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Designing nanostructured Pt-based materials with unique properties as electrocatalyst attracts great research
interests to achieve clean and sustainable energy. Herein, we investigate nanoscale engineering of carbon-
supported PtCu nanocrystals (NCs) through tailoring their electronic and geometry properties by means of
alloying and surface overcoating. Alloying Pt with Cu enhances the catalytic efficiencies for the acidic hydrogen
evolution reaction (HER). Subsequent surface overcoating of PtCu nanostructures with carbon nanoshells endows
a decreased mass activity towards the HER catalysis compared to the uncoated counterparts, this can be mainly
associated with annealing-induced sintering of small metal nanoparticles and the surface site-blockage of metal
active sites. These results indicate that breaking activity-stability trade-off remains to be challenging for efficient
HER catalysis on carbon-supported PtCu nanostructures. Our case study on the limitations of fabricating PtCu
nanodendrites with varied loadings of carbon nanoshells on the surface demonstrates the necessity to explore the
design of advanced and high-performing metal-based catalysts.

consumption of Pt and to enhance electrocatalytic performance
[12-14]. Previous reports indicated that alloying Pt with 3d transition

1. Introduction

Increasing concerns about climate change and fossil fuels depletion
call for the use of green and sustainable energy [1]. Hydrogen represents
a promising energy carrier due to its high energy density and
zero-carbon emission [2]. An effective route for producing high-purity
green hydrogen is the hydrogen evolution reaction (HER), a
half-reaction taking place at the electrodes in devices such as water
electrolyzers and Hy—Bra redox flow batteries (RFBs) [3-6]. Precious
platinum (Pt) based materials are the state-of-the-art active HER cata-
lysts [7]. Pt nanomaterials often suffer from catalytic degradation by
nanoparticle (NP) dissolution, coalescence/sintering, or detachment
from the support, which along with the high price and scarcity associ-
ated with the Pt metal, are obstacles preventing widespread application
[8-11]. To this end, alloying Pt with earth-abundant transition metals, e.
g., Cu, Fe, Co, Ni, has emerged as a promising alternative to reduce the

metals of smaller atomic radius could induce beneficial macrostrain
effects as a result of Pt lattice contraction [15,16]. In addition, the
d-band electronic structure of Pt can be modified through the ligand
effects to modulate the sorption behavior of reactants and products at
surface active sites [15,17]. PtCu alloyed materials with nanostructures
such as core-shell [18], nanospheres [19,20], nanocubes [21,22],
nanoframes [23-26] and nanodendrites [27,28] have been developed
for catalyzing various electrochemical reactions. Most of these catalysts
were prepared by wet chemical synthesis under high temperatures, with
the presence of organic capping agents for nanoparticle size, shape and
morphology control. As a consequence of the well-defined nano-
structures, morphologies and atomic compositions, PtCu nanomaterials
exhibit enhanced electrocatalytic HER performance compared to pure Pt
counterparts [19,20,25,26,28].
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A widely explored strategy to enhance the electrocatalytic effi-
ciencies, more especially the long-term durability of metal-based cata-
lysts is overcoating the metal nanoparticles with protective overlayers
[29]. Surface coating with overlayers, such as organic polymers
[30-32], inorganic nanoshells [33,34], and metal oxides (e.g., SiO3 and
TiO3) [35,36], can make the metal particles highly resistive towards
aggregation, sintering and dissolution. Due to the excellent electrical
conductivity, high chemical and structural stability, heteroatoms-doped
carbon nanoshells are of broad interest for engineering advanced elec-
trocatalysts [37-40]. Several methodologies involving synthetic depo-
sition of carbon nanoshells onto metal particle surface have been
developed. This includes the direct pyrolysis of metal-containing or
metal-coordinated organic complexes under inert atmosphere [41,42]
and chemical vapor phase deposition utilizing CH3CN or acetylene as
the carbon source [43,44]. In the presence of carbon nanoshells with
elaborately controlled thickness [34] and graphitization degree [38],
metal coalescence/sintering can be efficiently suppressed and the inner
active sites remain permeable for reactants and electrolyte, thereby
affording satisfactory electrocatalytic performance.

In this regard, the integration of carbon nanoshells with metal
nanostructures might be a promising way to achieve more efficient
electrocatalysts. Thus far, the versatility of surface overcoating with
carbon nanoshells on the surface of PtCu nanostructures and the appli-
cation of carbon-overcoated PtCu nanomaterial as a HER electrocatalyst
have rarely been discussed. Herein, we investigate the electrochemical
performance of PtCu alloyed nanomaterials with respect to the acidic
hydrogen evolution reaction, by nanoscale engineering the nano-
material’s structural properties via metal alloying and surface over-
coating. Carbon-supported porous PtCu nanocrystals (NCs), named as
PtCu NCs/C, were synthesized by a facile colloidal reduction method at a
moderate temperature (40 °C), yielding optimized composition and
nanodendritic nanostructure. PtCu NCs/C catalysts exhibited markedly
higher electrocatalytic activity and relatively good stability towards the
acidic HER catalysis than a commercial Pt/C. Structural and electro-
catalytic properties of PtCu NCs after overcoating of carbon overlayers,
and the associated influences on the design of highly performing metal-
based electrocatalysts are investigated and discussed in the present
work.

2. Experimental section
2.1. Materials

Hexachloroplatinic(IV) acid hydrate (H2PtClg-xH20, ~38% Pt basis),
copper(Il) chloride dihydrate (CuCly-2 Hp0, >99.95% trace metals
basis), cobalt(II) nitrate hexahydrate (Co(NO3)2-6 HoO, ACS reagent, >
98%), nickel(Il) nitrate hexahydrate (Ni(NO3)2:6 H20, 99.999% trace
metals basis) and polyvinylpyrrolidone (PVP, average mol wt 40,000)
were purchased from Sigma Aldrich. HyPtCle-xH20 was prepared into 8
wt% aqueous solution and cautiously stored in a chemical fridge at
around 4 °C for catalyst synthesis. L-Ascorbic acid (AA) was obtained
from PanReac AppliChem ITW Reagents. Vulcan XC-72R carbon black
was delivered by Cabot Corporation. Commercial Pt/C catalyst with 40
wt% of Pt loading was obtained from Alfa Aesar, Thermal Fisher Sci-
entific. All the chemicals and materials were used as received.

