, the electrocatalytic activity of which will be
comparable to the commercial products. Another problem is

The habitual use of traditional sources of energy for many
decades has led to an environmental and energy crisis, which
could be resolved by development of alternative energetics, in
particular the hydrogen based energetics."* However, its suc-
cessful implementation is hampered by the lack of efficient and
environmentally friendly hydrogen generation technology. The
current electrochemical water splitting technique is based on
the use of expensive noble metal catalysts, mostly platinum.>™®
The ever increasing demand and limited resources of platinum
stimulate the search for alternative cost-efficient and readily
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the efficiency and stability of the catalysts.

Nowadays, numerous studies are devoted to solving these
tasks. One of the common approaches is designing bimetallic
catalysts, in which noble metals (Pt and Pd) are partially
replaced by less expensive 3d-metals (Co, Ni, and Cu)."** In
this direction, the most straightforward element for alloying Pt
is Cu, due to the close matching lattice parameters of the two
metals.’*"®> The overall alloying effect is explained by introdu-
cing the lattice strain, thus enhancing the electrocatalytic
activity of Pt alloy catalysts."®'” In particular, the (111) plane
of PtCu was found to be especially active for the hydrogen
evolution reaction (HER)."®

Concerning the alloying ratio, the catalyst with a Pt/Cu ratio of
3/1 was reported as the most active one among other tested ratios,
and outperformed the commercial catalysts.'® In another study,
the Pt/Cu ratio of 1/3 was found to be the most efficient.°

In recent years, various investigations have been performed
dealing with the synthesis and application of PtCu nanostructures

New J. Chem., 2025, 49, 7459-7468 | 7459


https://orcid.org/0000-0002-2402-7721
https://orcid.org/0000-0002-3712-6729
https://orcid.org/0000-0002-8451-8231
https://orcid.org/0000-0002-0714-3472
https://orcid.org/0000-0001-7497-1211
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nj00667h&domain=pdf&date_stamp=2025-04-14
https://doi.org/10.1039/d5nj00667h
https://doi.org/10.1039/d5nj00667h
https://rsc.li/njc
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj00667h
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ049018

Open Access Article. Published on 03 April 2025. Downloaded on 3/12/2026 9:45:44 PM.

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

(cc)

View Article Online

Paper NJC
Table 1 PtCu-based electrocatalysts and their HER performance
Tafel slope

Catalyst Electrode/substrate Electrolyte (mv dec™) Stability Ref.
Pt,Cu,/CB Carbon paper 0.5 M H,S0, 56.87 — 20
Pt;Cu,/CB Carbon paper 0.5 M H,SO, 54.16 — 20
Pt;Cu;/CB Carbon paper 0.5 M H,SO, 29.72 1000 CV cycles 20
Pt,Cu,/CB Carbon paper 1M KOH 93.37 — 20
Pt,Cu,/CB Carbon paper 1 M KOH 97.86 — 20
Pt;Cu;/CB Carbon paper 1 M KOH 128.46 1000 CV cycles 20
PtCu nanospheres/C Glassy carbon 0.5 M H,S0, 28.4 5000 CV cycles 21
PtCu hierarchical branched nanodendrites (HBNDs) Glassy carbon 0.5 M H,S0, 30 5000 CV cycles 22

Pt;Cu, nanotubes (NTs)
Pt;Cu, nanotubes (NTs)
PtsCu, nanotubes (NTs)
PtCu nanospheres

Carbon paper
Carbon paper
Carbon paper

Cu foam (CF)
carbon cloth
Glassy carbon
Glassy carbon
Glassy carbon
Cu foam (CF)
Carbon rod
Carbon rod

PtCu-Mo2C@C

PtCu dodecahedral nanoframes (DNFs)/CB
PtCu dodecahedral nanoframes (DNFs)/CB
PtCu

Pty.55Cuy 45 nanoparticles

Pty.;5Cuy 5 Nanoparticles

in the field of the HER.">'®2° Li et al®' prepared 3D PtCu
nanospheres (NSs) consisting of nano-single crystal particles by
applying a simple aqueous solution method. They were character-
ized by a Ptrich surface structure and exhibited superior HER
electrocatalytic activity and durability in acidic media compared to
the commercial Pt/C catalyst. Du et al.>* fabricated PtCu hierarch-
ical branched nanodendrites (HBNDs) with tunable branches,
size, and composition using an air oxidative induced dealloy
process. The obtained PtCu HBNDs showed enhanced HER
activity and superior durability due to the larger open porous
structure, more accessible active sites and electronic synergistic
effects between Pt and Cu atoms. Zhang et al'® reported the
synthesis of PtCu dodecahedral nanoframes (PtCu DNFs) char-
acterized by a large specific surface area and abundant active sites,
which exhibited excellent HER catalytic performance in both
acidic and alkaline electrolytes. Some of the recently developed
PtCu-based electrocatalysts as well as their HER performance are
presented in Table 1.

