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ABSTRACT: While nanoscale mimics of peroxidase have been extensively developed over the past decade or so, their catalytic
efficiency as a key parameter has not been substantially improved in recent years. Herein, we report a class of highly efficient
peroxidase mimic—nickel—platinum nanoparticles (Ni—Pt NPs) that consist of nickel-rich cores and platinum-rich shells. The Ni—Pt
NPs exhibit a record high catalytic efficiency with a catalytic constant (K,,) as high as 4.5 X 107 s}, which is ~46- and 10*fold
greater than the K, values of conventional Pt nanoparticles and natural peroxidases, respectively. Density functional theory
calculations reveal that the unique surface structure of Ni—Pt NPs weakens the adsorption of key intermediates during catalysis,
which boosts the catalytic efficiency. The Ni—Pt NPs were applied to an immunoassay of a carcinoembryonic antigen that achieved
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an ultralow detection limit of 1.1 pg/mL, hundreds of times lower than that of the conventional enzyme-based assay.

ecently, enormous efforts have been devoted to

developing peroxidase mimics (or artificial peroxidases)
composed of inorganic nanostructures because of their
emerging applications ranging from biosensing to imaging,
therapy, and environmental protection.'”* Compared with
natural peroxidases, peroxidase mimics stand out due to their
distinct advantages such as great stability, easy storage, and
facile production.”6 In this field, the bottleneck has been the
limited catalytic efficiency of peroxidase mimics.”® It should be
emphasized that catalytic efficiency is a key parameter that
largely determines the performance of peroxidase mimics in
many applications because it measures the rate of signal
generation.”” The catalytic efficiencies, measured in terms of
catalytic constant (K, defined as the maximum number of
products generated per second per catalyst),"” for most known
peroxidase mimics of 1—100 nm in dimensions are usually
limited to the regime of 10*~10° s7%, which is only a few
orders of magnitude greater than that of natural horseradish
peroxidase (HRP), which serves as a benchmark (K, = 10°
s It is therefore imperative, though challenging, to
break through such a limitation in catalytic efliciency.

Herein, we report a type of peroxidase mimic—nickel—
platinum nanoparticles (Ni—Pt NPs) with Ni-rich cores and
Pt-rich shells that possesses a record high catalytic efficiency
with K, of 107 s™. Notably, the Ni—Pt NPs were found to be
much more efficient than pure Pt NPs (a well-known type of
efficient peroxidase mimics'*'®) with similar sizes. As a proof-
of-concept demonstration, the Ni—Pt NPs were applied to a
colorimetric immunoassay of carcinoembryonic antigen (CEA,
a cancer biomarker'®), which achieved an ultralow detection
limit of 1.1 pg/mL, hundreds of times lower than that of a
conventional HRP-based assay.

In a standard synthesis of Ni—Pt NPs, Ni(II) acetate and
Pt(I) acetylacetonate with the same molar amounts were
coreduced by acetaldehyde in tetraethylene glycol (see the
Supporting Information for experimental details). Figure 1A
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shows a typical transmission electron microscopy (TEM)
image of the Ni—Pt NPs. The size of the Ni—Pt NPs was
measured to be 13.9 + 2.4 nm by randomly analyzing 200
particles (Figure S1). It is worth noting that this size is
comparable to the size of an HRP molecule (4.03 X 6.75 X
11.71 nm in dimensions'”'%). The atomic ratio of elemental
Ni to Pt in the NPs was determined to be 49/51 (~1:1) by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Figure 1B shows a typical high-angle annular dark-
field scanning TEM (HAADF-STEM) image of the Ni—Pt
NPs, from which thin Pt-rich shells (with a brighter contrast'”)
on the surface of Ni-rich cores can be clearly resolved. The
magnified atomic-resolution HAADF-STEM image taken from
an individual NP (Figure 1C) indicates the existence of
relatively dark spots in the Pt-rich shell, implying that a small
portion of Ni atoms diffuse into Pt layers in the shell region.”
This observation is consistent with the energy-dispersive X-ray
spectroscopy (EDS) analyses (Figure 1D,E), where the core
and shell of an individual NP were confirmed to be Ni-rich and
Pt-rich, respectively. Figure S2 shows representative HAADF-
STEM images of two additional Ni—Pt NP samples obtained
from two different batches of synthesis. The overall particle
sizes, morphologies, structures, as well as Ni/Pt ratios
(determined by ICP-AES) of these samples were similar to
the sample shown in Figure 1, indicating good reproducibility
of the synthesis. The X-ray diffraction (XRD) pattern of the
Ni—Pt NPs (Figure 1F) suggests the NPs take a face-centered
cubic (fcc) structure, with the (111) diffraction peak resolved
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Figure 1. Structural and compositional analyses of Ni—Pt NPs. (A)
TEM image, along with a photograph (inset) of the Ni—Pt NPs
aqueous suspension. (B) HAADF-STEM image. (C) Atomic
resolution HAADF-STEM image. Red circles highlight regions
containing Ni atoms. (D) EDS mapping image and (E) EDS line-
scan that were recorded from an individual NP shown in (D) along
the direction indicated by the arrow. (F) XRD pattern.