2.2. Catalyst preparation

2.2.1. Synthesis of PtCu NCs

The PtCu NCs were prepared based on the method reported by Eid
et al. with some modifications [45]. For the synthesis of Pt4Cu NCs, 1.68
mL of 8 wt% HyPtClg-xH20 and 4.5 mL 20 mM CuCly-2 Hy0 were firstly
added into 15 mL Hy0 with the presence of 0.2 g PVP. After the addition
of 20 mL 0.1 M AA solution, the resulting suspension was sonicated at
40 °C for 3 h. Pt4Cu NCs were collected by centrifuging at 9000 rpm for
40 min, followed by rinsing with 10 mL water/ethanol mixture (1/1,
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v/v) to remove organic PVP and AA. After two consecutive rinsing/-
centrifugation processes, the product was re-dispersed in water by
subjecting to ultrasonic treatment. Similarly, keeping the amount of
CuCl; constant, Pt3Cu and PtaCu NCs were synthesized by adding 0.90
and 0.45 mL of HoPtClg-xH50 solution, respectively. Pt NCs (named as
Pt4 NCs) were also prepared with the absence of CuCl, precursor in the
solution by keeping the synthetic condition similar to that in the case of
Pt4Cu NCs.

2.2.2. Synthesis of carbon-supported PtCu NCs

Typically, 0.2 g carbon black (Vulcan XC-72R) was added into the
aqueous dispersion containing PtCu NCs. After stirring at room tem-
perature for 2 h, the mixture was centrifuged and vacuum-dried at 60 °C
to obtain the carbon-supported PtCu NCs (denoted as PtCu NCs/C) with
different Pt loadings. Pt and Cu compositions on the resulting materials
were determined by inductively coupled plasma optical emission spec-
trometry (ICP—OES). All PtCu NCs/C samples possess relatively lower
Pt/Cu atomic ratios than the synthetic values and are, hereinafter,
referred to as Pt4Cu/C, Pt3Cu/C and Pt,Cu/C. The Pt weight loadings on
Pt4Cu/C, Pt3Cu/C and Pt,Cu/C were determined to be 20 wt%, 10 wt%
and 5.3 wt%, while that of Cu was 1.6 wt%, 1.1 wt% and 0.95 wt%,
respectively. These values show that the PtCu NCs are formed by the co-
reduction of Pt and Cu precursors by AA and the deposition process of Cu
cation on Pt nuclei can be influenced by Pt concentrations in the syn-
thetic solution. Pt4Cu/C-700 and Pt,Cu/C-700 were obtained after
directly annealing at 700 °C without mixing with PVP and AA organics.

2.2.3. Overcoating of PtCu NCs with carbon nanoshells

Organic PVP and AA employed for the colloidal synthesis of PtCu
NCs were utilized as the source of carbon nanoshells. Pt4Cu/C and
Pt,Cu/C were selected to explore the effects of carbon overcoatings on
their nanostructural properties and the corresponding electrocatalytic
HER performance. Resulting catalysts were named as Pt4Cu@C-m-700
and Pt,Cu@C-m-700, where m represents the loading of PVP and AA
organics on PtCu NCs/C prior to the pyrolysis treatment at 700 °C. In a
typical preparation of Pt4Cu@C-100%— 700, 20 mg of Pt4Cu/C was
mixed into 1 mL aqueous solution containing 16 mg PVP and 28 mg AA,
followed by the vacuum drying at 70 °C overnight. After being ground in
a mortar, the powder was thermally annealed at 700 °C in a tube furnace
under flowing N (50 cm®/min) for 5 h. This process was started at room
temperature with a heating rate of 5 °C/min and ended with a cooling
down step to room temperature. Pt4Cu@C-30%— 700 and Pt4Cu@C-
60%— 700 were prepared by using the aqueous solutions containing
decreased concentrations of PVP and AA (30% and 60% of the total
amount (16 mg PVP + 28 mg AA)). In analogy to Pt4Cu@C-m-700, a set
of Pto,Cu@C-m-700 materials were obtained by changing the loadings of
PVP and AA (e.g., 30%, 60%, 100%, 200% with respect to the amount
(8.3 mg PVP + 14 mg AA) used for PtoCu NCs synthesis), followed by the
treatment of high-temperature pyrolysis.

2.3. Catalyst characterizations

Bright field transmission electron microscopy (TEM) images were
obtained on FEI Tecnai F30 operated at 300 kV. Scanning transmission
electron microscope (STEM) and energy dispersive X-ray (EDX) map-
ping analysis were performed on a probe-corrected Hitachi HD2700CS
with an accelerating voltage of 200 kV (cold field emitter). An aberra-
tion corrector (CEOS) was incorporated in the microscope column be-
tween the condenser system and the probe-forming objective lens to
achieve a high resolution of ca. 0.1 nm. Powder X-ray diffraction (XRD)
measurements were carried out ex situ in the 20 range of 10-90° on
Bruker D8 advance, using Cu K, radiation (A = 0.15406 nm) as the X-ray
source. Fine-ground catalyst powder was loaded on a sample holder as a
thin layer and rotary scanned with an increment step of 0.02° (for PtCu
NCs/C catalysts otherwise specially noted) or 0.05° by keep the time/
step of 5 s. The refinement of face centered cubic (fcc) Pt lattice was
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performed with TOPAS 7 software simultaneously against the all sub-
sequent datasets. The peak profile and instrumental peak broadening
were determined beforehand with Pseudo-Voight function fitted to data
collected from the corundum (Al;O3) internal standard. The integral
breadth of Bragg reflections evaluated by fitting Lorentzian function to
the data enabled deriving the crystalline size. ICP—OES analysis was
conducted on a Horiba Ultra 2 instrument with a photomultiplier tube
detector. Thermal gravimetric analysis (TGA) was carried out on the
NETZSCH STA 449 C thermal analyzer by heating the mixture of Pt4,Cu/
C with 100% organics (40.8 mg in total) up to 700 °C with a heating rate
of 5 °C/min under a Ny atmosphere. X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectra (XAS) was recorded at the in situ
Spectroscopy (X07DB) beamline and the SuperXAS beamline, respec-
tively, at the Swiss Light Source synchrotron (PSI, Villigen, Switzerland).
For the details of XPS and XAS measurements and the corresponding
data processing, please see from the supporting information.

