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ABSTRACT

Porous carbon materials have received considerable attention as a result of their unique
properties, including high surface area, high electronic conductivity, high thermal and
chemical stability, low density, and availability. These characteristics make them ideal for
diverse applications such as catalytic processes, sorbents for separations and gas storage,
and electrode materials for batteries, fuel cells, and supercapacitors. Doping of carbon
nanostructures can change the properties of these structures dramatically. In this report,
dopamine has been used as the carbon precursor in the fabrication of non-metallic N-
doped hollow mesoporous carbon (HMC) and these materials were tested as bifunctional
electrocatalysts for oxygen reduction/evolution (ORR/OER) reactions in alkaline solutions
for the first time. This cost-effective metal-free bifunctional catalyst exhibits outstanding

ORR performance comparable to that of Pt-based catalysts.
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1. Introduction

Recent estimates suggest fossil fuels could be depleted within the current century if the
rate of population growth, energy demand, and the associated exploitation of the energy
stored in fossil fuels continue unchecked.! Energy storage systems play key roles in energy
management because they mitigate the mismatch rate between energy supply and energy
demand.? Of the available electrical storage technologies, secondary electrochemical
batteries are one of the most reliable and efficient devices. Lithium-ion batteries (LIBs)
have so far dominated the market, however their low theoretical energy density (ca. 400 W
h kg1) is insufficient to meet the demands of large-scale applications such as electric
automobiles. Metal-air batteries such as Zn-air batteries (ZABs) offer a promising
alternative boasting theoretical energy densities of up to 1084 W h kgl. ZABs generate
electricity by way of redox reactions involving Zn metal and oxygen found in air.3-> Despite
their benefits, a major hurdle for metal-air batteries is developing highly active bifunctional
electrocatalysts that facilitate oxygen reduction and oxygen evolution reactions (ORR/OER)
at the battery “air-breathing” cathode.® Currently, the most efficient ORR and OER catalysts
are based upon Pt and Ir, respectively.6 These noble metals are scarce and costly; clearly,
the development of cost-effective precious metal-free bifunctional electrocatalysts is of
paramount importance to the advancement and wide scale of metal-air batteries.’-°

Carbon is an ideal support for electrocatalysts;10 it is electronically conductive, resistant to
corrosion, straightforward to modify, easily separated from catalytic metals, abundant, and
cost-effective. Many carbon systems including carbon black,!! graphite nanofibers (GNFs)
and carbon nanotubes (CNTs),1213 have shown promise as catalysts for ORR and oxidation

of small organic molecules (e.g., alcohol and ether).10 Despite the potential of these
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promising materials, there is continued interest in the development of cost-effective
durable catalysts exhibiting high activity.

Porous carbon has received substantial attention because of its abundance, high surface
area, and physicochemical properties (e.g., electronic conductivity, thermal conductivity,
chemical stability, and low density).1# As a result, its potential applications are far reaching
and include support materials for catalytic processes, sorbents for separation processes
and gas storage, and purification, as well as electrode materials for batteries, fuel cells, and
supercapacitors.!> Porosity is one of the most important attributes of porous carbon
materials because it dictates surface area and facilitates mass transport.16 Mesoporous
carbon (mC) is often preferred for electrochemical applications because of its
comparatively high surface area and efficient ion mass transport.1®¢ Mesoporous carbon is
commonly prepared using templating methods.17-21 Soft templates such as surfactants self-
assemble and guide the formation of carbon, which is generated from a subsequent
carbonization reaction. Precursors have been demonstrated; examples include acetonitrile,
polyvinylchloride, acetylene, anthracene, sucrose, glucose, and furfuryl alcohol, among
others.17-39

Doping of carbon nanostructures can induce/improve favorable properties (e.g., catalytic
activity, and conductivity).49-43 Of particular note here, nanostructures of N-doped carbon
frequently exhibit enhanced bifunctional catalytic activity in ORR without and with
metals.#4-47 Nitrogen within carbon nanostructures influences catalytic properties because
nitrogen decrease the band gap and facilitate higher electron (charge) mobility that lowers
the work function at the carbon/liquid (gas) interface.*® Doping can be achieved during

synthesis (in-situ) or following preparation via post treatment with nitrogen-containing
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species (e.g., N2, and NH3).10 In the present paper, we have investigated dopamine-derived
nitrogen-doped carbon as a bifunctional electrocatalyst for ORR/OER for metal-air
batteries applications.

