RESEARCH ARTICLE

MATERIALS SCIENCE

Critical role of intercalated water for
electrocatalytically active nitrogen-doped

graphitic systems

2016 © The Authors, some rights reserved;
exclusive licensee American Association for
the Advancement of Science. Distributed
under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC).
10.1126/sciadv.1501178

Ulises Martinez,’ Joseph H. Dumont,’? Edward F. Holby,? Kateryna Artyushkova,” Geraldine M. Purdy,’
Akhilesh Singh,’ Nathan H. Mack,* Plamen Atanassov,” David A. Cullen,® Karren L. More,” Manish Chhowalla,®*
Piotr Zelenay,' Andrew M. Dattelbaum,’ Aditya D. Mohite," Gautam Gupta'*

Graphitic materials are essential in energy conversion and storage because of their excellent chemical and elec-
trical properties. The strategy for obtaining functional graphitic materials involves graphite oxidation and sub-
sequent dissolution in aqueous media, forming graphene-oxide nanosheets (GNs). Restacked GNs contain
substantial intercalated water that can react with heteroatom dopants or the graphene lattice during reduction.
We demonstrate that removal of intercalated water using simple solvent treatments causes significant structural
reorganization, substantially affecting the oxygen reduction reaction (ORR) activity and stability of nitrogen-
doped graphitic systems. Amid contrasting reports describing the ORR activity of GN-based catalysts in alkaline
electrolytes, we demonstrate superior activity in an acidic electrolyte with an onset potential of ~0.9 V, a half-
wave potential (E,,) of 0.71 V, and a selectivity for four-electron reduction of >95%. Further, durability testing
showed E, retention >95% in N,- and O,-saturated solutions after 2000 cycles, demonstrating the highest
ORR activity and stability reported to date for GN-based electrocatalysts in acidic media.

INTRODUCTION

Graphitic materials (1-6) are widely used for a variety of energy con-
version and storage devices such as electrodes in Li-ion batteries,
supercapacitors (7, 8), catalyst supports for fuel cells (9, 10), and oxy-
gen reduction reaction (ORR) electrocatalysts (11-13). Nevertheless,
further development of carbon materials for energy-related applica-
tions suffers from a limited understanding of the design factors that
control the formation of high-performing materials. This is mainly
due to their complex heterogeneous character. In an effort to address
this critical issue, numerous studies have focused on the use of or-
dered graphitic carbon materials (2-6, 8, 14). Typically, reduced gra-
phene oxide (GO) is used for energy-related applications because it
can be produced in sizable quantities and heteroatoms (N, B, and S)
and transition metals (Fe, Ni, and Co) can be readily incorporated
into the graphene lattice (11, 15, 16). Despite the fact that GO is syn-
thesized and processed in aqueous environments, the role of inter-
calated water in the resulting structure and chemical composition for
energy-related processes is rarely discussed (3, 6, 12, 13, 17, 18). Partic-
ularly, the role of water and its impact on structure, morphology, and
catalytic activity during reduction of GO are not well understood (19).

Here, we demonstrate, for the first time, the critical role of the
removal of intercalated water from within graphene nanosheets in
the formation of functional graphitic materials. Removal of intercalated
water is achieved using a solvent drying technique based on Hansen’s
solubility parameters (dispersion, 84; hydrogen bonding, 8;; and po-
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larity, 8,,), leading to a significant impact in the GO physical structure,
decreasing the interlayer d spacing, and changing the concentration of
functional groups. The decrease in interlayer spacing leads to the em-
ergence of structured water (similar to that observed in ice) at room
temperature. Further, as a practical example, we demonstrate the appli-
cability of this phenomenon in the formation of ORR active GO cata-
lysts. In sharp contrast with previous reports demonstrating the ORR
performance of GO catalysts only in alkaline media, we report a catalyst
that has the highest activity reported to date in acidic media, a techno-
logically relevant pH environment. Our findings suggest that removal of
water is the key to the design of next-generation carbon nanomaterials
in realizing their full potential for energy applications.

