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Highlights

€ Synthesis of Pt NPs dispersedly encapsulated in carbon microspheres;

€ Reduced glutathione (R-GSH) as the capping agent and reductant
simultaneously;

€ Showing high electrocatalytic activity for glucose oxidation in neutral
media;

@ Possessing attractive stability of performance due to the



carbon-encapsulated structure.

Abstract

Electro-oxidizing glucose effectively is well known as the critical point
in developing analytical sensors and carbohydrate-based fuel cells. Here
we prepared a new electrode material, platinum nanoparticles
encapsulated in carbon microspheres (Pt/GSH), to promote the glucose
electrocatalytic oxidation reaction in neutral media. The Pt/GSH
composite was synthesized by using a simple hydrothermal method, with
reduced glutathione (R-GSH) as the capping agent and reductant
simultaneously, followed by a calcination process. It was found that the
obtained Pt particles with a mean size of 26.8 nm were well dispersed in
the interconnected carbon microspheres, providing a stable and efficient
catalytic platform for glucose electro-oxidation. As a result, the
synthesized catalyst exhibited higher activity for electro-catalyzing
glucose compared to commercial Pt black and Pt/C catalysts, with a mass
activity of 154 pA pg’'p, approximately 13 times of Pt black and 2.1
times of Pt/C. Besides, due to the decreased dissolution and
agglomeration of Pt NPs in the carbon-encapsulated structure, the Pt/GSH
catalyst kept quite stable activity upon reuse even in the presence of
chloride ions.

Keywords: Pt NPs encapsulated in carbon microspheres; Electrocatalysis;

Glucose oxidation; High mass activity; Stability



1. Introduction

Electro-catalyzing the glucose oxidation reaction turns to be a research
focus in the academic field due to its wide promising applications in
heterogeneous catalysis [1-3], biofuel cells [4,5] and analytical sensors
[6-8]. In the past few years, several materials including noble metals (Pt,
Pd, Au, et al.) [6,9-11], non-precious metals (Ni, Cu, et al.) [12-14], and
non-metallic electrodes [15,16] have been explored to promote this
sluggish kinetics-controlled reaction. Among these materials, Pt is
generally believed to be the most effective and stable catalyst candidate
[17-19]. However, the following two critical issues seriously hinder the
industrial use of Pt-based catalysts on a large scale: first, the glucose
oxidation reaction occurred on conventional Pt electrodes can not
produce sufficient faradic current responses for various utilizations;
second, the catalytic activity of Pt materials is easily poisoned by species
such as chloride ions. Therefore, there is still a huge demand for
developing new catalysts with favorable activity and stability for the
glucose electro-oxidation reaction.

Here we report the synthesis of a new high-efficiency catalyst, Pt
nanoparticles dispersedly encapsulated in carbon microspheres (denoted
as Pt/GSH), to facilitate the electrocatalytic oxidation of glucose in
neutral media. In this synthesis, reduced glutathione (R-GSH) was

employed as the reducing agent as well as capping agent for the first time.



The resulting Pt particles with a mean size of 26.8 nm were well
dispersed in the interconnected carbon spheres, providing a stable and
efficient catalytic platform for glucose electro-oxidation. As a result, the
prepared catalyst exhibited much higher activity and preferable stability
for electro-catalyzing glucose in the presence of chloride ions compared
to commercial Pt black and Pt/C catalysts.
2. Experimental
2.1. Chemicals

K,PtCl, and D-glucose were purchased from Shanghai Aladdin Reagent
Co. R-GSH was provided by Sigma-Aldrich. H,SO,, KH,PO,, K,HPOy,,
and KCl were received from Sinopharm Chemical Reagent Co., Ltd.
Glucose stock solutions were allowed to mutarotate overnight before use.
Ultrapure water (18.2 MQecm, Laboratory Water Purification Systems)
was utilized in all experiments. All other chemicals used were at least of
analytical grade.
2.2. Synthesis of the Pt/GSH catalyst