2. Results and Discussion

HMC, Silica@mC, and PDA beads were prepared using straightforward dopamine
polymerization followed by carbonization. The resulting structures were fully
characterized and evaluated as bifunctional electrocatalysts in alkaline solutions. Stober
silica particles, used in the present study as templates in the formation of Silica@mC were
prepared by exploiting standard sol-gel processing. As-synthesized Stober silica particles
(diameter = 170 nm * 10%) were coated with dopamine and triblock copolymer PEO-PPO-
PEO (F127); this layer was oxidatively polymerized under basic conditions.>0 Finally, the
polymer layer was carbonized upon heating in Ar at 400 °C for 2 h and at 800 °C for 3 h.

Fig. 1 shows representative electron microscopy images of coated Stober silica particles
before and after carbonization. After heating at 800 °C (Fig. 1B and 1D) the general shell
structure and spherical shape remain. The shell thickness after carbonization is ca. 21 nm *
28%. Etching with alcoholic hydrofluoric acid provided a convenient method for removing
the silica template. Consistent with a porous structure (vide infra), one hour of etching
provided hollow uniformly shaped hollow mesoporous spheres bearing no evidence (using

TEM, SEM, EDX, and XPS techniques) (Fig. S1 and S27) of silica.
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o 50 nm

Fig. 1. Secondary electron SEM images of coated silica before (A) and after (C)
carbonization. Bright field TEM images of carbon-coated silica before (B) and after (D)
carbonization.

-, 10 nm

Fig. 2. (A) Bright field TEM image of HMC. (B) Secondary electron SEM image of HMC. (C)
and (D) HR-TEM images of HMC.
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Evaluation of the carbon shells using HR-TEM revealed graphitic (Fig. 2D) and amorphous
domains. PDA beads (d = 121 um * 28%; Fig. S3f) were also prepared via oxidative
polymerization of dopamine in a Tris-HCl buffer solution.>%>! Carbonization was achieved
using the same conditions used for HMC (vide supra). The present carbonaceous materials
were further characterized using XPS, FTIR, and Raman spectroscopy. The survey XP
spectrum showed the materials consisted of only carbon, nitrogen, and oxygen, as well as
trace silicon (Fig. S2t). No evidence of metals was detected at the sensitivity of the XPS
method. The N1s XPS spectra provide insight into the environment of the N atoms in
Silica@mC, HMC, and PDA beads. In Fig. 3 we show typical spectra for Silica@mC and HMC
with peak deconvolution that suggests two components centered at 398.2 and 400.3 eV,
corresponding to pyridinic N and pyrrolic N, respectively. Similar analysis of PDA beads
shows pyrrolic N with only minor contributions from pyridinic N approaching the
sensitivity limits of the XPS method. Speciation of the nitrogen content in Silica@mC, HMC,

and PDA beads is summarized in Table 1.

Table 1. Relative atomic ratios of nitrogen species for HMC, Silica@mC, and PDA beads

Catalyst N content Pyridinic N (at %) Pyrrolic N (at%)
(at%)
HMC 7.08 0.58 6.5
Silica@mC 4.34 0.56 3.8

PDA beads 49 0.08 481
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Fig. 3. Representative high-resolution XPS spectra of N1s for PDA beads, Silica@mC, and
HMC.