RESULTS AND DISCUSSION

GO is synthesized in aqueous solutions and even “dry” GO films con-
tain a substantial amount of intercalated water that organizes between
the oxygen-functionalized nanosheets (19-22). Here, we use a simple
solvent drying technique based on Hansen’s solubility parameters to
obtain dry GO films with a high degree of ORR catalytic activity. The
drying process is shown in Fig. 1A. The GO nanosheets are rinsed
with solvents of similar 84 character to but lesser 8, and Jy; character
than water (for example, ethanol and diethyl ether; see table S1 for &
values), and then vacuum-dried to obtain compacted, partially reduced
GO. The resulting films are then annealed at 850°C in ammonia to
induce nitrogen heteroatoms and simultaneously reduce GO to obtain
NrGO (Fig. 1, B and C). STEM images of GO (Fig. 1B and fig. S1) show
the presence of intermixed graphitic (dark region) and functionalized
(bright region) domains, whereas STEM images of NrGO (Fig. 1C and
fig. S1) reveal the presence of largely graphitic domains, suggesting
the effective removal of oxygen and the formation of an sp network
(23, 24).
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Fig. 1. Synthesis of nitrogen-doped reduced GO (NrGO) catalysts. (A) Schematic of the process developed to make NrGO catalysts. Natural graphite
(with a d spacing of 3.4 A) is chemically functionalized and exfoliated using potassium permanganate and sulfuric acid (modified Hummers method) to
produce a GO powder with a d spacing of ~1 nm. GO is then subjected to different solvent-rinsing treatments followed by vacuum drying to effectively
remove unbound intercalated water as indicated by the decrease in d spacing (8.6 to 5.4 A, depending on solvent used for rinsing). The resulting dried
GO is doped with nitrogen (NH; at 850°C), leading to the formation of NrGO catalysts with a final d spacing of 3.4 A. Atoms: C (gray), Mn from KMnO,
(purple), N (blue), O (red), and H (white). (B and C) Electron micrographs [via scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM)] of (B) GO and (C) NrGO (ether) showing oxidized and graphitic domains. Brighter atoms correspond to Si atoms, a common graphene
impurity (38).

RD B Micro-FTIR C XPS
Removal of water
(10.8t0 7.5 A) HOHyeng CHs g  OHgy HO-C=0 C=0 Cgraphitic
KCq (5.4 A) o

Ether-treated

Ether-treated

l Ether-treated A_

Ethanol-treated

Ethanol-treated

Counts

Ethanol-treated

Vacuum-dried
C=Og,
N W Vacuum-dried
. s-prepared
T T T
10 20 30

Intensity (a.u.)
Absorbance

T T T T T T T T T T T
40 50 2000 2500 3000 3500 292 290 288 286 284 282

20 Wave number (cm™") Binding energy (eV)

Fig. 2. Structural and chemical characterization of solvent-treated GO. (A) XRD patterns show a steady decrease in d spacing (10.8 to 7.5 A) and
the emergence of a diffraction peak at 5.4 A (KCg), as well as its associated higher-order lamellar peaks indicating long-range lamellar order, as a
function of the solvent drying technique. The inset shows the KCg structure. K (purple). a.u., arbitrary units. (B) Micro—FTIR (Fourier transform infrared)
spectra demonstrating the presence of confined water (sharp —~OH peak emerging at 3280 cm™). (C) X-ray photoelectron spectroscopy (XPS) data
showing an increase in graphitic carbon (284.6 eV) and a decrease in C=0 (286.8 eV) content as a function of solvent rinsing.
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Intercalated water leads to the expansion of spacing between the
GO nanosheets, which can be readily monitored using x-ray diffraction
(XRD). Exfoliation and functionalization of graphite to GO increases
the interlayer graphene spacing from 3.4 to 10.8 A (Fig. 2A), due to the
formation of oxygen-containing functional groups on the graphene
basal plane and simultaneous intercalation of water (fig. S2). Removal
of water via vacuum drying results in the decrease of d spacing to 8.6 A
(Fig. 2A). We observed that immersing the as-prepared GO in ethanol
or diethyl ether followed by vacuum drying further decreased the in-
terlayer d spacing to 7.8 and 7.5 A, respectively. Thus, solvent drying
effectively removes loosely bound intercalated water from GO. In ad-
dition to the decreased interlayer distance, well-defined diffraction
peaks appeared at 20 values of 16.3°, 32.8° and 50.3° in the ether-treated
GO samples corresponding to a d spacing of 5.4 A, with second- and
third-order reflections at 32° and 51°, respectively. The presence of
higher-order peaks suggests that a significant fraction of the dried
GO material has substantial long-range order (23). The 5.4 A spacing
in dry GO matches exactly that of aqueous-free KCs (25). Potassium
is most likely intercalated during the synthesis of GO using the mod-
ified Hummers method that uses potassium permanganate. Further
water removal characterization was carried out via thermogravimetric
analysis that is included and discussed in the Supplementary Materials
(fig. S3).

Micro-FT1R (Fig. 2B) and XPS (Fig. 2C) were used to corroborate
the XRD observations and better understand the structural and
chemical configuration of solvent-treated GO. A broad infrared (IR)
peak extending from ~2500 to 3700 cm™" is assigned to the combi-
nation of C-H and O-H stretching modes for as-prepared GO (26).
Ethanol-treated and vacuum-dried GO shows a slight sharpening of
the vibrational modes in the same region. However, IR spectra of GO
treated with ether and subsequent vacuum drying display a well-
defined and sharp O-H stretching mode that shifted to 3280 cm™".
The shift and sharpness of the peak are consistent with those of con-
fined water and are consistent with the structure of ice (fig. $4) (27-29).
Furthermore, XPS data (Fig. 2C) reveal a significant increase in sp”
C content (284.6 V), which is correlated to a decrease in C=0 frac-
tion (286.8 eV) with decreasing d spacing in XRD. The C,,/C=0
ratio increases from 0.8 for vacuum-dried GO to 4 for ether-treated/
vacuum-dried GO (Fig. 2C and fig. S5).