Utilization of nanoscale metallic species as a catalyst
requires a structural support. For electrocatalysts, such a sup-
port must be electrically conductive. From these perspectives,
carbon black (CB) is a cheap, readily available material, actively
used in commercial samples. From these perspectives, the
results reported in the work' are expectable, since the PtCu
nanoparticles were deposited straight on the glassy carbon
electrode without any structural support; thus, the content of
Pt was significantly higher than that in commercial catalysts. In
another study, the CB/PtCu catalyst was prepared in a complex
multi-step procedure: the PtCu nanoparticles were first synthe-
sized separately and then deposited on CB which require the
use of numerous solvents such as oleylamine, oleic acid,
ethanol, hexane, butylamine, and methanol.>°

Overall, these reported investigations suggest that PtCu-
based nanostructures could act as attractive catalysts in elec-
trochemical applications related to hydrogen production
through water electrolysis. However, their efficiency is strongly

7460 | New J. Chem., 2025, 49, 7459-7468

WO; deposited on

0.5 M H,SO, 51
0.5M H,SO, 80
0.5 M H,SO, 27

10000 CV cycles 23
10000 CV cycles 23
10000 CV cycles 23

0.5 M H,S0, 40-60 Depending 2000 CV cycles 24
on the activation
procedure
0.5 M H,SO, 36 5000 CV cycles 25
0.5 M H,S0, 34 1000 CV cycles 18
0.5 M KOH 55 1000 CV cycles 18
0.5 M H,S0,  42.29 100 h 26
1 M KOH 148.4 500 CV cycles 19
1 M KOH 35.5 500 CV cycles 19

dependent on their synthesis procedure, composition and
morphology.'® The relationship between the synthetic protocols,
resulted structure, and catalytic efficiency is not yet clear. More-
over, many studies used multi-step complex synthetic protocols.

Thus, new simple and eco-friendly synthetic procedures are
desired to synthesize the CB/PtCu catalysts. In this work, we
synthesized the two CB/PtCu catalysts by two alternative syn-
thetic protocols, analyzed their structure, and tested their
catalytic activity toward the acidic hydrogen evolution reaction.

2. Experimental part

2.1. Materials

In order to perform experiments, all chemical reagents used were of
analytical grade and supplied by Sigma Aldrich and Alfa Aesar.
They were used as received without any further purification.

2.2. The preparation of the catalyst samples

All the samples were prepared using the same procedure. The
targeted metal content in all the samples was 10% with respect
to metals, i.e. the CB/metal ratio was 9/1.

2.2.1. Preparation of CB/Pt. 180 mg of carbon black (CB)
was dispersed in 15 g of isopropanol (IPA) by sonication with a
tip sonicator for 10 min. Then, 22 g of ethylene glycol (EG) were
added and sonicated for another 10 min. The dispersion was
transferred to a round bottom flask and heated to 85 °C with
constant stirring with a magnetic stirrer, which continued
during the rest of the synthesis. In a separate flask, 50 mg of
K,PtCl, was dissolved in 4 g of distilled water at 80 °C. The hot
K,PtClg solution was added to the CB dispersion dropwise
within 1 min upon constant stirring with a magnetic stirrer.
The temperature was increased to 91 °C and stirred for 40 min
to allow most of the IPA to evaporate. Next, the flask was
equipped with a reverse condenser; 0.9 g of the 35% formalde-
hyde solution was added dropwise within 1 min, and stirring of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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the dispersion was continued for 15 min. Then, another 0.9 g of
the formaldehyde solution was added, and the mixture was
stirred for 2 h. After 2 h stirring, the flask was removed from the
oil bath and allowed to cool naturally. After cooling, the mixture
was diluted with 30 mL of distilled water and filtered through a
polymer filter with suction. The filter cake was redispersed in
100 mL of distilled water, stirred for 5 min and filtered again.
Such purification was repeated three more times, and the
purified product was dried in open air. This yields the sample
denoted as CB/Pt, which served as the 1° control sample,
containing only Pt.