2.4. Electrochemical measurements

All the electrochemical measurements were conducted in a three-
electrode cell system at room temperature. The cell is composed of a
graphite rod as the counter electrode, reversible hydrogen electrode as a
reference electrode, and a working electrode. All the potentials in the
present work are reported versus the reversible hydrogen electrode
(RHE). The working electrode was fabricated by coating Pt-based cata-
lyst onto a glassy carbon electrode (GCE) having 5 mm in diameter
(area: 0.196 cm?). Typically, catalyst ink was prepared by ultrasonically
suspending 2 mg of catalyst powder in 1 mL mixture of iso-propanol/
water (3.98/1, v/v) with 5% w/w Nafion™ D-520. Then 10 pL cata-
lyst ink was introduced onto the GCE and dried at room temperature.
Nafion ionomer serves not only as a catalyst binder, but also as the
promotor of proton conductivity. The mass loading for Pt-based cata-
lysts on the electrode is 0.02 mg, otherwise specially noted.

HER measurements were performed in Np-saturated 0.5 M H2SO4
solution. The HER polarization curves were collected without IR
compensation by sweeping the potential from + 0.7 to — 0.3 V vs. RHE
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with a rate of 10 mV/s. Catalyst electrochemical stability was evaluated
by cycling the potential (between +0.3 and —0.3 V vs. RHE) at a rate of
10 mV/s for 500 cycles. The cyclic voltamogram (CV) was obtained by
cycling between 0.05 and 1.2 V vs. RHE with a scan rate of 20 mV/s in
Ny-saturated 0.1 M HCIO4 solution. Electrochemical surface area (ECSA)
was calculated based on the following equation: ECSA = Qgu/([m] x
0.21), where Qg (mC) is the integrated hydrogen desorption charge in
the range of 0.05-0.40 V vs. RHE, 0.21 (mC/cm?) is the required charge
for hydrogen monolayer adsorption, and [m] (mg) represents as the
loading amount of metal on the working electrode. Double-layer
capacitance (Cqp) within the range of + 0.46 to + 0.26 V vs. RHE was
measured with the sweep rate from 5 to 40 mV/s.

3. Results and discussions

3.1. Structural characterizations and catalytic HER performance of PtCu
NCs/C

3.1.1. Electrocatalyst synthesis and characterization

The PtCu NCs were wet-chemically synthesized through co-reduction
of HoPtClg and CuCly in the presence of polyvinylpyrrolidone (PVP) and
L-Ascorbic acid (AA) under an ultrasonic condition, as schematically
illustrated in Fig. 1. The ultrasonic treatment was effective for acceler-
ating the reduction of Pt and Cu cations to form PtCu NCs [45]. It was
visually implied by the fast color change - within in 15 min - of the so-
lution from transparent yellow to brown and opaque black (Fig. S1).
There was no color change within one hour for a solution containing
H,PtClg but without CuCl, treated at the same conditions. The cu?t
could not be reduced by AA even after three hours in the absence of the
Pt precursor in the solution (Fig. S1). Previous reports indicate the
different reductive capability of AA for Pt and Cu precursors as function
of the standard reduction potential of PtCl%’/Pt (0.74 V vs. RHE) and
cu®*t/cu pair (0.34 V vs. RHE) [46,47]. Due to its higher standard
reduction potential, the Pt precursor can be reduced by AA to form Pt
nuclei at the early stage of the synthesis under an ultrasonic condition
[27,45]. Metal underpotential deposition (UPD) takes place at hundreds
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Fig. 1. Schematic illustration of the preparation of carbon-supported PtCu nanocatalysts.
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of mVs more positive than the potential for its bulk deposition, as is
known to be an effective approach to prepare alloyed metal catalysts in
the presence of weak reducing agents [48,49]. The initial nucleation of
Pt induces Cu UPD on their surface and the formation of PtCu nano-
crystals can be promoted by the simultaneous co-reduction of Pt and Cu
cations. PVP, as a stabilizing and structure-directing agent, is able to
coordinate with metal atoms on the surface of metal nuclei through the
carbonyl group and pyrrolidone ring to control the particle growth [50]
and facilitate the formation of PtCu NCs with unique nanostructures
through the process of growth rather than aggregation [45,51].

The nanostructures of PtCu NCs/C samples were investigated by
STEM. The Z-contrast STEM images of Pt4Cu/C and Pt;,Cu/C in Fig. 2a
and d show that PtCu NCs (bright patches) are dispersed on the carbon
black material. Fig. 2b and e display the Z-contrast, secondary electron
(SE) and bright field (BF) images of a single PtCu nanocrystal on Pt4,Cu/C
and PtyCu/C. Small-sized PtCu NPs are recognizable from the PtCu ag-
glomerates, as evidenced by the SE images. BF-STEM (Fig. 2b and e,
bottom) and Z-contrast STEM images (Fig. 2¢ and f) show that PtCu NCs
on Pt4Cu/C are composed of a number of small-sized PtCu NP (averaged
2 nm in diameter) with a close contact. The PtCu NCs on PtyCu/C are
more loosely packed. The size determination gives rise to an averaged
diameter of the agglomerates of ca. 30 and 20 nm for PtCu NCs on
Pt4Cu/C and Pt;Cu/C, respectively. In the EDX mappings of Pt and Cu
(Fig. 2c and f), the bright patches prove the presence of corresponding
metals and they almost appear at the same sites, indicating the forma-
tion of PtCu alloys that are highly distributed on PtCu NCs/C. The
greater intensity of the patches for Pt (green color) comparing to that of
Cu (red color) is due to the higher loading of Pt than Cu on the carbon
support. Figs. S2 and S3 show the EDX spectra of Pt4Cu/C and PtyCu/C
with the atomic ratio of Pt to Cu determined to be about 79/21 and 66/
34, respectively, which is in line with the results measured by ICP—OES.