In a typical synthesis, firstly, 0.154 g R-GSH (25 mM) was fully
dissolved with 18 mL ultrapure water; then 2 mL of 50 mM K,PtCl, stock
solution was added into the R-GSH solution quickly under stirred
conditions (the concentration of K,PtCl; was determined to be 5 mM);
after mixing within 5 min, the mixture was transferred into a stainless

solvothermal reactor with PTFE inner for reaction for 12 h under 180 °C;



after reaction, the Pt/GSH product was collected by centrifugation and
water-washing alternately; afterwards, the obtained composite was
calculated at 400 °C under a N, atmosphere for 4 h; finally, the prepared
catalyst was used for characterization and electrochemical tests.
2.3. Characterization

The TEM images were captured on a JSM-1400 transmission electron
microscope (JEOL, Japan) with an accelerating voltage of 100 kV; The
EDS and elemental mapping patterns were obtained using a XM-2 energy
disperse spectrometer (EDAX, USA) equipped to a JSM-2100 TEM
(JEOL, Japan). The XRD measurement was performed on a D/MAX2550
diffractometer (Rigaku International Co., Japan) using Cu Ka radiation (A
= 0.15408 nm) at a scan rate of 0.2° per minute. The XPS measurement
was carried out on an ESCALAB 250Xi X-ray photoelectron
spectrometer (Thermo Fisher, USA). The N, adsorption-desorption test
was implemented on an automatic ASAP2020 analyzer (Micromeritics
Instrument Co., USA). The ICP-OES method performed on an IRIS-1000
inductively coupled plasma optical emission spectroscope (Thermo
Elemental, USA) was used to determine the precise mass of Pt
encapsulated in carbon microspheres.
2 4. Electrochemical measurements

All electrochemical experiments were carried out on a CHI440A

electrochemical workstation (CH Instruments Inc., USA) equipped with a



conventional  three-electrode  configuration  consisting of a
catalyst-modified screen-printed carbon working electrode (SPCE) [20], a
Pt wire counter electrode and a 3 M KCI saturated Ag/AgCl reference
electrode. Unless otherwise states, all potentials reported were referred to
the saturated Ag/AgCl electrode at room temperature. All cyclic
voltammetric and chronoamperometric measurements in the present study
were performed in stationary electrolyte solutions.
3. Results and discussion
3.1. Synthesis and characterization of the Pt/GSH catalyst

(Please inset Figure 1 here)

The proposed Pt/GSH was fabricated using a facile method combining
rough hydrothermal synthesis with subsequent calcination. Figure 1
illustrates the fabrication procedure of Pt/GSH. First, the PtCl,> precursor
and R-GSH are adequately mixed and transferred for hydrothermal
reaction. During the hydrothermal treatment, the R-GSH acts as the
reductant, reducing Pt" to Pt particles under high temperatures, and the
R-GSH itself is oxidized to glutathione (O-GSH). As far as we know, this
1s the first example of utilizing GSH to reduce noble metal precursors to
synthesize nanomaterials. Meanwhile, the R-GSH also acts as a capping
agent to inhibit Pt crystal overgrowth and aggregation [21-23]. By
self-assembling into biomolecule micelles, the Pt nanoparticles can be

encapsulated within them. Transmission electron microscopy (TEM)



images, as shown in Figure 2A, demonstrate that spherical composites
with an average diameter of 1.35 pm are obtained. These colloids show
some aggregation by connecting each other because of the electrostatic
interaction [21]. What needs to be noted is that Pt particles cannot be well
recognized from the TEM image, because the microspheres are too thick
for stimulated electron transmission. While the energy dispersive
spectroscopy (EDS) and elemental mapping patterns (Figure 2B-F)
confirm the presence of Pt highly dispersed in these colloidal
microspheres. In addition, the characteristic signal of S derived from
GSH is also observed. The obtained composites are then calcined under
an inert atmosphere. The high-temperature carbonization process has
little effects on the morphology of these spheres and the dispersity of Pt,
as demonstrated by Figure 2G and Figure 2H-L, but shrinks the
microsphere size to 950 nm.
(Please inset Figure 2 here)