FTIR spectra of PDA beads, Silica@mC, and HMC are shown in Fig. 4. The PDA beads
spectrum shows absorption at 2921 cm-1, which is confidently assigned to C-H stretching
modes and a feature at 1431 cm! arising from heterocyclic stretching (C-N bonds).5¢ The
peak at 1161 cm! is the result of heterocyclic N-H in-plane deformation breathing.>? In
addition, a feature associated with C-N bending is found at ca. 1500 cm! and appears to be
merged with the heterocyclic stretching feature at 1431 cm™.50 The IR spectrum of
Silica@mC shows a strong band at 1103 cm-1, which is assigned to the Si-O-Si stretching
mode. As expected this feature is not obvious after HF etching (HMC). A feature associated
with C-N bending is observed for Silica@mC and HMC at ca. 1570 cm-1.

The Raman spectra for Silica@mC, HMC, and PDA beads (Fig. 5) show two features are at

1331 and 1578 cm-! that corresponds to the D band and G band, respectively. The D band
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Fig. 4. FTIR spectra for PDA beads, Silica@mC, and HMC.
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Fig. 5. Raman spectra for PDA beads, Silica@mC, and HMC.
arises from the Aig breathing mode arising from sp3 carbon components, while the G peak

corresponds to in-plane stretching of bonds involving sp? carbon atoms.> Based upon
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these observations and the HR-TEM data (vide supra), we conclude all the present
materials contain a mixture of graphitic and amorphous carbon.

Nitrogen sorption analysis was used to evaluate the specific surface area, pore volume, and
average pore diameter of the Silica@mC, HMC, and PDA beads. The corresponding
isotherms (Figs. S4, S5, and S61) show a distinct hysteresis loop at high relative pressure
consistent with mesoporous materials as defined by [UPAC.4° Analysis of HMC indicates it
possesses porosity consisting of uniformly sized mesopores (ca. 30 nm). The Silica@mC
and PDA beads show pore sizes of about 50 nm and 10 nm, respectively. Of the three
materials, HMC exhibits the highest BET surface area (i.e., 340 m?/g) and pore volume (2.5
cm3/g) followed by Silica@mC and then PDA beads.

Table 2. Textural properties of HMC, Silica@mC, and PDA beads

Page 10 of 26

Catalyst BET surface area Pore diameter (nm) Pore volume (cm3/g)
(m?/g)

HMC 340 30 2.5

Silica@mC 22 50 0.28

PDA beads 45 10 0.1

cyclic voltammogram for HMC (Fig. 6) shows a featureless capacitive current in the Ar- The
ORR catalytic activity of HMC was explored using a conventional three-electrode system
within Ar or Oz-saturated 0.1 M KOH as the electrolyte. Cyclic voltammetry (CV)
experiments were performed after removal of dissolved oxygen from the solution. The
saturated electrolyte. After purging the electrolyte solution with 02, an irreversible

cathodic current at -0.17 V indicative of ORR occurring at the HMC surface appears.
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The ORR catalytic activity of HMC was explored using a conventional three-electrode
system within Ar or Oz-saturated 0.1 M KOH as the electrolyte. Cyclic voltammetry (CV)
experiments were performed after removal of dissolved oxygen from the solution. The
cyclic voltammogram for HMC (Fig. 6) shows a featureless capacitive current in the Ar-
saturated electrolyte. After purging the electrolyte solution with 02, an irreversible

cathodic current at -0.086 V indicative of ORR occurring at the HMC surface appears.
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Fig. 6. Cyclic voltammograms for HMC in Ar (black trace) and O2 (red trace) in saturated
0.1 M KOH with a scan rate of 10 mV s-1.

To evaluate the ORR performance of the HMC, LSV was conducted from -0.8 to 0.1 V vs.
Hg/HgO using predefined electrode rotation rates (400, 900, 1600 and 2500 rpm) and a
scan rate of 10 mV s! in Oz-saturated 0.1 M KOH solution (Fig. 7A). The results for

