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zIntroduction

Journal ofsMaterials'Chemistry A

sNovel Self-Assembling Approach for Synthesizing Nanofiber
,Aerogel Supported Platinum Single Atoms

sHaojie Zhang,>" Yonghui Zhao,>" Yu Sun, Qing Xu,? Ruoou Yang, Hao Zhang,® Chao Lin,? Kenichi
sKato,® Xiaopeng Li,>* Miho Yamauchi®" and Zheng Jiangdh*

10A grand challenge for catalysts engineering is precisely assembling and positioning nanoscale active metals at desired
1locations while constructing robust functional architectures. This article presents a novel approach for constructing
12macroscopic Ag-doped manganese oxide aerogels (up to 2 L) while homogeneously incorporating active Pt single atoms
13(Pt/Ag-MnO0,) based on a solution-solid-solid (SSS) mechanism. AgO, seeds were identified as key species for triggering the
1soctopus-like growth of MnO, nanofibers and inserting Ag and Pt into the MnO, crystalline framework. The interconnection
1sand entanglement among nanofibers allowed the formation of mechanically strengthened hierarchical structures, leading
16to one of the most robust manganese-based aerogels to date. Impressively, the Pt/Ag-MnO, aerogel also possessed
17promising selectivity and stability toward the electrocatalytic oxygen reduction reaction, with Pt showing a high mass activity
180f 1.6 A/(mgp) at 0.9 V vs. RHE. Experimental characterization and theoretical calculation confirmed Pt single atoms to be
19located at substitutional lattice sites, which reduce the overall oxygen reduction barriers. Our approach suggests that SSS or
200ther analogous nanofiber or nanowire growth strategy is powerful in controlling structural formation over the entire range
210f length scales while being applicable to fabricate single-atom catalysts.

s»aerogels as ideal supports for the preparation of energy
ssconversion and storage devices and heterogeneous catalysis
sapplications. To date, various inorganic aerogels such as silica,®

sAerogels are an extreme class of porous materials having
aultralow stacked densities (p, ranging from 0.8 to 0.001 g/cm3),
sand porosities larger than 80%.13 Aerogels can effectively
wspreserve the unique physical-chemical properties of their
»7nanoscale functional units while retaining them in a single and
seffectively interconnected macroscopic body.* Aerogels possess
9@ continuous hierarchical pore structure, which facilitates mass
sotransport throughout the three-dimensional (3D) architecture
sswith nearly no ‘dead’ region. These structural features make
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sscarbon materials (e.g., graphene and carbon nanotubes),® 7
ssmetals (e.g., Au, Pd, and Pt)® and metal chalcogenides (e.g., CdS,
:7CdTe, and PbS)° have been synthesized. Among them, 3D
sstransition metal oxide aerogels are of technological importance
wbecause of their abundance and extensive applications as
welectrode materials, catalysts or catalytic supports.i0-12
aHowever, the organization of nanocrystalline metal oxide units
«into a 3D architecture still remains challenging while using self-
sassembly to achieve desired macroscale properties.’> 4 For
awexample, most of the transition metal-based aerogels
ssynthesized to date are fragile and require
sssupercritical drying techniques. The addition of a cross-linker or
sstemplate can improve the mechanical strength of the aerogel at
ssthe expense of decreasing the specific activity per volume (or
wmass).’®> Therefore, the development of a novel fabrication
somethod following the one-pot macroscopic assembly of metal
sioxide aerogels with improved physical-chemical properties is
s2highly desirable.

laborious

53

saSingle-atom  catalysts (SACs) have recently attracted
sstremendous interest owing to their reduced material costs and
ssintriguing  physical-chemical properties including
sscoordination environment, quantum-size effect, and strong
sselectronic metal-support interaction (EMSI), thereby enhancing
sotheir catalytic performance.®-3! To date, various methodologies
sosuch as impregnation, co-precipitation, atomic layer deposition

s:and pyrolysis of metal-organic frameworks have been

low
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1 developed.3241  However, despite the ultra-fine metal
2dispersion achieved, SACs face the same issues of conventional
ssupported catalysts. Thus, an inadequate porous structure
sengineering may lead to the limited exposure of active sites.*?
sMoreover, only powdered SACs have been prepared so far,?° 30
§32-39, 4346 and these materials need to be assembled into films,
spellets, or monoliths for practical applications. Recently, Zhu et
sal. reported an iron-based single-atom electrocatalyst (SAEC)
ssupported on a carbon aerogel using Te nanowire as a template,
wwhich showed excellent electrocatalytic activities.*” Notably, to
uthe best of our knowledge, SACs supported by metal oxide
naerogel have not been reported. This probably can be explained
by the difficulty of homogeneously positioning single atomsin a
1amacroscopic 3D material during aerogel formation.