2.2.2. Preparation of CB/Cu. The second control sample,
containing only the Cu metal, was prepared using the same
procedure. The aqueous CuSO, solution with a concentration
of 1% with respect to Cu was used as the copper source. This
sample was denoted as CB/Cu.

The two bimetallic samples were prepared in two different ways.

2.2.3. Preparation of CB/CuPt-1. To prepare the first bime-
tallic sample, Cu and Pt were deposited on CB consecutively,
one by one. First, the dispersion of CB in IPA was mixed with
the aqueous 1% CuSO, solution in a CB/Cu ratio of 9/1 and
stirred for 3 h. Then, the product was filtered, washed with
water to remove excess non-anchored copper, and dried in open
air. The as-obtained dry precursor material (CB-Cu-precursor)
was then used as a substrate to deposit Pt as described above in
Section 2.2.1. The used CB-Cu-precursor/Pt ratio was 9/1.

2.2.4. Preparation of CB/CuPt-2. To prepare the second
bimetallic sample CB/CuPt-2, copper and platinum were co-
deposited on CB simultaneously. During preparative steps, the
warm CuSO, solution was mixed with the hot K,PtClg solution;
no visual change was observed upon mixing the two solutions,
and the summative solution remained transparent. This
solution was then mixed with the CB dispersion in IPA as
described in Section 2.2.1. The targeted mixing ratio was
CB/Cu/Pt = 9/1/1.

2.3. Characterization

XRD analysis was conducted with a Rigaku High Resolution
SmartLab X-ray diffractometer, 9 kW, with a rotating anode,
using Cuy, radiation (1 = 0.15406 nm) at room temperature, in
the 20 range of 5-120 degrees.

The morphology and composition of the samples were
analyzed using a Hitachi SU8230 scanning electron microscope
(SEM) coupled with an Oxford Instruments energy dispersive X-
ray spectroscope (EDX). Secondary electron images were
acquired at different magnifications using an accelerating
voltage of 10 kV for all samples.

The morphological properties of the synthesized samples
were also investigated through the high resolution-scanning
transmission electron microscopy technique using a Hitachi
HD-2700 instrument operating at a 200 kV accelerating voltage,
equipped with an energy dispersive X-ray (EDX) Oxford Instru-
ments X-max 100 TLE detector. Three types of electron images
were acquired simultaneously, at the same magnification and
in the same location on the sample, by using three different
imaging techniques: secondary electrons (SE), the high angle

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

View Article Online

Paper

annular dark field technique for ZC-phase contrast imaging
and the bright field technique for transmission electron (TE)
imaging.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a Versa Probe 3 AD (PHI, Chanhassen, USA)
instrument, equipped with a monochromatic Al Ko X-ray
source. The source operated at an accelerating voltage of
15 kV and an emission current of 13.3 mA. Powder samples
were mounted on double-sided Scotch tape and positioned at
the center of the XPS holder. Spectra were acquired for each
sample over a 1 X 1 mm analysis area, with the charge
neutralizer activated during data collection. Survey spectra were
recorded using a pass energy of 224 eV and a step size of 0.8 eV.
High-resolution (HR) spectra were recorded with a pass energy
of 27 eV and a step size of 0.1 eV. To ensure high-quality spectral
data with a good signal-to-noise ratio, at least 10 sweeps were
performed for each measurement. The energy scale of the XPS
spectra and any possible charging effects were corrected by
referencing the C—C peak in the C 1s spectrum of the carbon
support, with a binding energy (BE) of 284.5 eV. Spectral decon-
volution was carried out using MultiPak 9.9.1 software, and
Shirley background correction was applied to all spectra.

2.4. Electrochemical investigations

To assess the electrocatalytic activity of the synthesized nanos-
tructured composite powders for the hydrogen evolution reac-
tion (HER), a classical three-electrode configuration cell was
used. A glassy carbon electrode coated with the investigated
nanostructured powders acted as the working electrode (with a
constant geometrical surface of 0.196 cm?), while a large area Pt
plate and an Ag/AgCl electrode were employed as an auxiliary
electrode and a reference electrode, respectively. The cell was
connected to a PARSTAT 4000 potentiostat controlled with
VersaStudio software. The cathodic linear polarization curves
were recorded in 0.5 M H,SO, aqueous solution at a scan rate of
10 mV s~ ' at 25 °C. Tafel slopes were determined from HER
polarization curves.