Silica@mC and PDA beads are shown in Fig. S7 and S8.
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The ORR polarization curve for HMC can be divided into three regions: i) kinetically
controlled (ca. -0.1 to -0.3 V), ii) kinetic-diffusion controlled (ca. -0.3 to -0.6 V), and iii)
mass diffusion controlled (less than -0.6V) (Fig. 7A). ORR is commonly evaluated using
Koutecky-Levich (K-L) plots (Fig. 7B).>2 The overall current density can be separated into

diffusion and kinetic currents by applying K-L equations noted below:53

-1 1__ I 1 (1)
J Jc Ji Bwi2? g
B=0.62nFC, (D )16 (2)

Ji = nFKC,, 3)

where, j, ji, and jk are the measured, kinetic, and diffusion-limiting current densities,
respectively, w is the angular velocity of the electrode (@ = 2zN, N is the linear rotation), n
is the number of electrons transferred during ORR, F is the Faraday constant (F = 96485
Cmol?), Co is the bulk concentration of 02 (Co = 1.2 x 103 molLT), Do is the diffusion
coefficient of Oz in the KOH electrolyte (Do = 1.9 x 10> cm2s1) , v is the kinematic viscosity
of the electrolyte (v = 0.01 cm?s1in 0.1 M KOH), and k is the electron-transfer rate constant.
The limiting current density increases with oxygen flux to the electrode surface. Consistent
with first-order kinetics of ORR with respect to the concentration of dissolved Oz the K-L
plots for HMC (Fig. 7) show linear relationships for I? as a function of (®)1/2. The non-zero
intercept shows that Oz reduction is under diffusion-kinetic control.

Oxidation-reduction in alkaline solutions proceeds by a direct two-electron (Egs. 4 and 5)

or a four-electron pathway (Eq. 6)°2,
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Fig. 7. (A) ORR LSV curves for HMC in an Oz-saturated 0.1 M KOH solution at indicated
rotational rates and a scan rate of 10 mV s-1. (B) Koutecky-Levich plots for HMC in the
potential range of -0.3 to -0.7 V vs. Hg/HgO.

Applying the K-L relationships to the present systems yields the number of electrons
transferred as ca. 4 for the potentials investigated and the number increases at more
negative potentials, which indicates the further reduction of hydrogen peroxide (Eq. 6) to
hydroxide in this potential range. These results indicate the electrocatalytic process of HMC
proceeds via the four-electron mechanism and is appropriate for ORR.5*

The ORR LSVs of the candidate catalysts obtained at 1600 rpm are shown in Fig. 8A. The
catalysts were initially cycled 40 times at 10 mV s in 0.1 M KOH Oz-saturatd solution in
order to stabilize the catalyst. Comparing the response of the catalysts, HMC shows the
highest ORR kinetic-limiting current density (ca. -4.9 mA cm2) of the carbon-based

catalysts investigated. This value exceeds the current density for Pt/C (ca. -4.4 mA cm-2),

which is the benchmark catalyst for ORR. The ORR onset potential for HMC (ca. -0.076 V) is
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the most positive of the catalysts studied in this work and is ca. 76 mV more negative than
the ORR onset potential for commercial 40% Pt/C (ca. 0.0004V). The ORR activity of the
HMC particles is comparable to that of other mesoporous carbons, but the current density
of the present system is higher.[>3] The half-wave potential (E1/2) (the potential where the
current density reaches half the limiting current), provides insight into the capability of
catalysts to decrease the ORR overpotential. The Ei/2 for HMC is only 170 mV more
negative than that of 40% Pt/C. From this data, we conclude that HMC exhibits excellent
electrocatalytic activity.

The catalytic activity of cycled HMC for OER was tested using LSV. Fig. 8B shows a large
anodic current due to the oxidation of water. Clearly the OER activity of the present HMC is
superior to that of the other carbon-based materials and the 40% Pt/C material.