15

1sOver the past decades, abundant knowledge has been built on
1vnanowire/nanofiber growth involving well-identified
1smechanisms such as solution-liquid-solid (SLS), solution-solid-
1wsolid (SSS) and vapor-liquid-solid (VLS) growth of doped
;onanowires or nanofibers.*8>2 Foreign dopants can be
xhomogeneously incorporated into the nanofiber body through
»a growth catalyst located at the nanofiber tip. Nanofibers have
xsbeen also proven as ideal components for constructing
ufunctional aerogels.”3>>’ Based on previous reports, we
»sdeveloped a novel concept of taking advantage of the nanofiber
26growth mechanism. Nanofiber unit may be self-assembled into
7the aerogel form, while simultaneously incorporating single
;satoms of interests into the crystalline framework of nanofibers.
wWe believe that the successful development of this concept will
open a new avenue for SAC synthesis while endowing aerogels
siwith enhanced performance and new functionalities.

32

ssHere, we demonstrate the first example of applying an SSS
samechanism to construct an Ag-doped oa-MnO, (Ag-MnO,)
ssnanofiber aerogel with the incorporation of highly active Pt
ssingle atoms into the crystalline lattice of MnO,. AgO,
s7nanoparticles severed as seeds, triggering an octopus-like
ssgrowth mode. The as-formed MnO, nanofibers were highly
wentangled and interconnected, thereby providing the self-
swassembled hierarchical aerogel monolith with outstanding
amechanical strength. Interestingly, Pt atoms were firstly
«wincorporated through AgO, seeds and subsequently into the Ag-
4MnO, crystalline lattice upon continuous axial growth of the
ananofiber during the hydrothermal reaction. The presence of
sshomogenously distributed Pt single atoms and lattice doping
ssites were validated and characterized by synchrotron radiation
aX-ray diffraction (SRXRD), X-ray absorption spectroscopy (XAS)
sisand abbreviation-corrected high angle annular dark-field
awscanning transmission electron microscopy (HAADF-STEM). As a
soproof-of-concept, the as-prepared Pt/Ag-MnO, aerogel was
ssemployed as an electrocatalyst for oxygen reduction reaction
s2(ORR). Pt/Ag-MnO, showed a promising performance with a
sshigh Pt mass activity of 1.6 A/(mgp.) at 0.9 V (vs. RHE). Density
ssfunctional theory (DFT) calculation unraveled that the presence
ssof Pt single atoms in MnO, lowered the overall energy barriers
ssfor oxygen reduction reaction, thereby delivering enhanced
s7performance.

2| J. Name., 2012, 00, 1-3

sExperimental Section

ssSynthesis of single atoms Pt supported on Ag-MnO, aerogel
so(Pt/Ag-MnO,)

eiThe single atoms Pt supported on Ag-MnO, aerogel was
eprepared by a hydrothermal reaction of the synthesis of the Ag-
MnQO, aerogel. Typically, MnSO,¢H,0 (0.005 mol), (NH,4),S,0g
62(0.005 mol) and (NH,),SO, (0.02 mol) were added to the 25 mL
esTeflon vessel with 17.5 mL DI water, forming a clear solution.
esSubsequently, a certain amount of AgNOs; and Pt(NOs),,
e7determined by the nominal loading of 10 wt% Ag and 1 wt% Pt,
eswere added to the solution with vigorously stirring for 15 min.
soThen, the Teflon vessel was sealed and transferred into the
ooven at 140 °C for 12 h. After cooling down to the room
ntemperature, the obtained hydrogel was washed with a large
nquantity of water. Afterward, the hydrogel was placed in a
nrefrigerator at -70 °C and then freeze-dried for 48 h for
nobtaining aerogel. Control samples including Ag-MnO, and un-
sdoped MnO, were prepared in an identical way by controlling
sthe addition of AgNOs and Pt(NOs),.