The structures of PtCu NCs/C were also identified by XRD mea-
surements. Pt4Cu/C and Pt4/C clearly display four reflections assigned
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to (111), (200), (220) and (311) planes of a face-centered cubic (fcc)
structure of Pt [52], as shown in Fig. 3a. Only the (111) reflections are
observed from the Pt3Cu/C and Pt,Cu/C samples. Relative to the pattern
of Pt4/C, the (111) reflection peak shows a gradual shift (i.e., from
39.93° for Pt/C to 40.426° for Pt,Cu/C) towards a higher angle with
changes of metal loading. This indicates the incorporation of Cu atoms
into the Pt lattice and the subsequent formation of the PtCu
alloy-structured phase [20]. The occurrence of alloy phase can be
confirmed by the refined lattice parameters of PtCu NCs/C; e.g., Pt4Cu/C
sample possesses a lattice parameter (3.8828 A) which is more closer to
the value (3.92 &) of Pt reference than Cu reference (3.61 A). Based on
the refined lattice parameters for Pt4Cu/C (3.8828 f\) and PtyCu/C
(3.856 f\), their Pt to Cu atomic ratio was calculated to be 89/11 and
80/20, respectively, by using the Vegard’s law equation (Equation S1,
supporting information). Comparing to the results from EDX and
ICP—OES, obvious deviations from Vegard’s law were observed for Cu
composition. Pt-based nanoalloys with transition metals such as Cu, Fe,
Co, Ni, have been reported to seldom perfectly obey the Vegard’s law,
due to the compressive stresses as a result of the differences in metal
atomic size and unit cell volume (e.g., Cu: 11.8 [0\3; Pt: 15.8 f\S) [53]. The
broad reflection at 26 of 10-30 ° is indexed to the (002) peak of graphitic
carbon support [54].

The surface composition and chemical state of PtCu NCs/C were
detected by means of XPS. High-resolution Pt 4 f XPS spectra for Pt4Cu/
C is plotted in Fig. 3b. It is clear that Pt with a zero-valence is dominant
(more than 68% of atomic composition) on PtCu NCs, showing the
doublet peaks with binding energies (BEs) at 71.2 and 74.5 eV [55]. The
second deconvoluted doublet pairs centered at 72.6 and 75.8 eV are
ascribed to ionic Pt*" surface species [56]. Pt 4 f photoemission peaks
for Pt4Cu/C (Fig. 3b) and PtyCu/C (Fig. S4) shift to a slightly higher BE
than that (70.9-71.0 eV for 4 f;,5, 74.2-74.3 eV for 4 f5,5) of reference
bulk Pt [57-59]. This shift of Pt 4 f binding energy by 0.2-0.3 eV in the
present study is probably a result of the small particle size of PtCu and

Fig. 2. Z-contrast STEM images of (a) Pt4Cu/C and (d) PtoCu/C. Z-contrast, secondary electron and bright field images of single PtCu nanocrystal on (b) Pt4Cu/C and
(e) PtyCu/C. EDX elemental mapping of Pt (green color) and Cu (red color) of a PtCu nanocrystal on (c) Pt,Cu/C and (f) PtoCu/C. All the scale bars, instead of those
(5 nm in (c) and 2 nm in (f)) of EDX mapping images, are presented in the STEM images.
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Fig. 3. (a) XRD patterns of Pt,Cu/C, Pt3Cu/C, Pt,Cu/C and Pt,/C with the standard X-ray diffraction lines of metallic Pt and Cu plotted below. (b) The high-

resolution Pt 4 f XPS spectra for Pt4Cu/C sample.

their interactions with the carbon support [58,60]. In addition, the two
deconvoluted broad XPS peaks with the BEs at 76.6 and 77.9 eV are
related to Cu 3ps,2 and Cu 3pj/9, respectively [61]. Concerning the
deconvolution of Cu 2p spectra (Fig. S4), it was not possible to
discriminate Cu® from Cu™ because of their overlap in the Cu 2p signal
[60]. Despite the low signal to noise ratio due to the low amount of Cu, it
is possible to identify two main components in the 2p3/» at 931.3 and
932.5 eV, attributed to Cu alloyed with Pt and Cu®/Cu™ sites on the
surface, respectively [62,63]. Compared to the BE assigned in the
literature to metallic Cu (932.8 eV) [55], the peak for the cu®/cut sites
detected in Pt4Cu/C sample shows a BE value smaller by 0.3-0.6 eV.
From the Cu 2p spectra of Pt4Cu/C (Fig. S4a,b), the peaks related to the
Cu®" species with higher BE region of 934-935 eV was not observed.
Analysis of the surface composition of Pt4Cu/C showed the Pt to Cu
atomic ratio of (3.7 & 0.1)/1, which is similar to the bulk ratio of 4/1
that was indicated by ICP—OES. In addition, a ratio of 66.8%:33.2% for
Pt’/Pt"™" and 7.5%:92.5% for Cu?t/(Cu® + cut! + Claiioy) were deter-
mined for Pt4Cu NCs. In the case of PtoCu/C, the Cu 2p spectra was
mainly deconvoluted into peaks assigning to Cuaoy (931.4 and
951.1 V), Cu®/Cut (932.2 and 952.0 €V) and Cu** sites (934.5 and
954.8 eV) (Fig. S4). The shakeup satellite peaks with much lower in-
tensities at higher BEs (i.e., 942 and 962.2 eV) were also identified [64,
65]. Moreover, Pt and Cu with both metallic and oxidized states coexist
in the Pt,Cu/C sample, showing a ratio of 76.8%:23.2% for Pt’/Pt"* and
32.8%:67.2% for Cu**/(Cu® + Cut! + CUalley)- The determination of the
Pt and Cu species with different surface compositions indicate the
unique nanostructures of Pt4Cu and PtoCu NCs supported on the carbon
material.