Table 3 summarizes the bifunctional oxygen activity of HMC, Silica@mC, and PDA beads. To
assess the overall oxygen catalytic activity, the difference between ORR and OER onset
potentials was tabulated. A smaller difference indicates better catalytic behavior for the
bifunctional electrode. Based upon this metricc HMC particles have an onset potential
difference of 0.35 V, which compares favorably to precious metals.5¢

ORR-OER bifunctional catalytic activity depends upon the surface area and nitrogen
content of the structure.>” According to the data summarized in Table 1, HMC has the
highest nitrogen content of the samples investigated. The nitrogen bonding environment
(e.g., pyridinic, pyrrolic, and graphitic) influences catalytic activity; the literature suggests
that proportion of pyridinic and pyrrolic nitrogen play key roles.56-60 Still, conflicting
reports exist regarding the precise relationship between catalytic activity and nitrogen

speciation.58 Comparison of HMC, Silica@mC, and PDA beads shows differences in specific
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surface area, pore size, pore volume, and nitrogen speciation. The specific surface area of

HMC is the highest (340 m2 g-1) of the studied structures (Table 1).
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Fig. 8. (A) ORR LSV curves for HMC, Silica@mC, PDA beads, and Pt/C in an Oz-saturated 0.1
M KOH solution at 1600 rpm. (B) OER LSV curves for HMC, Silica@mC, PDA beads, and Pt/C
in 0.1 M KOH solution at 1600 rpm.

Table 3. Oxygen electrode catalyst activities

Catalyst ORRonset (V) ORRE;2 (V) ji(mAcmz) nat-0.7V OERonset (V) Eogr-Eorr(V)

HMC -0.055 -0.17 -4.95 3.97 0.17 0.35
Silica@mC -0.112 -0.33 -2.85 2.83 0.2 0.53
PDA beads -0.165 -0.33 -4.05 3.47 0.4 0.73

Pt/C 0.0004 -0.16 -4.39 4 0.21 0.37

ii: limiting current density
n: number of electrons transferred
E: half-wave potential

Furthermore, the pore volume of HMC particles is an order of magnitude higher than that
of both Silica@mC and PDA beads, which is consistent with the electrochemical
performance of HMC. The mesoporous nature of HMC provides more active sites for ORR

and OER. These factors along with the type of nitrogen doping contribute to the different
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electrochemical performances. Therefore, the synergistic effect of high surface area and
nitrogen doping improve the bifunctional electrocatalytic activity of HMC.

The short-term durability of HMC was evaluated by chronoamperometry at a constant
potential of -0.2 V vs. Hg/HgO for 3 h in O2-staurated 0.1 M KOH at 1600 rpm. The
chronoamperometric results are shown in Fig. 9. The HMC catalyst exhibits higher relative
current over time than 40% Pt/C. After 3 h, 40% Pt/C retained 54.7% of the initial current,
whereas HMC retained 70.1% of its initial current. This shows the good stability of the HMC
in addition to its promising bifunctional activity. The gradual decay of the reduction
current may be due to insufficient gas flux or slow catalyst removal from the electrode
surface during testing. Activity degradation of 40% Pt/C catalysts in alkaline solutions has
been observed previously and has been attributed to the dissolution or aggregation of Pt

nanoparticles.b
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Fig. 9. Chronoamperometric responses for ORR for HMC and Pt/C catalysts at -0.2 V vs.
Hg/HgO in Oz-saturated 0.1 m KOH solution at a rotational rate of 1600 rpm.
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Fig. 10. LSV ORR curves measured during cycling of HMC in Oz-saturated 0.1 M KOH at
1600 rpm (potential range -0.8-0.35 V vs. Hg/HgO at 100 mV s1).

The relatively good stability of HMC was confirmed by extended cycling of the catalysts.
This is shown in Fig. 10 where HMC has been exposed to repeated potential cycles from -
0.8 to 0.7 V vs. Hg/HgO in Oz-saturated electrolyte at 100 mV s-1. After 1000 cycles, only
minimal changes to ORR kinetics are observed. In fact there is a slight increase in the
magnitude of the current density with cycling. The good stability is attributed to the nature
of HMC active sites, which are nitrogen doped, and the corrosion resistance nature of the
HMC particles. The high stability and rapid kinetics may arise from the high surface area
and multiple active sites for oxygen adsorption.6!