77

ssMaterial characterization

79XRD was carried out on an Ultima IV X-ray diffractometer with
soCu Ko radiation (A=0.15418 nm, Rigaku, Japan). The N,
siadsorption/desorption isotherms were measured by a surface
parea and porosity analyzer (Tristar Il, Micromeritics). The
sssamples were degassed at 120 °C for 6 h under vacuum before
ssanalysis. XPS measurements were taken out by using a
ssphotoelectron spectrometer (Thermo Fisher Scientific, USA).
ssCalibration of binding energy was carried out by setting the
s7binding energy of Cls peak to 284.8 eV. The morphologies of
ssthe as-synthesized samples were examined by a field-emission
890SEM with the EDS (Oxford, UK). TEM and STEM were used to
sofurther confirm the detailed nanostructures (FEI Tecnai G2,
91USA), and EDS was used to determine the Ag and Pt loading
92(Oxford, UK). HAADF-STEM was used to further confirm the
sAtomic arrangement in the Ag-MnO, nanofiber (JEOL-2010,
sJapan). The mechanical properties were measured by a 5960
ssDual Column Tabletop Testing Systems (INSTRON 5967, USA).
%SRXRD was conducted using radiation (A=0.80072(4) A) at
7RIKEN BL44B2 beamline. X-ray absorption spectroscopy (XAS)
ssmeasurements were performed at the BL14W1 beamline at the
9Shanghai Synchrotron Radiation Facility, Shanghai Institute of
woApplied Physics, China. The electron storage ring operated at
1013.5 GeV, equipped with a double Si (111) crystal
iwzmonochromator.>® X-ray absorption data was obtained at
w3fluorescence mode and data analysis was performed using the
10«IFEFFIT software package. The amount of the Pt was measured
10sby @ Varian 720-ES inductively coupled plasma optical emission
wsspectrometry (ICP-OES).

107

wsElectrochemical measurements

woElectrocatalytic measurements were performed with a
110PARSTAT 4000 electrochemistry workstation (Princeton Applied
1mResearch, USA) at room temperature using Pt wire and Ag/AgCl

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Characterization of Ag-MnO, aerogel. (a) Optical photograph of the un-doped a-
MnO, nanowire powder and the Ag-MnO, aerogels with different sizes. (b) HRSEM, (c)
TEM and (d) HRTEM images of the as-prepared Ag-MnO, aerogel. (e) the overlay of the
distribution of the elements along with an Ag-MnO, nanofiber acquired by EDS mapping
measurement and the corresponding spectra for individual elements: (f) Mn, (g) O and
(h) Ag. (g) Relationship between E and p for the Ag-MnO, aerogels, together with data
from some reported foams/aerogels for comparison. Carbon material aerogels were
not included.

1(Metrohm, 3M KCl) as counter and reference electrodes. The
2ORR performance was evaluated on RDE and RRDE setup.

3

sDetails of DFT calculation and ORR measurements are provided
sin the supporting information.

sResults and discussion
sSynthesis and characterization of robust Pt/Ag-MnO, aerogel

sFirstly, Ag-MnO, aerogel was synthesized in an aqueous
ssolution containing AgNO3, MnSO,, (NH,4),S0,4, and (NH,4),S,05
w(see details in experimental section). After being vigorously
ustirred for 1 min, the mixed solution was transferred to a Teflon
nvessel and subsequently heated in an oven at 140 °C for 12 h.
13The obtained Ag-MnO, hydrogel was freeze-dried to produce a
usolid aerogel. At the macroscopic scale, Ag-MnO, aerogel
isinherited the shapes of their cylindrical vessels. As shown in Fig.
11(a), Ag-MnO, aerogel were successfully prepared with a
i7diameter of up to 15 cm with the total volumes of
isapproximately ~ 2 L and the mass of ~ 99.6 g. The preparation
1v0f Ag-MnQO, aerogel can be consistently and cost-effectively
wscaled-up by simply increasing the size of the vessel used for the
ahydrothermal processing. The p of an Ag-MnO, aerogel can be
xncontrolled from ~ 10 to ~ 50 mg/cm?3 by linearly increasing the
asprecursor concentration. In contrast, a hydrogel/aerogel could
unot be produced in the absence of AgNO;, with the average
xlength of the as-grown a-MnO, nanofibers was approximately
26600 nm (Fig. S1), because these low aspect ratio a-MnO,

This journal is © The Royal Society of Chemistry 20xx
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wnanofibers did not satisfy the basic conditions for gel
xsformation.>* The SRXRD pattern for Ag-MnO, aerogels (Fig. S2)
wcould be ascribed to a pure a-MnO; phase (JCPDS No. 044-0141)
sowith the tetragonal, 14/m, symmetry space group.>2-61