into two separate peaks that were probably caused by the Pt-
rich shell (40.76°) and Ni-rich core (42.89°).>' To understand
the growth mechanism of Ni—Pt NPs with unique Ni-rich
cores and Pt-rich shells, we monitored the growth of these NPs
at different stages during the synthesis using TEM and ICP-
AES (see Figure S3). Small nuclei of ~1 nm and Pt/Ni = 4:96
were observed at the initial stage (180 °C), suggesting the
preferential reduction of Ni precursor. Thereafter, coreduction
of Ni and Pt precursors promoted the increase of particle size
to ~11.5 nm (at 220 °C), where the Pt/Ni ratio was increased
to 13:87. A core—shell structure could be observed when
reaction temperature had been elevated to 240 °C. The
particle size (ca. 14 nm) and Pt/Ni ratio (ca. 50:50) became
stable after the temperature reached 280 °C.

It should be emphasized that the NPs of different Ni/Pt
atomic ratios could be obtained by simply varying the amounts
of Ni and Pt precursors in a standard synthesis while keeping
all other conditions unchanged. For example, NPs with Ni/Pt
= 33/67 (Ni—Pt, NPs) and 62/38 (Ni—Ptys NPs) were
obtained when the molar ratio of Ni and Pt precursors were
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changed from 1:1 in the standard synthesis to 1:2 and 2:1,
respectively. If no Ni precursor was added to the synthesis,
pure Pt NPs of ~14.6 + 3.1 nm as final products were obtained
(Figure S4). Those Ni—Pt, and Ni—Ptys NPs were carefully
characterized by electron microscopes and XRD, and the
results (Figures SS and S6) demonstrated that (i) the sizes of
Ni—Pt, and Ni—Pt,; NPs were 12.7 + 2.1 and 14.9 + 2.2 nm,
respectively; (ii) both NPs had Ni-rich cores and Pt-rich shells,
similar to that of Ni—Pt NPs; (iii) compared to Ni—Pt, NPs,
the Ni—Pt, s NPs had much thinner Pt-rich shells and a higher
Ni content on the surface. An X-ray photoelectron spectros-
copy (XPS) analysis (Figure S7) shows that Pt 4d and 4f peaks
were clearly seen from all the three NPs of different Ni/Pt
atomic ratios, while noticeable Ni signals could only be
observed from Ni—Pty; NPs. High-resolution XPS spectra
indicates that Pt on the surface of all three NPs is primarily in
the form of Pt(0) (Figure S8A) ;** and the content of Ni on the
surface of Ni—Pt NPs decreases in the order of Ni—Pt, ; NPs >
Ni—Pt NPs > Ni—Pt, NPs (Figure S8B).”’ These XPS results
are consistent with the HAADF-STEM and EDS data shown in
Figures S5 and S6.