3. Conclusions

The synthesis and characterization of N-doped carbon mesostructures obtained from the
carbonization of polymerized dopamine have been reported. Hollow mesoporous carbon

(HMC) exhibits high oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)



Nanoscale

activity and superior stability in alkaline electrolytes compared with baseline Pt/C
catalysts. The unique structures of the porous shell provide abundant active sites for
oxygen adsorption and desorption and facilitate the diffusion of reactants during the
catalytic processes. The small pore size and nitrogen doped active sites boost the diffusion-
limiting current and long-term stability. As a result, HMC is a promising high performance
alternative to precious metal bifunctional catalysts in Zn-air battery applications.

4. Experimental Section

Materials. Dopamine hydrochloride, pluronic F127, tris-(hydroxymethyl) amino-methane,
hexadecyltrimethylammonium bromide (CTAB) (299%), and tetraethoxysilane (TEOS)
(299%) were purchased from Sigma-Aldrich and used as received. Pt/C (40%), Nafion
solution (5% w/w in water), and 1-propanol (99.99%) were purchased from Alfa Aesar.
Potassium hydroxide was purchased from Fisher and used as received.

Preparation of Stober Silica Spheres. Spherical silica particles were prepared using the
Stober method and tetraethoxysilane (TEOS) as the silica source as previously reported.[48]
For a typical synthesis 40 mL of 0.2 M TEOS was added to a mixed solution of 50% ethanol
(80 mL) and ammonium hydroxide (28%, 4 mL) and then stirred for 3 hours at ambient
temperature. The solution was centrifuged three times at a speed of 10000 rpm for 30 min
to collect the particles.

Synthesis of Silica@mC Particles. For a typical synthesis 15 mg of Stober silica (170 *
10%), 7.5 mg of triblock copolymer pluronic F127 and 4.5 mg of 2-amino-2-
hydroxymethyl-propane-1,3-diol (tris) were dispersed/dissolved in 4 mL of deionized
water. Subsequently, dopamine hydrochloride (15 mg) was added and the mixture was

stirred at room temperature for 24 hours. The resulting polydopamine coated silica
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particles were collected by centrifugation at a speed of 10000 rpm for half an hour. The
particles were washed three times using ethanol (25 mL), and then dried under vacuum.
The resulting white powder was placed in a quartz boat in a tube furnace and heated to 400
°C (heating rate of 1 °C/min) and held for 2 h. The temperature was then raised (heating
rate of 5 °C/min) to 800 °C and held for 3 h; this was followed by cooling to room
temperature.[49] All heating and cooling was performed under a flowing Ar atmosphere.
Synthesis of Hollow Mesoporous Carbon Particles (HMC). As-synthesized silica@mC
particles (ca. 0.2 g) were placed in a PET beaker. Water (2 mL), ethanol (2 mL), and
aqueous 49% HF (2 mL) were subsequently added sequentially and the mixture was
stirred for 1 h at room temperature. The particles were recovered via vacuum filtration and
washed with water (60 mL) and ethanol (60 mL). The resulting black powder was finally
dried under vacuum. The HMC product (0.05 mg) was characterized using transmission
and scanning electron microscopy (TEM and SEM), Raman and infrared (IR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), nitrogen adsorption/desorption measurements.
Preparation of Polydopamine Beads (PDA). Dopamine (0.3 mg/mL) was dissolved in
Tris-HCI buffer (10 mM and pH=8.8) and the resulting solution was stirred for 12 hours.>°
The black suspension was centrifuged at 14000 rpm for 30 min. The clear supernatant was
decanted and discarded. The black precipitate was washed three times in water (60 mL)
with sonication followed by recovery by centrifugation. Finally, the sample was dried under
vacuum and heated in an Ar atmosphere in a tube furnace, as outlined for the Silica@mC
particles (vide supra).