31

12Scanning electron microscopy (SEM) and transmission electron
amicroscopy (TEM) were wused to image microscale
aamorphological features of the as-prepared Ag-MnO, aerogel.
ssLow-resolution SEM (LRSEM) images (Fig. S3(a-b)) confirmed
ssthe presence of large pores (> 50 um), which were created by
s7ice crystals, and revealed the solid 3D skeleton of the Ag-MnO,
ssaerogel. High-resolution SEM (HRSEM) images (Fig. 1(b) and Fig.
3S3(c-f)) revealed the aerogel skeleton was composed of
aospherical cellular structures with the diameters of ~2 um. TEM
aimages as shown in Fig. 1(c) and Fig. S4(a-b) presented the
amorphology of a single cellular structure and several
ainterconnected spherical cellulars, which are consistent with
athe SEM observations. The basic architectural elements of the
sAg-MnO, nanofibers had an average diameter of ~10 nm (Fig.
41(d) and Fig. S4(c-d)). The Ag-MnO, nanofibers were highly
wentangled and interconnected. These bonded contacts were
ssbelieved to be crucial for the formation of Ag-MnO, aerogel
wwith enough mechanical robustness to survive from handling
sand freeze-drying. Energy dispersive spectrometry (EDS)
ssmapping revealed that Ag was homogenously distributed in the
s:bodies of the MnO, nanofibers (Fig. 1(e-h)). Ag content was
ssdetermined to be ~ 7.6 wt% by EDS, slightly lower than the
sstheoretical doping amount of 10 wt%. The pore size distribution
ssof Ag-MnO, aerogel confirmed the presence of hierarchical
sspores with the size continuously spanning from 5 to 110 nm (Fig.
57S5). Fig. 1(i) shows a plot of the compressive Young’s modulus

Snm

10 nm

Intensity (a.u.)
E
5

10 nm
Ag —— Pt

Fig. 2. Electron microscopy characterizations of Pt/Ag-MnO,. (a) SEM image of the Pt/Ag-
MnO, aerogel and TEM image (inset) of the single Pt/Ag-MnO, nanofiber. EDS element
mapping of Pt/Ag-MnO, (b) Mn, (c) O, (d) Ag and (e) Pt. (f) HAADF-STEM image of a single
Pt/Ag-MnO, nanofiber. (g) a magnified view of the area marked in (f). (h) HAADF
intensity profile drawn along the red rectangle marked in (g).
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Table 1. Structural Parameters of PtO, and Pt/Ag-MnO, derived from quantitative EXAFS curve-fitting using the IFEFFIT software, and DFT calculated structure parameters.

Sample Shell CN R(,&) AE, (eV) Ac2*103 (A2) R-factor (%)
PtO, Pt-O 6.0+0.6 2.12 £0.02 9.1+24 2.13+1.58 1.3
Pt-O 6.0+ 0.6 2.01+0.02 9.9+13 1.28 £0.69
Pt/Ag-MnO, Pt-Mn-1 1.9+0.1 2.90+0.03 2.4+0.5 3.38+1.76 2.4
Pt-Mn-2 1.8+0.2 3.04+0.03 2.5+0.5 2.53+0.54
Pt-O 6.0 1.99 - -
Pt/MnO,
Pt-Mn-1 2.0 2.89 - - -
(DFT results)
Pt-Mn-2 2.0 3.04 - -

Note: Pt L-edge EXAFS curves fitting parameters: Ak = 3.0 - 12.5 A%, Ar = 1.0 — 2.0 A. CN, coordination number; R, the distance between absorber and backscatter atoms;
AE,, inner potential correction; Ac?, Debye-Waller factor to account for both thermal and structural disorders; R-factor (%) indicate the goodness of the fit. The obtained
So? of Pt foil was 0.87 and it was fixed in the subsequent fitting of Pt foil L3-edge data for the catalyst. CN and bond lengths are corresponding to the structures displayed

in Fig. 3d.

1(E) of the Ag-MnO, aerogel, which was derived from the slope
20f the stress-strain curve plotted against p as shown in Fig. S6.
sThe E of the Ag-MnO, aerogel increased with an increase in p
asuch that E = p'7 and reached 375 kPa at p = 49 mg/cm3. To the
sbest of our knowledge, this Ag-MnO, aerogel has a higher E (for
scompression) than any other reported manganese-based
saerogels. The enhanced physical properties (e.g., mechanical
sstrength) together with the high surface area and the
shierarchical structures make Ag-MnO, aerogel as an ideal
wsupport for SACs.