In order to determine the electrochemical active surface area
(ECSA), cyclic voltammograms (CVs) were recorded in 0.1 M
HCIO, aqueous solution at a scan rate of 50 mV s~ " at 25 °C. An
initial pre-treatment consisting of 50 cycles at 100 mV s~ " in
0.1 M HCIO, was performed to obtain a clean and reproducible
surface. Then, 2 cycles were recorded in the same range of
potentials but at 50 mV s ' and the 2nd CV was used to
calculate the ECSA. To estimate the ECSA (m” g™ '), the hydro-
gen adsorption/desorption area was taken into consideration,

using eqn (1) shown below:*"*®
_ Owm 4
ECSA =8 x 10 (1)

where Qy represents the coulombic charge for hydrogen
desorption (mC), m is the mass of the powder on the electrode
(2) and 0.21 is the charge required to oxidize a monolayer of H,
on cleaned Pt (mC cm™?).

Typically, about 5 mg of CB/Cu, CB/Pt, CB/PtCu (both
synthesis routes) and C-Pt 10 commercial powders were

New J. Chem., 2025, 49, 7459-7468 | 7461
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dispersed, and 2 mL of water, 250 pL of isopropilic alcohol and
26 uL of Nafion were added. Then, the dispersion was subjected
to ultrasound stirring for 45 min at room temperature. An
aliquot of 10 uL of the homogenized suspension was applied
onto the GC surface, followed by drying in an oven at 40 °C for
4 h. The final electrocatalyst amount was 112 ug cm >,

In another sequence of experiments, to assess the durability
of the synthesized CB/PtCu nanostructured powders, 500 CV
cycles were applied at a scan rate of 100 mV s~ ' in 0.5 M H,S0,
solution.

Additionally, the hydrogen amount produced during elec-
trolysis of aqueous 0.5 M H,SO, was measured involving
Hofmann’s cell, equipped with the investigated composites as
the working electrode and a Pt plate as the counter electrode.
Under this sequence of experiments, 60 pL of each catalyst ink
was drop-casted onto electrochemically grown Ni nanofoams
used as metallic substrates (having a constant geometrical
surface of 2 cm?) and the as-prepared cathodic electrodes were
then air-dried at 40 °C for 4 h. The cathodic efficiency of the
HER (1) was then determined for various applied current
densities. The yield of hydrogen gas was calculated by making
use of the current I (A) passing from the cell for a measured
period of time ¢ (s) and the volume I (cm®) of H, using the
formula shown below>’:

C2F(VV) 189V
T Ixt  Ixt

(2)

where F is the Faraday constant, F = 96500 C mol ™ '; Vy, is the
molar volume of hydrogen at 25 °C, in ecm?; I is the total applied
current, in A; ¢ is the electrolysis duration, in s; V is the volume
of gas, in cm?®.

3. Results and discussion

Fig. 1 presents the XRD pattern of the four synthesized sam-
ples. The XRD pattern of CB exhibits two major peaks at 25.5°
20 and 44.49° 20. These signals are consistent with C(0,0,2) and
C(1,1,1) reflections for CB. Another weak signal at 82.0° 20 most
likely corresponds to the C(1,1,2) plane of CB.*° CB/Cu does not
contain any additional reflections on top of those for CB,
suggesting that copper does not form crystalline structures
on the CB substrate. The second control sample CB/Pt
exhibits additional peaks at 39.8°, 46.2°, and 67.9° 26, which
are consistent, respectively, with the (1,1,1), (2,0,0), and
(2,2,0) planes of metallic Pt. The same three additional reflec-
tions are present in the XRD patterns of the two bimetallic
products CB/CuPt-1 and CB/CuPt-2. Notably, position of
the (1,1,1) signal shifts from 39.8° for CB/Pt to 40.1° for
CB/CuPt-1 and to 40.3° for CB/CuPt-2. This decrease of
the lattice parameters serves as indirect evidence for incorpor-
ating Cu atoms with a smaller ionic radius. Also, the signal-to-
noise ratio for CB/CuPt-2 is lower than those for CB/Pt and
CB/CuPt-1, suggesting lower crystallinity of the formed
nanoparticles.

7462 | New J. Chem., 2025, 49, 7459-7468
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Fig. 1 XRD diffractograms of the four samples and the CB support.