Figure 3A depicts the X-ray diffraction (XRD) pattern of the resulting
Pt/GSH catalyst. It provides three remarkable diffraction peaks located at
26 values of 39.80°, 46.28°, and 67.54°, which are well assigned to the
(111), (200), and (220) planes of the face-centered cubic Pt crystal
structure (JCPDS card 65-2868), respectively. According to the values of
the full-width at half-maximum (FWHM) of the (111) and (200)

diffraction peaks, the mean crystallite size of Pt particles is calculated to



be 26.8 nm by Scherrer equation (D = 0.89A/BcosO, where D is the
particle size, A is the radiation wavelength, B is the FWHM, and 0 is the
Bragg diffraction angle) [24,25]. X-ray photoelectron spectroscopy (XPS)
shown in Figure 3B further confirms that the surface of Pt nanoparticles
1s composed of metallic Pt. The characteristic peaks centered at 71.4 and
74.7 eV are attributed to Pt4f;, and Ptdfs,, respectively, agreeing with
those published elsewhere [26]. The content of Pt evaluated by
inductively coupled plasma optical emission spectroscopy (ICP-OES) is
found to be 13.9 wt% in the synthesized Pt/GSH catalyst. Furthermore,
the N, adsorption-desorption isotherms (Figure 3C) reveal that the Pt
nanoparticle-encapsulated carbon microspheres present a porous structure,
which is caused by dehydrogenation and deoxygenation from the
polymeric frameworks during the high-temperature pyrolysis [27]. The
Brunauer-Emmett-Teller (BET) surface area is determined to be 46.5 m*
g'. This porous architecture is thought to be much beneficial for the
reactant to diffuse to active sites and for the product to escape away from
the electrode surface timely [28,29].
(Please inset Figure 3 here)
3.2. Electrocatalysis of glucose at Pt/GSH
(Please inset Figure 4 here)
In this study, the catalytic properties of the prepared Pt/GSH towards

glucose electro-oxidation in neutral solutions were systematically



evaluated. For comparison, two commercial catalysts, Pt black
(Sigma-Aldrich, 10 nm particles) and Pt/C (Johnson Matthey, 20 wt% Pt
particles with a size of <<3.5 nm on Vulcan XC-72 carbon support), were
also checked under identical conditions. Figure 4 represents the stable
cyclic voltammograms (CVs) of the three catalysts in 05 M
deoxygenized H,SO,. It 1s found that all catalysts provide a notable
cathodic peak at around +0.5 V vs. Ag/AgCl, attributing to the reduction
response of Pt oxide. As expected, in the potential region of -0.2~+0.1 V,
two pairs of reversible peaks with a little overlap are noticed,
corresponding to the hydrogen adsorption/desorption processes on the
Pt-modified electrode surface. The electrochemically active surface area
(ECSA), which is calculated by collecting the hydrogen
adsorption/desorption charge after double-layer correction [30], is found
to be 64.6 m* g for Pt/GSH, slightly larger than that of Pt/C (56.4 m* g™"),
and 6.7 times of the Pt black catalyst. As for the Pt/GSH catalyst with
larger particle size compared to Pt/C, the excellent dispersibility of Pt
NPs may play a non-ignorable role in providing the comparable ECSA.
This large ECSA of Pt/GSH is supposed to provide abundant active sites
for the electro-oxidation reaction of glucose.
(Please inset Figure 5 here)
Figure 5A displays CVs of the proposed Pt/GSH catalyst in phosphate

buffer solution (PBS, pH 7.4) containing 0.15 M chloride ions. Similar to



Pt black and Pt/C (Figure S1 and S2 in Supporting Information) the
Pt/GSH modified electrode exhibits current responses of glucose
oxidation in three distinctive potential regions. The blank GSH without Pt
loading provides the same CVs for the absence and presence of glucose
(data not shown), demonstrating that the electrocatalytic ability for
glucose oxidation originates from noble metal Pt. In the hydrogen region
the chemisorption and dehydrogenation of glucose generate a peak at <<
-0.3 V, and the chemisorbed species after the removal of the first
hydrogen atom are further electro-oxided in the double-layer scope,
providing a peak centered at -0.15 V; the response starting at
approximately +0.4 V derives from the oxidation of glucose by PtO in the
oxygen region [31]. Based on the current response at -0.15 V, the
determined sensitivity of Pt/GSH is up to 0.74 pA mM'lglucoSe ug'lpt, much
higher than that of Pt black (0.04 pA mM'lglucoSe ug'lpt) and Pt/C (0.35 pA
mM'lgluCOse Hg_lpt). The chronoamperometric technique was used to assess
the activity of the fabricated Pt/GSH catalyst. As depicted in Figure 5B, it
is found that the Pt/GSH possesses better catalytic ability for the glucose
electro-oxidation reaction compared to Pt black and Pt/C, with a mass
activity of 15.4 pA pg'p, approximately 13 times of Pt black (1.2 pA
ng'p) and 2.1 times of Pt/C (7.5 pA pg’'p). This improved catalytic
activity of Pt/GSH may result from the beneficial large ECSA and the