3.1.2. HER performance of PtCu NCs/C

The CV curves of Pt4Cu/C, Pt3Cu/C, Pt;Cu/C and commercial 40%
Pt/C (abbreviated as Comm. Pt/C) are shown in Fig. S5. Hydrogen
underpotential deposition (Hypg, 0-0.4 V vs. RHE), a double-layer re-
gion (0.4-0.7 V vs. RHE) and Pt oxidation/reduction region (0.7-1.0 V
vs. RHE) were identified from the collected CV curves. The ECSA values
of the surface active sites were calculated by integrating the charges
obtained from the Hy,q region [46], showing an decreasing trend:
Comm. Pt/C (50 mz/gpt) > Pt4Cu/C (39 mz/gpt) > Pt3Cu/C (27 mz/gpt)
> PtyCu/C (15 mz/gpt). All the PtCu NCs/C materials possess lower
values of ECSA relative to the reference Pt/C, likely arising from the
formation of large PtCu aggregates. Their HER catalytic properties were
examined in a Ny-saturated 0.5 M H2SO4 solution at room temperature.
Fig. 4a shows the HER polarization curves without IR compensation. The
overpotentials needed to deliver the current density of 10 and
50 mA/cm? for Pt4Cu/C, PtsCu/C and Pt,Cu/C were lower than those of
Pt4/C and Comm. Pt/C (Fig. 4b). Determining of the Tafel slope of these

catalysts based on linear sweep voltammetry is impossible, since Tafel
analysis is overpotential-dependent and must be in a steady state, irre-
spective of how low the scan rate is [66]. The use of various steady-state
polarization techniques such as potentiostatic or galvanostatic responses
for Tafel analysis has been strongly recommended [66,67]. To avoid
causing any misleading, the Tafel slope values are not shown in this
work. The mass activities of PtCu NCs/C at the overpotential of 50 and
100 mV are compiled in Fig. 4b. In particular, PtoCu/C exhibits the
highest mass activity of 6.4 A/mgp;, which is 6-10 times larger than
determined for Pt4/C (1.0 A/mgpy) and Comm. Pt/C (0.6 A/mgp;) at
50 mV of overpotential. The enhanced electrocatalytic HER activity of
PtCu NCs/C was associated to the unique porous nanostructures of the
PtCu NCs, which are favorable for the charge and mass transfer pro-
cesses on catalyst’s surface [68]. Besides, the incorporation of Cu into Pt
lattice could bring out modified electronic structures and the synergetic
effect that facilitates the affinity of intermediate hydrogen species and
their recombination on the PtCu surface for enhanced HER catalysis
[25].

Electrocatalytic stability is one of the most important criteria for the
practical application of supported metal catalysts. The catalytic HER
stability of Pt4Cu/C and PtaCu/C was assessed by comparing with the
reference Comm. Pt/C. After continuous 500 cycles in Nj-saturated
H,S04 solution, the overpotentials at 10 mA/cm? of current density for
PtCu NCs/C samples were positively increased by nearly 18 mV
(Fig. 4c). In the case of Comm. Pt/C, a shift of 14 mV for the over-
potential was estimated under the similar condition. The Pty;Cu/C
catalyst with a Pt loading of 5.3 wt% has been observed to possess the
highest mass activity and a relatively good stability, thus making it
promising to decrease Pt consumption while maintaining high-
performance electrocatalysis. STEM measurement on PtyCu/C
(Fig. S6) revealed the unchanged morphology of PtCu nanodendrites
that are remained to be highly dispersed on carbon support after the
long-term stability test.

Metal nanoparticle dissolution, detachment from the carbon support
and aggregation/sintering constitute the major origins of the low sta-
bility of Pt-based catalysts in acidic electrolytes [9]. Owing to the dif-
ference in atomic size and reduction potential of Pt and Cu, the
dissolution of Cu atoms from the PtCu NCs would become favorable in
order to reduce the compressive stresses on Pt atoms [53]. The fast
dissolution of Cu was confirmed by the evaluations of the chemical
stability of PtCu-based catalysts after immersing them into 0.5 M HSO4
solution for 48 h without applying a potential (Fig. S7). Due to the
detection limit of ICP—OES, performing elemental analysis on the
electrolyte after the 500 cycles testing to determine the dissolution
amount of Pt and Cu is practically impossible. However, the (chemical
and/or electrochemical) dissolution of metals, in particular, Cu from
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and mass activities (normalized to Pt loadings) for PtCu NCs/C, Pt,/C and
commercial Pt/C catalysts. (c) HER polarization curves of Pt4Cu/C and Pt;Cu/C
before and after 500 cycles at a rate of 10 mV/s.

PtCu NCs into acidic electrolyte would largely contribute to the changes
in the concentration of metal active sites, and thus resulting in decreased
mass activity of PtCu NCs/C catalysts. Surface overcoating with carbon
nanoshells was further considered as a potential strategy for improving
the stability of PtCu NCs/C towards the acidic HER catalysis.

3.2. Introduction of carbon nanoshell-overcoated PtCu NCs@C

3.2.1. Electrocatalyst characterizations

Carbon nanoshells, as structure-modification agents, can be intro-
duced onto a catalyst surface through the subsequent decomposition and
carbonization of organic composites at high temperatures [34,38]. As
illustrated in Fig. 1, for one method of carbon nanoshell overcoating,
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PVP and AA, the species initially involved for the colloidal synthesis of
PtCu NCs, are directly introduced by the removal of solvent and are used
as the precursors for carbon nanoshells after pyrolysis at 700 °C (method
III-a). As an alternative method, PVP and AA are subsequently mixed
with PtCu NCs/C based on a two-step protocol, followed by the final
pyrolysis treatment (method III-b,c). Indeed, the latter synthesis
pathway (i.e., method III-b,c) was more effective for the synthesis of
PtCu NCs@C (vide infra). Structural characterizations including STEM
and XAS together with the catalytic HER performance of PtCu-based
catalysts prepared by method IlI-a are presented in the supporting in-
formation (Figs. S8, S9, S10, Table S1 and Table S2).