11

1nThe incorporation of Pt into the Ag-MnO, (Pt/Ag-MnO,) aerogel
13was achieved by simply adding Pt(NOs), to the precursor
usolution prior to the hydrothermal reaction. SEM and STEM
ischaracterization revealed that Pt/Ag-MnO, shared nearly
iidentical structure features as the Ag-MnO, aerogel (Fig. 2(a)
i7and Fig. S7). EDS elemental mapping showed a uniform Pt
isdistribution similar to that of Ag over the entire MnO, cellular
wstructure with no Pt aggregates (Fig. 2(b-e)). The Pt and Ag
wcontents were determined to be 0.42 and 6.30 wt%,
arespectively, by EDS. The Pt content was determined to be 0.36
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Fig. 3. Structure characterization of Pt/Ag-MnO, aerogel by SRXRD, XANES and EXAFS
‘spectroscopy. (a) SRXRD patterns of the Pt/Ag-MnO, aerogel. (b) Normalized Pt L;-edge
XANES spectra of the Pt/Ag-MnO, aerogel, PtO, and Pt foil. The inset picture shows the
magnified view of the selected region. (c) The k3-weighted Fourier transformed EXAFS
spectra of the Pt/Ag-MnO, aerogel. (d) DFT calculated Pt/MnO, structure showing the
bond lengths of first shell Pt-O, and high shell Pt-Mn-1 and Pt-Mn-2.

2wt% by inductively coupled plasma optical emission
aspectrometry (ICP-OES). To further gain insights into the atomic
ustructure of the Pt/Ag-MnO,, abbreviation-corrected HAADF-
»STEM imaging with atomic number-contrast (Z-contrast) was
,sconducted on a single nanofiber. Pt and Ag atoms appeared
»7brighter than Mn atoms in the image (Fig. 2(f) and Fig. S7 (e)),
xswhile low atomic-number oxygen atoms were not detected by
29HAADF. In the enlarged image shown in Fig. 2(g) and the line
soprofile drawn along the bright atomic column in Fig. 2(h), two
ssatoms with higher contrast than the surrounding Mn atoms
nzwere observed. Since the HAADF signal is proportional to 77,
;swe ascribed those two atoms to Pt and Ag based on a rough
sestimation of the signal intensity.

35

3sEDS and STEM results suggested Pt predominantly existed as
s7single atoms. With the aim to confirm the atomic dispersion of
18Pt in the entire Pt/Ag-MnO, aerogel, and to probe the electronic
swstructure and coordination environment, SRXRD, X-ray
swphotoelectron spectroscopy (XPS), X-ray absorption near-edge
aspectroscopy (XANES) and extended X-ray absorption fine
astructure (EXAFS) were performed. The SRXRD pattern of Pt/Ag-
4sMnO, (Fig. 3(a)) was assigned to a-MnO, reflection with no
audiffraction peaks corresponding to Pt or PtOx being observed,
sswhich excluded the presence of large crystalline Pt particles.
sRietveld refinement indicated that the crystalline lattice of the
27Ag-MnO, aerogel expanded upon the incorporation of large
satomic radius Pt. Thus, Pt/Ag-MnO, showed larger a and b
ssdimension (9.854 A) as compared to Ag-MnO, (9.840 A), while

This journal is © The Royal Society of Chemistry 20xx
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1 the ¢ dimension remained unchanged (2.858 A). These results
asuggested that Pt atoms possibly occupy Mn sites rather than
sbeing simply adsorbed at the tunnel or the surface of MnO,. The
aprofile of the XANES spectra of Pt/Ag-MnO, was similar to that
sof the reference PtO,; (Fig. 3(b)). However, the intensity of the
swhite and the sharpness of the first intense maxima at ~
7€a.11570 eV was higher than that of PtO,, indicating Pt atoms
shave a high oxidation state (> +4), which can be ascribed to
selectron transfer from Pt to the Ag-MnO, framework. Fig. 3(c)
wshows the Fourier transformed EXAFS spectra of the Pt/Ag-
11MnO, aerogel, which included a dominant peak located at ~ 1.6
1A ascribed to the Pt-O contribution with a bond length of 2.01
A. Two weaker peaks around 2.65 A were contributed by two
utypes of high shell Pt-Mn coordination (denoted as Pt-Mn-1 and
1sPt-Mn-2). The EXAFS fitting results are displayed in Table 1. The
iscoordination number (CN) and bond length (dpt.mn-1) for Pt-Mn-
171 were estimated to be 1.9 + 0.1 and 2.90 + 0.03 A, respectively.
18The CN and dpi.mn.2 for Pt-Mn-2 were estimated to be 1.8 + 0.2
pand 3.04 +0.03 A, respectively. No significant contribution from
20Pt-Pt coordination (~2.8 A) was observed. We simulated the
xucrystal structure of Pt substituted MnO, (Fig. 3(d)). The bond
2»length of first shell Pt-O coordination was determined to be
~1.99 A. The bond lengths of two types of high shell Pt-Mn
acoordination including Pt-Mn-1 and Pt-Mn-2 were calculated to
sbe 2.89 A and 3.04 A, respectively, which are in good agreement
26With the EXAFS results as listed in Table 1. Compared with PtO,
2(R =2.12 + 0.02 A), Pt/Ag-MnO, aerogel showed a shorter Pt-O
sbond length (R = 2.01 + 0.02 A), thereby suggesting a stronger
winteraction between Pt and O atoms in Pt/Ag-MnO,. The above
soresults demonstrated that Pt single atoms were successfully

sidoped into the MnO, framework via the substitution of Mn sites.