The peroxidase-like catalytic activities of the three types of
NPs were evaluated through the oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) by H,0, as a model reaction.”"*
This catalytic reaction yields a blue-colored product (ie.,
oxTMB with A, = 653 nm>*), which can be conveniently
monitored and quantified by a UV—vis spectrophotometer
(Figure 2A). For comparison, the catalytic activity of pure Pt
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Figure 2. Peroxidase-like catalytic efficiencies of NPs with different
Ni/Pt ratios. (A) Schematics showing the catalytic oxidation of TMB
by H,0,. (B) Plots of initial reaction velocity for different NPs against
TMB concentration. Error bars indicate standard deviations of three
independent measurements. (C, D) Histograms comparing K, (C)
and K¢ pecific (D) values of different NPs.

NPs (sample in Figure S4) was also determined. Apparent
steady-state kinetic assays were performed to quantify their
catalytic efficiencies (see the Supporting Information for
details).”"” By plotting the initial reaction velocities against
TMB concentration, typical Michaelis—Menten curves were
observed (Figure 2B). These curves were then converted to
the double-reciprocal plots (Figure $9),* from which the K_,
values (Figure 2C) along with other kinetic parameters (Table
S1) were derived. As shown by Figure 2C, K, values of the
NPs displayed a volcano-shaped dependence on the Ni
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content, with the maximum point corresponding to Ni—Pt.
Notably, the K, value of Ni—Pt NPs is as high as 4.5 X 107
s71, which is ~46- and 10*fold greater than those of Pt NPs
(K, = 9.7 x 10° s7!) and HRP (K = 4.3 x 10° s7)°
respectively. Unlike HRP, all active atoms on the surface layers
of a noble-metal peroxidase mimic contribute to its catalytic
efficiency.>*®*” To better describe the catalytic efficiency of
these NPs, we derived their area-specific efliciencies (Kcat,spedﬁd
the normalized K, to the surface area of an individual
catalyst™*®). As shown by Figure 2D, a similar trend as K, was
observed for the K, e It is worth emphasizing that the
Ni—Pt NPs exhibited a record-high catalytic efficiency, in
terms of both K and K .gpeifo among all the already
reported peroxidase mimics of 1—100 nm in dimension (see
Table S2). As shown by Figure S10, no obvious changes of
morphologies, structures, and catalytic efficiencies of the Ni—
Pt NPs were observed after they had been stored in deionized
water at room temperature for 14 d, suggesting a good stability
of the NPs.

To elucidate the origin of the excellent peroxidase-like
catalytic efficiency for the Ni—Pt NPs, we performed density
functional theory (DFT) calculations for H,0, decomposition
on different NiPt surfaces. Previous work postulated that the
H,0, decomposition mechanism on metallic peroxidase mimic
surface proceeds via H,0,* — 2HO* — H,0* + O*, with the
desorption of HO*/O* and the oxidation of TMB to oxTMB
as the key reaction steps (steps IIIb and IV in Figure 3A).”" ™'
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Figure 3. DFT calculations. (A) Proposed H,0, decomposition
pathway on a Pt surface. (B) Free-energy diagrams for H,0,
decomposition on Ni—Pt, Pt, and Ni surfaces and optimized
adsorption configurations on Ni—Pt surface. (C) Slab models for
various NiPt surfaces (red circles highlight the single Ni atom on Pt
top layer). (D) Adsorption energies for OH and O on the NiPt slab
model surfaces in (C). Blue atoms represent Pt, and orange atoms
represent Ni in each slab model.