We attempted to probe the effect of the loadings of carbon nanoshells
on electrocatalytic HER performance by adjusting the amount of PVP
and AA organics on Pt4Cu/C and PtyCu/C. The resulting materials were
denoted as PtCu@C-m-700, where “m” represents the loading of or-
ganics that are mixed with PtCu NCs/C prior to the pyrolysis treatment.
ICP-OES analysis data for a set of PtCu@C-m-700 samples showed
decreased loadings of Pt and Cu after overcoating with carbon nano-
shells on the surface (Table S3). In the case of Pt;Cu@C-100%— 700, Pt
loading was measured to be 11 wt%—nearly half the value (20 wt%) for
Pt4Cu/C prepared without the surface overcoating treatment. A
carbonization yield of 30-32% for PVP and AA organics was estimated,
which could be verified by TGA analysis on the mixture containing
Pt4Cu/C and 100% weight amount of organics, showing a 45% of weight
loss when heated to 700 °C in a N3 atmosphere (Fig. S11). The obtained
TGA curve also suggested that the degradation process of organic PVP
and AA mainly occurs in the temperature range from 120° to 500°C. The
stage with a high rate of weight loss at 195-225 °C was related to the
decomposition of AA compound [69]. Another stage was associated with
the degradation of PVP polymer with the temperature (390 °C) slightly
lower than that (400-530 °C) reported in the literature [70,71]. The
process of metal particles sintering is generally favorable at high
annealing temperatures (i.e., 700 °C) [72,73], so that the in situ intro-
duction of carbon overlayers (occurs at below 600 °C, as indicated by
TGA analysis) on the catalyst surface was expected, to some extent, to
tackle metal particle sintering behavior on the PtCu-based materials.

STEM results show that PtCu NCs on Pt4Cu/C and Pt,Cu/C retain
their averaged nanocrystal diameter after the annealing at 700 °C,
regardless of the presence of carbon overlayers on the surface (Fig. 5).
However, the overall morphology of PtCu nanostructures was evolved
into solid large particles, which can be associated to the collapse and
aggregation of small-sized PtCu NPs within the PtCu nanodendritic-like
structures at high temperature [74]. PtCu NCs/C-700 and
PtCu@C-m-700 with different loadings of carbon nanoshells were also
investigated by measuring XRD, and the corresponding diffraction pat-
terns are presented in Fig. 6a, b and Fig. S12. Compared to Pt4Cu/C--
derived samples, the diffraction peaks assigned to fcc structure of PtCu
alloys of all the Pty;Cu/C-derived samples appeared to be less distinct as a
result of the smaller amount of metals that are loaded on the carbon
support. The rhombohedral distortions revealed the additional diffrac-
tion peaks from PtyCu/C-derived catalysts (Fig. S12). Similar distortions
in a structure of PtCu intermetallics were observed before by Gong et al.
[74] Refined rhombohedral phase (space group R-3 m) dominates over
the fcc PtCu, but is less ordered than the latter. Around 60-75% of fcc
phase were transformed into rhombohedral polymorph after the
annealing treatment.

Fig. 6¢ shows that after annealing at 700 °C without the formation of
carbon nanoshells on the surface, both Pt4Cu/C-700 and Pt,Cu/C-700
display an obviously increased particle size for the PtCu NCs, which is a
consequence of the migration and coalescence of small-sized PtCu NPs
[75]. For Pt4Cu/C-derived catalysts, surface overcoating treatment can
lead to a gradual increase in the refined particle size from 9.5 to 15 nm
with increased carbon nanoshell loadings, while an opposite changing
trend (from 10.5 to 4.8 nm, refined based on fcc structural model) was
observed in the case of Pt;Cu/C-derived samples. These results imply
that the protective role of carbon overlayers in the suppression of
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Fig. 5. STEM images of (a) Pt4Cu/C-700, (b) Pt,Cu@C-100%— 700, (c) Pt,Cu/C-700, (d) Pt;Cu@C-100%— 700. The size distributions for PtCu NCs are shown by
following each image. Note that the images showed in (b) and (d) are belonging to the surface overcoated PtCu catalysts with carbon nanoshells.

particle sintering/agglomeration depends on the initial structure of PtCu
NCs that are supported on the carbon material. In particular, in the case
of Pt4Cu/C, PtCu NCs consisting of a larger number of small-sized PtCu
NPs with a close contact, are more prone to aggregate into large nano-
crystals in the process of high-temperature pyrolysis [74]. The refined
particle sizes for all the PtCu NCs@C nanomaterials are much smaller
than the crystal sizes determined from STEM measurements, verifying
again the nanoassembled structures of PtCu NCs, even after varying the
degree of sintering in the presence of varied carbon nanoshell loadings
on the surface.

Moreover, Pt lattice parameters decreased with increased loadings of
carbon nanoshells (Fig. 6d), reflecting the lattice contraction of PtCu
NCs on series of PtCu NCs@C catalysts [16]. Owing to a higher amount
of Cu incorporated into Pt structure, the lattice contraction percentage
(calculated with Equation S3 in the supporting information) for a set of
PtoCu@C-m-700 is about 2.9%, which is two times larger than what is
observed for Pt4Cu@C-m-700 samples (1.4%). In brief, the above results
indicate that the atomic structure and nanocrystal size of the resulting
PtCu NCs@C nanomaterials can be modified with a degree that depends
on the carbon nanoshell loadings as well as the Cu atomic ratios of Pt4Cu
and PtoCu NCs. Such structural characteristics of PtCu NCs@C nano-
materials are expected to bring out different catalytic features in terms
of mass activity and long-term stability for the acidic HER.