Electrochemical measurements. All electrochemical measurements were performed

using a Bio-Logic SP-300 potentiostat/galvanostat. Linear sweep voltammetry (LSV) half-
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cell experiments were performed using a rotating disc electrode (RDE) (Pine Instruments
Co, AFMSRCE). A three-electrode cell configuration was employed with a catalyst coated
glassy carbon (5 mm diameter) working electrode, Pt coil counter electrode, and Hg/HgO
(1 M NaOH, 0.098 V vs. NHE at 25 °C) reference electrode. The electrolyte used for all
measurements was a 0.1 M KOH aqueous solution. A catalyst ink was prepared by
ultrasonic mixing of 20 mg of the catalyst of choice, 2 ml of 5% Nafion solution (5% w/w in
water and 1-propanol dispersion, = 0.92 meq/g exchange capacity), and 1-propanol or 30
minutes. A 5 pL aliquot of ink was drop coated on a glassy carbon disc and dried in air to
yield a film with catalyst loading of 0.10 mg cm-2. Cyclic voltammetry (CV) was performed
at a scan rate of 10 mV s-1 in Ar and Oz saturated electrolytes. The Ar saturated electrolyte
was prepared by purging a 0.1 M KOH aqueous solution with high purity (i.e., >99.99%) Ar
for 20 minutes. After testing, the solution was purged with 02 (>99.5%) for 10 minutes at a
constant flow. LSV curves were obtained using a rotating working electrode at predefined
rotation rates (400, 900, 1600, and 2500 rpm) and a scan rate of 10 mV s-1.

Material Characterization

Fourier-Transform Infrared Spectroscopy (FT-IR). FT-IR was performed on a Nicolet
Magna 750 IR spectrometer by drop coating an ethanol dispersion of particles on a piece of
silicon wafer.

Electron Microscopy (EM). Transmission electron microscopy was performed using a
JEOL 2010 TEM equipped with a LaBe thermionic emission filament operated at an
accelerating voltage of 200 kV. Samples for TEM analysis were prepared by placing a drop
of a dilute ethanol suspension of the material of interest onto a carbon-coated, 200-mesh

Cu grid and drying at room temperature.
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High-resolution (HR) TEM images were acquired using a Hitachi-9500 TEM operated at an
accelerating voltage of 300 kV and processed using Gatan Image] software (Version 1.48v).
Samples were prepared by drop casting dilute ethanol suspensions of the sample of choice
onto a holey carbon-coated copper grid (400 mesh).

Scanning electron microscopy (SEM) was carried out with a JEOL 6301F field emission SEM
operated at an acceleration voltage of 5 kV. Samples were prepared by drop casting
samples of choice from dilute ethanol suspensions onto a clean Si (100) wafer.

X-ray Photoelectron Spectroscopy (XPS). XPS was performed using a Kratos Axis Ultra
instrument with a monochromatic Al Ka source (A = 8.34 A) with an energy hv = 1486.6 eV.
Survey spectra were collected with analyzer pass energy of 160 eV and a step of 0.3 eV. For
high-resolution spectra, the pass energy was 20 eV and the step was 0.1 eV with dwell time
of 200 ms. The base pressure in the sample analytical chamber was lower than 1 x 10-°
torr. Binding energies were calibrated by using the carbon 1s peak as a reference (284.6
eV). CASA XPS version 2.3.13 was used to accomplish the background subtraction and
curve fitting.

Nitrogen Adsorption Porosimetry. Nitrogen adsorption-desorption isotherms were
measured at -196 ‘C with a Quantachrome Autosorb-1 adsorption analyzer. Prior to
adsorption measurements, samples were degassed at 250 °C under vacuum for 2 h. The
data were analyzed using Brunauer-Emmett-Teller (BET) theory. The specific surface area
was determined from the linear portion of the BET equation and the total pore volume was
calculated from the amount adsorbed at a relative pressure of about P/P,=0.995. The pore

size distributions (PSDs) were obtained using Density Functional Theory (DFT).
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Raman Spectroscopy. Raman spectra of the particles were measured with a Renishaw
inVia Raman microscope. The excitation wavelength was 514 nm. Samples were prepared
by mounting the powder on aluminum foil.
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