32
;sldentification of aerogel formation and Pt single atoms
asincorporation mechanism

ssln order to gain an insight into the aerogel formation and Pt
sssingle atoms incorporation mechanism, time-dependent
s7characterization of the reaction intermediates was carried out.
ssDuring the typical hydrothermal synthesis of un-doped a-MnO,
ssnanofibers, the reaction at elevated temperature (>100 °C) is
swoknown to process as:®?

41

2Mn?* (1) + 5,062 (1) + 2H,0 (I) = MnO, (s) + 4H* (1) + 250,47 (1)
43

sHowever, when AgNO; is added to the precursor solution, this
asreaction can process rapidly at room temperature (Fig. S8), indicating
swthat the Ag species might effectively catalyze reaction (1). Black
a7precipitates of the mixed precursor solution were collected prior to
sshydrothermal treatment. According to XRD, SEM, and TEM analyses,
w3 large number of AgO nanoparticles (Fig. 4(a)) and spherical
soaggregates of short Ag-MnO, nanofibers with relatively low
sicrystallinity (Fig. S9) were found to form. Fig. 4(b-g) show results
s2from TEM, XRD, and XPS measurements of the reaction
ssintermediates over time. With an increase in the hydrothermal
sareaction time (t), the crystallinity of the MnO, products increased.
ssAfter 1 h (Fig. 4(c)), spherical MnO; cellular structures formed, but
ssthese structures formed black precipitates. At t = 3 h (Fig. 4(d)), the

(1)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Doping mechanism of the Pt/Ag-MnO, aerogel. (a) Proposed growth mechanism
of the Ag-MnO, aerogels and Pt/Ag-MnO,. The red sphere and blue wires represent an
AgO, particle and Ag-MnO, nanofibers, respectively. Time-dependent (b-e) TEM, (f) XRD
and (g) XPS (Ag 3d) measurements of reaction intermediates during Ag-MnO, hydrogel
formation. (h-i) TEM image of reaction intermediate collected at 0.5 h (h) and 1 h (i)
during the preparation of Pt/Ag-MnO, aerogel.

s70-MnO, nanofibers were longer (> 5 um), and their secondary
ssstructures became entangled and interconnected. A relatively weak
sshydrogel formed under these conditions. As the hydrothermal
soreaction proceeded beyond 3 h, the Ag-MnO, nanofibers became
silonger (> 10 um), and the 3D interconnection (Fig. 4(e), t =12 h) and
ezmechanical strength of the Ag-MnO, hydrogel were improved.
esInterestingly, the tops of several nanofibers were found to be fused
satogether by an AgO,-based seed, indicating an octopus-like growth
esmode and the TEM and STEM images of MnO, nanofibers sharing Ag
escatalysts are shown in Fig. S10. EDS elemental analysis confirmed the
e7high Ag content of the growing catalyst (Fig. S11). According to the
estime-dependent XPS measurements (Fig. 4(g)), AgO was rapidly
soreduced on the nanofibers surface, because of its thermodynamic
ninstability. The chemical valence of Ag was between Ag* and Ag°
nduring the first 0.5 h, but Ag* was the primary species present during
7the MnO, hydrogel formation process (t < 12 h). AgO, nanoparticles
73are believed to strongly catalyze and promote the growth of a-MnO,
zananofibers such as those shown in Fig. 4(a) via a SSS mechanism. The
7sgrowth reactions for this process might be as below

76

775,082 (1) + Ag,0 (s) + H,0 (1) = 2AgO0 (s) + 2H* (1) + 250,% (I)
78H,0 (1) + 2AgO0 (s) + Mn?* (I) > MnO; (s) + 2H* (1) + Ag,0 (s)
79

soWith growth kinetics enhanced by the AgO, seeds at one end of
saithe MnO, nanofibers, MnO, nanofibers underwent rapid axial
s2growth near the AgO, rather than radial growth. The longer

(2)
(3)

ssnanofibers facilitated more elaborate entanglement. Moreover,
ssseveral MnO, nanofibers could share a single AgO, nanoparticle
sscatalyst such that the AgO, nanoparticles not only catalyzed
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Fig. 5. Electrocatalytic performance evaluation. (a) ORR polarization curves of the Pt/Ag-
MnO, aerogel, Ag-MnO, aerogel, Pt-MnO,, and undoped a-MnO,_ (b) Calculated MAy;on
different potentials. (c) Dependence of the peroxide yield (left axis) and the electron
transfer n (right axis) derived from the rotating ring-disk electrode (RRDE) data. (d)
Chronoamperometric responses recorded at 1.97 V vs. RHE of MnO,, Ag-MnO,, Pt/Ag-
MnO, and 20 wt% Pt/C. The methanol tolerance test is shown inset of (d).