3.2.2. HER performance of PtCu NCs@C

The effects of surface overcoating with carbon nanoshells on the
electrochemical characteristics of different PtCu based catalysts were
examined by collecting the CV curves in Nj-saturated 0.1 M HClO4
electrolyte. The Hy,q regions for Pt4Cu/C-700 and PtaCu/C-700, i.e., the
samples annealed at 700 °C without surface overcoatings, decreased
significantly as a consequence of the sintering of small-sized PtCu NPs at
high temperatures (Fig. S13). PtCu NCs@C exhibited different CV
curves, which can be originated from the carbon nanoshell loading de-
pendency. With an increased loading of carbon nanoshells, the areas of
Hypq region gradually increased for Pt4Cu@C-m-700 prepared by the
pyrolysis of Pt4Cu/C with 30%, 60% amount of organics and PtoCu@C-
m-700 obtained through pyrolyzing 30%, 60% and 100% amount of

organics on Pt,Cu/C (Fig. S13). Above results indicate that, once the
carbon nanoshell loadings are not exceeded to be higher than 60% (for
Pt4Cu/C) or 100% (for PtoCu/C), the catalytically active metal sites can
be preserved through the protection by carbon overlayers, and in turn
become accessible to the reactant and electrolyte. A further increase in
carbon overlayer loadings could lead to a significantly lower capability
of hydrogen sorption and subsequent lower reactivity of the catalyst
such as Pt4,Cu@C-100%— 700 and PtoCu@C-200%— 700, which serves
as the consequence of the blockage of accessible metal active sites by the
presence of carbon overlayers on surface. To further clarify the effect of
surface carbon nanoshells, electric double-layer capacitance (Cyq)) in the
range of 0.26-0.46 V (vs. RHE) was measured with the scan rates of 5,
10, 20, 30, 40 mV/s (Fig. S14). It was observed that there is no clear
correlation between the calculated Cg values and the mass activities of
HER for carbon nanoshell-overcoated and un-coated PtCu samples. This
implies that not all the ions adsorption and desorption sites on the cat-
alyst’s surface are electrocatalytically active for the HER reaction [76].
The different Cg; values for carbon nanoshell-overcoated catalysts can be
due to the loadings of carbon nanoshells and different amount of metal
sites which are partially exposed on the surface. Obviously, the differ-
ences in the HER activities for the set of PtCu-based catalysts in this work
are the consequence of changes in intrinsic activity, rather than metal
loadings and surface area.

Fig. S15 shows the HER polarization curves and the overpotentials to
deliver the geometrical current density of 10 mA/cm? for PtCu NCs/C,
PtCu NCs/C-700 and carbon-overcoated PtCu NCs@C catalysts. Specif-
ically, at the overpotential of 50 mV, the mass activity of HER on Pt4Cu/
C-700 dropped down by more than 93% comparing to that of Pt4Cu/C,
indicating a significant loss of active sites as a result of the metal
nanoparticle sintering when treated at 700 °C. Surface overcoating with
carbon nanoshells could render the HER activities of PtCu NCs@C
differently enhanced. The analysis of the mass activity data of Pt4Cu@C-
m-700 materials demonstrated an increasing trend for Pt4Cu@C-30%—
700 and Pt4Cu@C-60%— 700, and then a slight drop for Pt4Cu@C-
100%— 700 having the highest loading of carbon nanoshells (Fig. 7a). A
mass activity of 1.64 A/mgp; at 100 mV of overpotential was further
determined for PtsCu@C-60%— 700, which is more than six times
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higher than that (0.25 A/mgp) of Pt4Cu@C-30%— 700. Interestingly,
XRD results have indicated that Pt;Cu@C-30%— 700 and Pt4,Cu@C-
60%— 700 possess nearly the same refined particle sizes and Pt lattice
parameters (Fig. 6¢ and d). This indicates that the variation in the HER
catalytic activity is likely not a result of the differences in the exposed
amount of metal active sites, when the existence of carbon nanoshells on
the surface is not considered. Indeed, we suppose that the partial or
incomplete overcoating of PtCu NCs with carbon overlayers accounts for
the varied catalytic HER features. Further increasing carbon nanoshells
loading, as exemplified by the Pt4Cu@C-100%— 700 sample, can result
in a larger particle size and higher extent of site-blockage, which in turn
endows a markedly decreased accessibility of surface-active sites to
reactant and electrolyte. Notably, the synergistic interactions between
PtCu NPs and carbon nanoshells are also proposed to contribute to the
higher mass activities of Pt;Cu@C-m-700 than that observed for Pt4,Cu/
C-700. Although the carbon nanoshells themselves are not active for the
HER catalysis (Fig. S10), their presence on the surface can promote
catalyst’s conductivity and aids in controlling over the sorption prop-
erties of hydrogen intermediates on surface-active sites, thus manipu-
lating the catalytic features of HER catalysis [77,78]. This hypothesis
can be substantiated by the collected CV curves in Fig. S13, where the
Hypq regions for Pt4Cu/C-700 and Pt4;Cu@C-100%— 700 share the same
areas, regardless of the difference in the refined particle size and the
amount of exposed active sites on PtCu NCs.

The mass activities for PtoCu@C-m-700 samples are compiled in
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Fig. 7b, firstly showing a gradual increase of the values with varying
organic loadings from 30% to 100% and then a slight decrease when
changing the organic loading to 200%. In particular, at the overpotential
of 100 mV, Pto,Cu@C-100%— 700 exhibited a HER mass activity which
is 18 times higher than that of Pt,Cu/C-700 without surface over-
coatings. In contrast to the case of Pt;Cu@C-m-700, the protective role
of carbon nanoshells in suppression of metal nanoparticle sintering on
Pto,Cu@C-m-700 has been reliably identified by the measured XRD
patterns (Fig. 6). That is, surface overcoating with carbon nanoshells is
an effective strategy of preventing the sintering of PtoCu NCs, the latter
have been characterized by STEM imaging to be rather loosely packed
nanodendrites or nanoassemblies (Fig. 2f). The obvious enhancements
in the HER mass activity for Pto,Cu@C-m-700, compared to that of
PtyCu/C-700, are a consequence of the well preserved active sites (i.e.,
less sintering of PtCu NCs with smaller nanocrystal sizes) and the syn-
ergistic effect from carbon nanoshells on the surface [77,78]. It should
be emphasized that all the carbon-overcoated PtCu NCs@C nano-
materials possess lower HER mass activities in comparison with PtCu
NCs/C, the samples synthesized by the wet-chemical method and
without overcoatings on the surface (Fig. 7).