Based on Scherrer’s equation, the mean crystallite sizes were
computed as follows:

kx 2
Bir x cos(0)

where Dy, is the crystallite size in the direction perpendicular
to the lattice planes (hkl); k is Scherrer’s constant; A
(0.15406 nm) is the X-ray wavelength in nm; f is the peak
width at half-maximum peak height and 0 is the half angle of
the diffraction peak.*’

The crystallite sizes (in nm) were calculated for the (1,1,1)
reflection peak of Pt and the results obtained are presented in
Table 2.

Fig. 2 presents SEM images of the four samples. Spherical

Dy =

(3)

particles of the CB support with a size of 50-80 nm are well

Table 2 Crystallite sizes determined based on Scherrer’s equation

Reflection CB/Pt CB/CuPt 1 CB/CuPt 2

(1,1,1) Pt

3.07

3.74 3.73

¢ . e —

Fig. 2 SEM images of the samples: CB/Cu (a), CB/Pt (b), CB/CuPt-1 (c),
and CB/CuPt-2 (d).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 3 The elemental content in the four samples based on the EDX
data

CB/Cu CB/Pt CB/CuPt-1 CB/CuPt-2
Elements at% wt% at% wt% at% wt% at% wt%
Cu 0.5 2.8 0.3 1.4 0.7 3.1
Pt 0.6 8.3 0.9 10.8 0.7 9.2

Table 4 The elemental content in the four samples based on the XPS data

Content (at%) CB/Cu CB/Pt CB/CuPt-1 CB/CuPt-2
Cu 0.4 0.6 0.7
Pt 1.0 1.5 1.2

visible in the images of all the four samples. In addition, the
three samples, CB/Pt, CB/CuPt-1, and CB/CuPt-2, contain small
brighter contrast dots, associated with the formed metal
nanoparticles.

The elemental content for the four samples based on the
EDX and XPS data is presented in Tables 3 and 4, respectively.
There are some discrepancies between the data obtained by the
two methods. However, the trend observed for the samples is
the same based on both methods. The first observation is that
only a small part of copper is deposited on CB using the polyol
method: CB/Cu contains only 2.82 wt% copper instead of the
targeted 10%. Next, co-deposition with platinum increases
the copper content: 3.06 wt% in CB/CuPt-2 compared to the
2.82 wt% in CB/Cu. The same is observed for the deposition of
platinum. Both CB/CuPt-1 and CB/CuPt-2 contain more plati-
num. For CB/CuPt-2, this observation can be explained by co-
deposition of the metals. The surprising observation is the high
platinum content in CB/CuPt-1, obtained using both methods.
It demonstrates the highest platinum content among all the
three platinum containing samples, especially when measured
by XPS. This observation suggests that the low content of
atomically dispersed copper on the CB surface facilitates
deposition of platinum (Tables 3 and 4).

Note, in CB/CuPt-1 and in CB/CuPt-2, some copper may exist
on the CB surface separately from platinum particles due to the
used synthetic procedures. This is why the position of the
(1,1,1) reflections is not consistent with the Pt/Cu ratio as one
might expect from the Vegard’s Law perspective.>**

View Article Online

Paper

Fig. 3 shows the XPS Pt 4f spectra of the three platinum
containing samples. The spectra of each sample can be decon-
voluted for the three components Pt(+4), Pt(+2), and Pt(0). The
three components for the 4f5/, signal appear at 76.4 eV, 75.7 eV
and 74.9 eV, respectively. The components for the 4f,/, signal
appear at 72.9 eV, 72.2 eV, and 71.5 eV, respectively. At the first
glance, the spectra for the three samples look similar. However,
deconvolution shows that CB/Pt has a smaller Pt(0) component
(61.9%), compared to that for CB/CuPt-1 (75.7%) and CB/CuPt-2
(77.3%). This observation can be explained by reduction of
platinum oxides by copper, and/or by formation of hybrid
alloyed structures, where copper donates its electrons to
platinum.

The Cu 2p XPS spectra of the samples CB/Cu, CB/CuPt-1,
and CB/CuPt-2 are shown in Fig. S1 (ESIt). The three spectra
have a low signal/noise ratio due the lower copper content;
thus, accurate deconvolution is not possible. However, one can
see that the three spectra are very similar, i.e. the state of
copper in the three samples is about the same.