1 growth but also acted as cross-linkers to fuse nearby
:nanofibers. The combination of these unique growth features
sleads to the formation of Ag-MnO, aerogel with extraordinary
amechanical properties. Beyond its important role as a catalyst
sfor the hydrogel formation, AgO, catalysts were doped into
sMnO, with the growth of nanofiber due to the high solubility of
sionic Ag in Mn0,.3° Of note, the Ag catalyst-based SSS growth
smechanism was different from others reported in the literature.
sMeng et al.?® and Li et al.®* obtained Ag catalyzed MnO,
onanostructures only in the powder form.

11

1The incorporation of Pt single atoms also strongly depends on
1the AgO, catalysts. A control experiment without the addition
120f AgNO3 was carried out. Only PtO, aggregates were obtained
isat the MnO, nanofiber surface (Fig. S12). TEM images of
wreaction intermediates of Pt/Ag-MnO, aerogel collected at 0.5
17h (Fig. 4(h)) and 1 h (Fig. 4(i)) were similar to those of Ag-MnO,
isaerogel, indicating the addition of Ptions did not change the SSS
wwnanofiber growth mechanism. The EDS mapping (Fig. S13)
wconfirmed that the presence of AgO, growth catalysts and Pt
adistributed at the AgO, seeds as well as in the nanofibers. Fig.
»4(a) shows the schematic of the proposed Pt incorporation
aamechanism. We hypothesized that Pt was firstly deposited at
uthe AgO, seeds and then incorporated into the crystalline
»sframework of Ag-MnO, with the elongation of nanofibers. As
wdepicted by ex-situ XPS characterization, the valence of Ag
wspecies was between Ag* and AgP® during the first 0.5 h. The
;sincorporation of Pt single atoms may firstly proceed with Pt
wdeposition at AgO, may proceed via galvanic displacement
swbetween Pt ions and Ag® and then followed by spontaneous
siincorporation into MnO,.

32

;sElectrocatalytic activities of Pt/Ag-MnO,

uThe intriguing physical-chemical properties of the Pt/Ag-MnO,
ssaerogel inspired us to use it as an electrocatalyst for oxygen
ssreduction reaction (ORR). Fig. 5(a) shows the ORR polarization

6 | J. Name., 2012, 00, 1-3

s7curves measured at a rotating disk electrode (RDE) in an oxygen-
sssaturated electrolyte (1 M KOH). Ag-MnO, aerogel showed a
sssubstantial improvement in the ORR activity after incorporation
200f Pt single atoms. Pt/Ag-MnO, aerogel had significantly higher
apositive onset potential (Eynse: = 1.05 V vs. RHE, which is defined
was the current density reaching 0.1 mA/cm?), half-wave
apotential (E;, = 0.71 V), and larger diffusion-limited current
adensity (J; = 5.32 mA/cm?) than that of Ag-MnO, aerogel and 10
swt% Pt/C (Fig. S14(a)). Additionally, Pt/Ag-MnO, demonstrated
s6a nearly same E,pser as 20 wt% Pt/C (Fig. S14(a)). In contrast,
7Pt/MnO, prepared without AgO, seeds exhibited significantly
ssinferior performance, which was only slightly higher than that
wof the un-doped a-MnO,. This stark difference highlights the
sopower of Pt single atoms in promoting ORR. We calculated the
siPt mass activity (MAp;) based on the ORR kinetic current density
s2(jx) and the ICP-OES data. The MA,; reached as high as 1.6
ssA/(mgp) at 0.9 V (Fig. 5(b)). RDE voltammograms at different
sasrotating speeds were performed (Fig. S14(b)). Using the
ssKoutechy-Levich equation (K-L), the electron transfer number
ss(n) of the Pt/Ag-MnO, aerogel was calculated to be ca. 3.92 at
570.6 V (as shown in the inset of Fig S14), indicating a nearly ideal
ss4-electron pathway. The good linearity of the K-L plot
sssuggested a first-order reaction kinetic. To further verify the
soreaction pathway and quantitatively monitor the reaction
slintermediates, rotating ring disk electrode (RRDE) experiments
ewere carried out. Fig. 5(c) shows the dependence of the
esperoxide yield and n on the potential calculated from the disk
ssand ring current. The peroxide yield of the Ag-MnO, aerogel was
ssobserved to be improved to less than 5% after incorporating Pt
sssingle atoms. The n on the Pt/Ag-MnO, aerogel in the potential
ezrange from 0.2 to 0.7 V was nearly constant at around 3.9,
ssagreeing well with the RDE results. Apart from its high ORR
eactivity and selectivity, Pt/Ag-MnO, aerogel also exhibited
7osuperior stability and resistance against methanol crossover. In
7@ continuous chronoamperometric measurement for 30000 s
22(Fig. 5(d)), 98.4% of the initial ORR current was retained at the
73Pt/Ag-MnO, aerogel. Ag-MnO, retained 94.6% of its initial ORR
sacurrent under the same conditions. In sharp contrast, undoped
750-MnO; lost 19% of its initial ORR current in the same period.
76As demonstrated in the inset of Fig. 5(d), the ORR activity of the
77Pt/Ag-MnO, aerogel was retained with only a 2% loss of current
ssafter the addition of methanol through 12600 s of operation.
79 This loss was much smaller than those of 20 wt% Pt/C (44%),
sosuggesting that the superior methanol tolerance of Pt single
sratoms over metallic Pt nanoparticles in 20 wt% Pt/C.