porous microsphere structure, which allows species to transfer on the



electrode interface freely.

Apart from the catalytic activity, the ability of remaining active for
Pt-based catalysts is also of great importance. In the present work, we
recorded the changes of the activity of Pt/GSH, Pt black, and Pt/C
catalysts over the times of reuse in solutions with the presence of 0.15 M
chlorides ions, as shown in Figure 6. Obviously, the Pt/GSH exhibits
better stability of activity in comparison with the Pt black and Pt/C
catalysts. After 100 cycles, the proposed Pt/GSH still retains fairly high
activity, with only a 3.4% loss of catalytic activity. While the commercial
Pt black and Pt/C catalysts lose their activities to 83.4% and 85.8%,
respectively. The better active stability of Pt/GSH is mainly attributed to
the following reasons: compared to the small size of Pt particles in Pt
black (—~10 nm) and Pt/C (less than 3.5 nm), the larger size of Pt
nanoparticles in Pt/GSH (a mean size of 26.8 nm estimated by the
Scherrer equation) endows lower interfacial free energy [32], thus
slowing down the poisonous species Cl to block the electroactive surface
[33,34]; more importantly, these porous sulfur-doped carbon
microspheres can act as cages and well encapsulate the Pt nanoparticles
in them, significantly reducing the electrochemical dissolution and
agglomeration of Pt NPs [35,36].

(Please inset Figure 6 here)

4. Conclusions



In conclusion, we have demonstrated a simple yet efficient approach to
prepare Pt nanoparticles dispersedly encapsulated in carbon microspheres,
involving the reduction synthesis and encapsulation of Pt particles using
R-GSH as both the reductant and the capping agent, and the subsequent
carbonization process in an inert atmosphere. The resulting Pt/GSH
presents favorable activity for electro-catalyzing glucose in neutral media,
13 and 2.1 times mass activity of commercial Pt black and Pt/C catalysts,
respectively. Besides, the Pt/GSH catalyst keeps quite stable activity upon
reuse even in the presence of chloride ions. Due to its facile and
reproducible synthesis and favorable catalytic properties, the proposed
material would find wider applications in the catalysis of hydrogen
oxidation, oxygen reduction, and other reactions. Also, this study enriches
the resource of optional reducing-capping agents in controllable synthesis
of nanocrystals.
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Figure captions



Figure 1. Schematic illustration of the formation process of Pt/GSH.

Figure 2. TEM images (A and G), EDS patterns (B and H), and elemental
mapping images (C-F and I-L) of the Pt/GSH before (A-F) and after (G-L)

calcination.

Figure 3. (A) XRD pattern of the Pt/GSH catalyst, (B) High-resolution
XPS pattern for the Pt4f region of the synthesized Pt/GSH, and (C) N,

adsorption-desorption isotherms of the synthesized Pt/GSH.

Figure 4. Stable CVs of commercial Pt black, Pt/C, and the synthesized

Pt/GSH in 0.5 M H,SO, solution recorded at a scan rate of 20 mV s™.

Figure 5. (A) CVs of the Pt/GSH catalyst in 0.1 M PBS (pH 74) + 0.15
M KCI1 solution with the absence and presence of 5 mM glucose. Scan
rate: 50 mV s'; (B) I-t curves of the three catalysts in 0.1 M PBS (pH 7.4)
containing 0.15 M KCI and 10 mM glucose after background subtraction.

Applied potential: -0.15 V vs. Ag/AgCl.

Figure 6. Changes of the catalytic activity of the three catalysts over the

times of their recycling use.
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