HRTEM images give more information on the size and
shape of the metal nanoparticles (Fig. 4). Here, again, for
CB/Cu, one cannot see any particles, visible even at the highest
magnification 1000k. This observation is consistent with the
XRD data that show only carbon related reflexes in the

i B = | :

Fig. 4 HRTEM images of the samples: CB/Pt (a), CB/Cu (b), CB/CuPt-1 (c),
and CB/CuPt-2 (d).

(@)  cBpt e (b)  cB/cuptr . (c)
*1 " 15 N 10
Pl 41, \ I
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8 , \ s / s
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& i fl c o / / / e 4f S 41
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Fig. 3
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XPS Pt 4f spectra of the three platinum containing samples: (a) CB/Pt, (b) CB/CuPt-1, and (c) CB/CuPt-2.
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Fig. 5 Electron microscopy images of CB/CuPt-2, acquired in three different modes with the three different detectors: secondary electrons (a), phase
contrast (b), and transmission electrons (c). (d) The ultra-high magnification UHRTEM image, acquired in the BF mode.

diffraction pattern (Fig. 1). Most likely, copper exists in the
form of the single atoms or/and their clusters, invisible in the
SEM images.

The other three samples have well-resolved particles with a
size of 2-3 nm.

Fig. 5 presents three images for CB/CuPt-2, recorded at
magnification 200k in the same location with three different
detectors: SE - secondary electrons (a), ZC-phase contrast (b),
and TE - transmission electrons (c). Similar images for other
three samples are given in Fig. S2-S4 (ESIt). It should be noted
that metal nanoparticles are not very visible in the SE mode.
This is why they are barely distinguishable in the SEM images
in Fig. 3. However, these particles are very well pronounced in
the phase contrast and transmission modes.

Fig. 5d shows the ultra-high magnification bright field
UHRTEM image of CB/CuPt-2. It clearly shows the layered
structure of the CB particles, and the size of the CuPt particles
with no visible lattice structure.

To summarize the characterization part, the platinum con-
tent in the three platinum containing samples slightly
increases in the sequence CB/Pt < CB/CuPt-2 < CB/CuPt-1;
the size of the particles is 2-4 nm in all three samples.

3.1. Electrocatalytic activity for the HER in 0.5 M H,SO,
electrolyte

The electrochemical activity of the synthesized composite
nanopowders towards the HER was studied in 0.5 M H,SO,
electrolyte at room temperature and the corresponding
recorded cathodic polarization curves are presented in
Fig. 6a. The curve recorded for commercial C/Pt10 nanopow-
ders was also included to compare the obtained results.
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As shown in Fig. 6a, CB/Cu exhibits a very weak response
against the HER, reaching a maximum current density of only
4.7 mA cm ™2 at the most applied cathodic potential of —0.7 V
vs. Ag/AgCl. This suggests that copper alone does not possess
catalytic activity with respect to this reaction. This is why we
exclude this sample from further considerations.

Enhanced electrocatalytic activity could be observed for both
hybrid CB/CuPt composites as compared to commercial C/Pt10,
able to achieve cathodic currents of 100 mA ecm™> for lower
cathodic potentials, in the range —0.4 to —0.5 V vs. Ag/AgCl.
The determined onset potentials (E,,sec) for CB/Cu, commercial
C/Pt10, CB/Pt, CB/CuPt-1 and CB/CuPt-2 exhibited values of
—0.251 V, —0.232 V, —0.217 V, —0.211 V and —0.199 V,
respectively. A displacement towards more positive values is
evidenced in the case of CB/PtCu-1 and CB/PtCu-2, suggesting
improved HER activity. Importantly, CB/CuPt-2 outperforms
not only the commercial catalyst, but also CB/Pt prepared in
this study using the same experimental protocol.

To gather more information on the electrocatalytic activity of
the synthesized composites, Tafel analysis has been performed,
considering the well-known kinetic equation:**

2303RT

_2303RT
pzF

n= BzF gl —

logi =a+ blogli| (4)

where 5 represents the applied overpotential, 7 is the resulting
(measured) current, b (V decade™ ') is the Tafel slope and a is
the intercept related to the exchange current density i, the first
term of eqn (4). Usually the Tafel slope (b) provides information
on the HER mechanism and the exchange current density i, on
the catalytic activity of the coating.***°
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Fig. 6 (a) Polarization curves for the HER in 0.5 M H,SO, for CB/Pt, CB/Cu, and CB/CuPt electrocatalysts. The scan rate is 10 mV s* (For comparison
the polarization curve for commercial C/Pt10 is also presented); (b) the corresponding Tafel plots.