82

ssUnderstanding the origin of the high activity of Pt single atoms

saTo explore the possible role of Pt single atoms in promoting the
ssactivity of Ag-MnO,, we investigated the changes in the
ssgeometric and electronic effects by the Vienna Ab initio
szSimulation Package (VASP) code®-%7 based on self-consistent
sDFT on the MnO, (100) surface. In order to obtain deeper

89
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iinsights into the ORR mechanism on MnO, and Pt-MnO, (Pt
»substituting Mn site) surfaces, the energy profiles for the
sreactions taking place at 0 and 1.23 V (vs. RHE) over different
acatalytic sites were obtained with DFT calculations based on the
scomputational hydrogen electrode (CHE) method developed by
sN@rskov and co-workers (Fig. 6).5872 The top view of optimized
sadsorption configurations of the reaction intermediates, i.e.
s*OO0H, *O, H and *OH, on the surfaces of MnO, and Pt-MnO,
ssurfaces are shown in Fig. S15. It is obvious that at 1.23 V, OH*
woprotonation to H,O is the potential RDS over the Pt-MnO,
usurface with a reaction free energy (AG) of 0.44 eV. In contrast,
12*¥OH protonation to H,O for MnO, surface with AG = 1.14 eV for
1sthe MnO, surface. Such a decrease of reaction free energy well
uexplains the experimentally observed better performance of Pt-
1sMnQ, for ORR than that of MnO,, and the Pt-MnO, surface has
ishigher ORR activity than MnO, surface.

17

1sConclusions

1sln summary, we identified an SSS mechanism to construct an
20Ag-MnQO, aerogel consisting of sophisticated hierarchical
astructures at the liter scale while simultaneously achieving
»homogenous incorporation of Pt single atoms. AgO,
;3nanoparticles acted as catalysts triggering the octopus-like
agrowth of MnO,. Because of its atomic and microscale
sstructural merits, Pt/Ag-MnO, aerogel showed substantial
xsimproved physical-chemical properties. Pt/Ag-MnO, aerogel
»exhibited the highest elastic modulus E (for compression)
;samong the reported manganese-based aerogels and possessed
whigh catalytic activity, selectivity and stability towards ORR
soprocesses. Impressively, Pt single atoms displayed a high mass
s1activity of 1.6 A/(mgp;). Together with HAAD-STEM, XPS, SRXRD
and EXAFS results suggested the presence of Pt single atoms
sssubstituting Mn sites with electron-deficient character due to
sathe strong EMSI. The theoretical calculation also unraveled that
ssthe incorporation of Pt single atoms markedly decreased the
ssoverall ORR barriers. Our work suggests the great potential of
s7applying SSS  mechanism and other analogous growth
ssmechanisms (e.g. VLS and SLS) in synthesizing SACs supported
ss0n 3D structures.

This journal is © The Royal Society of Chemistry 20xx
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TOC figure

A new self-assembling methodology of incorporating Pt single atoms into metal oxide is
presented with controlled structural formation over the entire range of length scales. Pt single

atoms work synergistically with neighboring Mn atoms as asymmetrical sites for electrocatalytic
reaction, resulting in activity enhancement.

Keywords: Platinum single atoms; Manganese oxide aerogel; Self-assembly; Solution-solid-solid
(SSS) nanowire growth; Oxygen reduction reaction (ORR)

Page 10 of 10