The long-term stability of Pt4Cu@C-60%— 700, Pt4,Cu@C-100%—
700, PtoCu@C-60%— 700, Pt,Cu@C-100%— 700 was measured by
collecting the corresponding HER polarization curves after continuous
500 cycles. As summarized in Fig. 8, unexpectedly decreased HER mass
activities at the overpotential of 50 mV were determined after the
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Fig. 8. (a, b) HER polarization curves, (c) overpotential and mass activity (normalized to Pt loading amount, at 50 mV) for Pt4Cu/C, Pt,Cu@C-60%— 700, Pt,Cu@C-
100%— 700, Pt;Cu/C, Pto,Cu@C-60%— 700, Pt,Cu@C-100%— 700 before and after 500 cycles at a rate of 10 mV/s. Solid and dashed lines in (a, b) represent the HER
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durability tests. To be more specific, as low as 16.7% loss of mass ac-
tivity was determined for Pt4Cu@C-60%— 700, the catalyst showing the
mass activity three times lower than the Pt4Cu/C sample without
overcoatings. The activity-stability trade-off relationship clearly hold
true for above two samples. In contrast, Pt4Cu@C-100%— 700 delivered
the worst mass activity (0.1 A/mgp;) after the durability test, which was
80% dropped in comparison with its beginning-of-the-life activity
(0.5 A/mgpy). Chemical stability test results already showed an obvi-
ously decreased amount of Cu leached from Pt4,Cu@C-100%— 700
(Fig. S7). This is due to the positive role of carbon nanoshells; surface
overcoatings could function as a physical barrier to prevent the acces-
sibility of protons or poisonous substance to the internal metal sites
[79]. The only fewer PtCu active sites that are not covered after surface
overcoating treatment on Pt4,Cu@C-100%— 700 would probably un-
dergo an irreversible dissolution process during the potential cycling,
which makes the active sites present at the electrode surface to be
insufficient to trigger the HER catalysis. Note that the mass activity of
Pt4,Cu/C after the durability test is still much higher than the
beginning-of-the-life activity of both Pt,Cu@C-60%— 700 and
Pt4Cu@C-100%— 700. Such activity drops are mainly because of the
active sites loss through the blockage by carbon overlayers and the
sintering of PtCu NPs within each PtCu nanodendrite in the process of
surface overcoating treatment.

In addition, the HER mass activity loss for PtoCu@C-60%— 700
under the same condition was around 50%, which is comparable with
that (58%) of un-coated PtyCu/C sample. Pt,Cu@C-100%— 700, the
most active one among the carbon nanoshell-coated Pt,Cu@C-m-700,
exhibited more than 73% loss of its mass activity towards the acidic HER
after 500 cycles. Carbon nanoshells tend to play a minor role in pro-
tecting Cu atoms from dissolution, as observed from the chemical sta-
bility tests (Fig. S7). In addition, the collected STEM images of PtoCu@C-
100%— 700 have suggested an unchanged morphology of PtCu NCs on
carbon support after the electrochemical stability test (Fig. S16). These
results indicate that mass activity loss for Pt,Cu@C-100%— 700 is
mainly the consequence of the dissolution of Cu atoms from PtCu NPs
(averaged 5 nm in diameter, Fig. 6). A decreased amount of Cu being
alloyed with Pt on catalyst surface would result in a modified electronic
structure of active sites, thereby displaying a reduced activity towards
the acidic HER. This can be used to explain the activity drops for other
Pto,Cu@C-m-700 samples. Comparisons of the HER performance of
PtoCu/C and PtoCu@C-60%— 700 as well as PtyCu@C-100%— 700
suggest that the PtoCu/C sample stands out to manifest both high ac-
tivity and long-term durability for the HER catalysis. These results imply
the limitations of surface overcoating of PtCu nanostructures with car-
bon nanoshells for high-performing electrocatalysts with the applica-
tions in acidic HER. That is, the opposite trends observed for the particle
size evolution of Pt4Cu and PtoCu NCs during the annealing, and the
obvious loss of catalytic activity as well as the limited gains in catalytic/
structural stability question the versatility of surface overcoating engi-
neering. Advanced synthetic strategies, not limited to the surface over-
coating engineering, for the design and optimization of high-
performance metal-based alloy nanocatalysts and bi-functional electro-
catalysts (e.g., for water splitting reactions) with both high activity and
long-term durability are thus highly desirable [77,78,80-82].

4. Conclusions

Through tailoring the atomic compositions and deploying surface
overcoating engineering, a series of PtCu-based catalysts were synthe-
sized in this work to hold the merits as followings: (i) nanoporous and
nanodendritic structure of PtCu nanocrystals (NCs); (ii) electronic in-
teractions on PtCu-alloyed nanostructures; (iii) surface encapsulation of
PtCu NCs with varied amount of porous carbon nanoshells. The ratio-
nally tailored structural features of carbon-supported PtCu NCs have
been characterized by performing catalytic performance tests on the
acidic hydrogen evolution reaction (HER). Results indicate that alloying
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of Pt with Cu could achieve a HER mass activity that is several times
higher than that of the commercial Pt/C counterpart as well as a rela-
tively good stability in the acidic electrolyte. It was also revealed that
the combination of carbon overcoatings with the rationally designed
PtCu NCs by forming a distinct nanostructure endows the noble-metal-
based nanocatalyst with decreased active site accessibility, impacting
reactant sorption and surface catalysis. The degree of synergy effect
between exposed active sites and carbon overlayers depends on the
initial structure of PtCu nanodendrites and carbon overcoating loadings
on the surface, thereby varying the influences on their intrinsic reac-
tivity of acidic HER. This work demonstrates the challenge of breaking
the activity-stability trade-off relations by performing surface engi-
neering on carbon-supported PtCu nanodendritic-like nanostructures,
questioning the commonly accepted benefits from overcoating of Pt or
Pt-based alloyed nanoparticles for high-performance electrocatalysis.
Such findings further suggest the necessity for investigating the influ-
ence of overcoatings (e.g., carbon nanoshells) on the catalytic perfor-
mance of other kinds of transition metal-based nanostructures when
employed for important electrochemical transformations.
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