As illustrated in Fig. 6(b), the Tafel slopes of CB/CuPt-1
(69 mV dec ') and CB/CuPt-2 (53 mV dec ') are smaller than those
of CB/Pt (82 mV dec ') and commercial C/Pt10 (89 mV dec ),
showing a faster reaction kinetics and more efficient HER.

According to the general models related to the HER mecha-
nism in acidic media, a three-step reaction mechanism is
considered to occur, respectively:

Volmer reaction: H" + e~ + * — Hyq (5)
Tafel reaction: Hygq + Hyg — H, (6)
Heyrovsky reaction: Hyq + H' + e~ — H, (7)

If the Volmer reaction adsorption step is rate determining,
the Tafel slope should be around 116 mV dec ', while if, the
electrochemical desorption, the Heyrovsky step is rate deter-
mining, the Tafel slope would be about 40 mV dec™'. For the
Tafel desorption step as the rate-determining step, the Tafel
slope should be about 30 mV dec *.>¢*”

It should be noted that the obtained Tafel slopes for CB/
PtCu-1 and CB/PtCu-2 suggest that the Heyrovsky desorption
step (eqn (7)) controls their HER kinetics. They are slightly
higher than the theoretical value of 40 mV dec™ ", so that the
presence of certain oxides that may impede the charge transfer
is not excluded. In addition, the occurrence of the generated
hydrogen micro-diffusion and interfacial diffusion through the
microchannels in the catalyst layer to the surface of the catalyst
layer could lower the overall H, mass transport process, as
well.*

The more efficient HER in the presence of CB/CuPt-1 and
CB/CuPt-2 as compared to CB/Pt and commercial C/Pt10 is
apparently due to the synergistic effect between the two metals.
Most likely, the incorporated Cu atoms alter the electronic
structures of Pt, favorably influencing the affinity of the
adsorbed H* species and further producing an improvement
of the catalytic activity."®*® The difference in the Pt 4f XPS
spectra supports this conclusion.

The determined values of exchange current densities and
overpotentials at 1 and 10 mA cm > for the synthesized
composites are presented in Table 5.
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Table 5 Cathodic Tafel slopes, exchange current densities, and over-
potentials at 1 and 10 mA cm™2 for the investigated catalysts

n/mv n/mv
b/mv (i=1 (i=10
Sample dec™'  iy/Aem? mAcm ?) mAcm ?)
CB/CuPt-1 69 1.6 x 107° 515 562
CB/CuPt-2 53 1.6 x 107° 771 813
CB/Pt 82 3.9 x10°° 749 785
C/Pt10 commercial 89 1.5 x 107> 670 806

Considering the exchange current density values (i) pre-
sented in Table 5, it can be observed that the highest value is
obtained for CB/CuPt-1, suggesting that this catalyst is thermo-
dynamically the most active among the catalysts investigated,
while the other bimetallic catalyst, CB/PtCu-2, seems to be less
active. The same trend has been evidenced when the over-
potential needed for a fixed hydrogen production rate at a
current density of 1 mA ¢cm™> was considered, and the lowest
overpotential is determined when CB/PtCu-1 was involved.

Fig. 7 displays the recorded cyclic voltammetry (CV) curves
of CB/Pt, CB/PtCu-1 and CB-PtCu-2.

4
@
1 [
o @ R
£ 04 :
o
<
g -2-
4
-~ CB/Pt
CB/PtCu-1
-6 = CB/PtCu-2

-0.4 -0I.2 0:0 012 0:4 0:6 0i8 1:0 1i2 1.4
E/V (vs. Ag/AgCl)

Fig. 7 Cyclic voltammograms of CB/Pt and CB/CuPt-1 and CB/CuPt-2
recorded in 0.1 M HCIO, at a scan rate of 50 mV s™%.
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Table 6 ECSA values from CVs recorded at 50 mV s~*in 0.1 M HClO,

Electrocatalyst type ECSA, m* g '
CB/Pt 13.89
CB/CuPt-1 27.32
CB/CuPt-2 12.65

Several peaks are observed in the investigated potential
domain, in agreement with other literature data.”” Peaks (1)
and (2) are ascribed to the hydrogen electroadsorption process
on the Pt surface while peaks (3) and (4) correspond to the
electrodesorption process. Peak (5) is determined by the Pt
oxidation and peak (6) is associated with the reduction of the
formed Pt oxides.*’

The ECSA values calculated using eqn (1) are presented in
Table 6.