On the basis of this, we first built three (111) slab models,
including four atomic layers of (i) pure Pt, (ii) pure Ni, and
(iii) one top Pt atomic layer plus three Ni/Pt 1/1 alloy layers,
to simulate the Pt, Ni, and Ni—Pt catalytic surfaces,
respectively. The free-energy diagram in Figure 3B compares
the reaction steps on Pt, Ni, and Ni—Pt surfaces with the
corresponding intermediate adsorption configurations (Figure
S11). The Ni—Pt surface has the weakest HO*/O* adsorption
corresponding to a dramatic downshift of the d-band center of
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the Pt shell (Figure S12), indicating the most facile oxidant
species transfer to the TMB substrate, and thus is the most
reactive peroxidase-like catalyst.”’ Moreover, to understand the
volcano-type trend of the catalytic efficiency with the increase
of Ni, we modeled the surfaces based on the characterizations
showing the existence of Ni in the Pt surface layers and utilized
the adsorption energies (E,q4) for OH and O as descriptors.”
As demonstrated in Figure 3C,D, the same four-layer (111)
slab models with a pure Pt top layer and an increasing Ni ratio
from 0 to 0.75 (1—4 slab models in Figure 3C) in the following
three sublayers based on the most stable bulk crystal structures
for NiPt alloy compositions were used,”””" reflecting a larger
Ni core and thinner Pt shell. The models used are similar to a
previous theoretical study on the reactivity of Ni-containing Pt
(111)-skin catalytic surfaces.” The E 4 oy and E,g o increase
monotonically from —1.05 eV (OH)/—1.17 eV (O) to —0.65
eV (OH)/—-0.39 eV (O), suggesting that a thinner Pt shell on
a Ni core will have better peroxidase-like activity. However, if
Ni atoms start to diffuse onto the top Pt surface layer, even
single Ni atoms on the surface will lead to an obvious decrease
of E,g,0m and E 4o (S and 6 slab models compared with 4 and
3 in Figure 3C) and thus lower the catalytic activity. With
more Ni on the catalytic surface (7—9 slab models in Figure
3C), the activity will be further deteriorated. While we may not
know the exact surface compositions for the catalysts, our
models are sufficient to explain and predict the volcano-type
activity trend with the increase of the Ni component in such a
unique core—shell system, as the Ni—Pt maximizes the Ni core
and Pt shell effect while avoiding too much Ni from leaching
onto the Pt surface.

Finally, to demonstrate the potential application of the Ni—
Pt NPs with maximized catalytic efficiency for biomedicine, a
colorimetric enzyme-linked immunosorbent assay (ELISA) of
carcinoembryonic antigen (a typical cancer biomarker'®) was
performed. For comparison, Pt NPs and HRP were also
applied to the ELISA of CEA, where the same set of antibodies
and materials were used. As shown by Figure 4A, the principle
of Ni—Pt or Pt ELISA is the same as that for conventional
HRP ELISA,*® except for the substitution of HRP with Ni—Pt
or Pt NPs (see the Supporting Information for details). CEA
standards of various concentrations were detected in a 96-well
microtiter plate (Figure 4B). The absorbance of yellow-colored
products (i.e., diimine with 4,,, = 450 nm that was converted
from oxTMB”*) in the wells was quantified using a plate
reader. Figure 4C shows calibration curves of the ELISAs. The
Ni—Pt ELISA displayed a quality linear detection range of S—
500 pg/mL, along with coefficients of variation in 1.3%—7.9%.
The limit of detection (LOD, defined by the 3SD method®”)
of Ni—Pt ELISA was determined to be 1.1 pg/mL based on its
calibration curve. In comparison, the LODs of Pt and HRP
ELISAs were calculated to be 14.3 and 376 pg/mlL,
respectively, which are ~13- and 342-fold higher than that of
Ni—Pt ELISA. Such a substantial enhancement in the
detection sensitivity for the Ni—Pt ELISA can be ascribed to
the ultrahigh catalytic efficiency of the Ni—Pt NPs relative to
Pt NPs and HRP because all other conditions of the three
ELISAs were kept the same.

In summary, we have demonstrated a type of effective
peroxidase mimics—Ni—Pt NPs—that possess an ultrahigh
catalytic efficiency with K, of 4.5 X 107 s™". DFT calculations
reveal that such an outstanding catalytic efficiency of Ni—Pt
NPs is ascribed to the unique surface structure of these NPs
that weakens the adsorption of key intermediates during
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Figure 4. Detection of CEA with Ni—Pt NPs-, Pt NPs-, and HRP-
based ELISAs. (A) Schematics of the three ELISAs of CEA. (B)
Representative photographs taken from the ELISAs of CEA standards.
(C) Corresponding calibration curves (left) along with linear range
regions (right) of the detection results in (B). Error bars indicate
standard deviations of eight independent measurements.

catalysis. The Ni—Pt NPs were applied to the sensitive
detection of CEA. The peroxidase mimics presented in this
study may find widespread uses in biosensing, imaging, and
related fields.
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