As shown in Table 6, CB/CuPt-1 demonstrates the highest
ECSA value of 27.32 m®> g !, larger than those of CB/Pt
(13.89 m* ¢~ ") and CB/CuPt-2 (12.65 m”> g~ '). The smaller ECSA
in the case of CB/CuPt-2 could be caused by a stronger aggregation
in the sample and therefore a smaller active area is accessible for
the reactants."®* In addition, a blockage of metal active sites by the
presence of either un-alloyed Cu species or carbon overlayers on the
surface is not excluded. The same behaviour has been reported for
Pt,Cu/C-based catalysts.*

The stability of the synthesized CB/Pt, CB/CuPt-1 and CB/
CuPt-2 has been assessed via continuous potential cycling in
acidic solution (Fig. 8). After 500 cycles, CB/CuPt-1 and CB/
CuPt-2 showed a slight increase of the cathodic current as
compared to CB/Pt, suggesting adequate stability of the
composites.

In another series of experiments, the electrocatalytic activity
of HER electrocatalysts was evaluated through direct measure-
ment of the gas volumes involving Hofmann’s cell. The catho-
dic efficiency of hydrogen quantity, produced during
electrolysis using 0.5 M H,SO, electrolyte, has then been
determined for the synthesized composites under various
applied current densities, as presented in Table 7.

The best HER efficiency could be observed in the case of
CB/CuPt-1 and CB/CuPt-2. The increase of the applied current
density facilitates a better cathodic efficiency, more pro-
nounced when CB/CuPt-2 was involved, that attained 100%
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Table 7 Cathodic efficiency of hydrogen evolution in 0.5 M H,SO4
electrolyte (n) for different values of the applied current

Electrode type i/mAcm > Time/s Q/C VHz/crn3 n/%
CB/Pt 52.6 780 78 10.1 100
263.1 540 270 23 67.2
CB/CuPt-1 50 780 78 8.5 85.9
100 720 144 17.7 96.9
250 420 210 26.5 99.5
CB/CuPt-2 50 900 90 10.5 92.1
100 600 120 16 100
250 480 240 39.8 100
C/Pt10 commercial ~ 55.5 600 60 7.5 98.6
172.7 600 186.6 23 97.2
299.1 540 290.8  34.5 93.6

for 100-200 mA cm 2. CB/Pt showed 100% HER efficiency at a
relatively low current density of around 50 mA cm ™2, while at
higher values (i.e. more than 250 mA cm™?) the efficiency has
been decreased down to about 67%.

4. Conclusions

In this work, we synthesized two hybrid copper-platinum
composites and two mono-metallic control samples on the
CB support with the use of the polyol-formaldehyde method.
The two bi-metallic composites were prepared by two different
experimental protocols: consecutive deposition of the two
metals CB/CuPt-1 and co-deposition of CB/CuPt-2. With both
methods, the use of copper facilitates deposition of platinum,
leading to a higher platinum content in the products compared
to the mono-metallic CB/Pt control sample, when the rest of the
synthetic parameters were the same. SEM and HRTEM images
show that, in monometallic CB/Cu, copper does not form any
nanoparticles, being atomically dispersed on the CB surface.
The other three samples have uniformly dispersed nano-
particles with a size of 2-4 nm, densely covering the CB
support. XRD and XPS data suggest that copper facilitates more
efficient reduction of platinum, and is incorporated into the
nanoparticles.

Next, all the synthesized composites were tested in the
HER. The two bi-metallic composites outperform not only the

a) cBiPt b) .00 CB/CUPED
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Fig. 8 The HER polarization curves of CB/Pt (a) and CB/CuPt (b) and (c) electrocatalysts before (solid lines) and after (dashed lines) 500 cycles in 0.5 M

H,SO4 (scan rate = 100 mV s™4).
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mono-metallic CB/Pt sample, but also the commercial catalyst
with a similar or even higher platinum content. Interestingly,
the catalytic efficiency is not directly related to the platinum
content in the tested materials. Thus, CB/CuPt-2 with a lower Pt
content is more efficient in some parameters than CB/PtCu-1
with a higher Pt content. This observation suggests that incor-
poration of copper into the structure of the composite materials
leads to the synergistic effects. Our results show the role of
copper in the efficiency of the platinum catalysts for the HER
and open the routes for increasing the efficiency of the hydro-
gen generation reaction on an industrial scale.
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