Molecular dynamics (MD) models with reactive force field poten-
tials (30, 31) were used to find relaxed GO structures with intercalated
water, water with ethanol, and water with ether (Fig. 3; see model details
in the Supplementary Materials). Wrinkling of GO, which has previous-
ly been observed via atomic force microscopy and scanning tunneling
microscopy for GO deposited on highly oriented pyrolitic graphite (32),
was found in all three models. The average d spacing values between GO
sheets were calculated to be 10.8, 7.2, and 6.8 A for the water, water with
ethanol, and water with ether models, respectively. These values are in
agreement with the decreasing d spacing trend observed from our ex-
perimental XRD data for the respective systems (Fig. 2A), supporting
our hypothesis that solvents can substantially alter the structure of
water-intercalated GO. Further, the symmetric wrinkling phenomenon
and the resulting small d spacing of the graphene planes were found in
only the ether-treated GO, providing a path to form KCg domains in the
ether-treated samples.

Nitrogen doping of solvent-rinsed and vacuum-dried GO was achieved
by high-temperature ammonia treatment, resulting in the formation of
NrGO (table S2). Overall, the two-dimensional (2D) sheet-like structure
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Water + ethanol, 5z,,,=7.2 A
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Fig. 3. Theoretical models of solvent-treated GO structures. MD relaxed
structures for water, water/ethanol, and water/ether. Brown spheres repre-
sent carbon atoms, red spheres represent oxygen atoms, and white spheres
represent hydrogen atoms. Addition of solvent molecules (highlighted) in
between each layer leads to a decrease in d spacing as observed from
XRD data.

of NrGO is preserved after nitrogen incorporation, as seen via SEM
(Fig. 4A) and STEM (Fig. 1C and fig. S1). We observed that treatments
with ethanol and ether produced NrGO with large (10 to 20 um) holes
in the graphitic sheets. We hypothesize that the formation of holes
might be caused by potassium acting as a pore-forming agent as it sub-
limes at ca. 759°C (fig. S6). Another possible hypothesis is related to the
confined water molecules. GO structures with decreased d spacing could
prevent water from escaping laterally; thus, upon heating, trapped gases
that have evolved (33) could form holes perpendicular to the sheets as
they escape. The presence of micrometer-sized holes is beneficial for
electrocatalysis because they facilitate transport of reactants and products
to and from the active sites throughout the material. Thus, such holey
sheets address a significant challenge in using 2D materials for catalysis,
that is, inaccessibility of active sites deep within the layered material.
The ORR activity and H,O, yield, as determined by RRDE of the
NrGO catalysts in an acidic electrolyte (0.5 M H,SO,), are presented in
Fig. 4 (B to D). The direct electrochemical reduction of oxygen to water
proceeds through a desirable 4e™ transfer (O, + 4H" + 4¢- — H,0).
However, a less efficient 2e™ reaction that generates hydrogen peroxide
(O, +2H" +2¢” — H,0,) can also occur. Therefore, the ORR perform-
ance of a catalyst is defined not only by its activity but also by its selec-
tivity for the four-electron reduction of oxygen, and, more importantly,
by its half-wave potential (E:,), which is a descriptor of the limiting cur-
rent density and onset potential of the catalyst. The thermodynamic re-
versible potential (E°) of oxygen reduction at 25°C is 1.23 V versus the
reversible hydrogen electrode (RHE). Any additional potential required
to drive the ORR is called the overpotential (7). Well-performing ORR
catalysts are characterized by low 1, high E.,, and high selectivity values
for 4e” transfer. Here, the as-prepared NrGO catalysts (without solvent
or drying pretreatment) showed a high ORR n value of 0.43 V in acidic
media. This low activity was accompanied by poor four-electron selec-
tivity, with H,O, yield values greater than 50% across the studied range
of electrode potentials (Fig. 4C). NrGO catalysts prepared from vacuum-
dried and solvent-treated samples showed greatly improved ORR per-
formance, as indicated by a decrease in 1, an increase in E,,,, and a decrease
in peroxide yield (Fig. 4, B to D). Ether-treated GO, characterized by a
long-range order and decreased d spacing, was found to be the best ox-
ygen reduction catalyst, with an n of 0.33 V, an estimated E,, of 0.71 V,
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Fig. 4. Morphological and electrochemical characterization of NrGO catalysts. (A) SEM images of NrGO catalysts showing sheet-like morphology and
micrometer-sized hole formation using solvent-treated GO samples. (B and C) Steady-state step voltammograms of the ORR for all electrocatalysts (B) and
corresponding H,0, yields (C). (D) Summary of £, values and H,0- yields at 0.4 V. Rotating ring-disc electrode (RRDE) conditions: catalyst loading, 0.6 mg/cm?;
supporting electrolyte, 0.5 M H,SO,; rotation rate, 900 rpm; temperature, 25°C; potential steps of 30 mV per step; step duration, 30 s.

and a selectivity for the four-electron reduction of oxygen of ca. 95%
(5% H,O, yield). Figure 4D summarizes our findings highlighting the
importance of the solvent treatment process for the development of
high-performing ORR GO catalysts: a 300-mV increase in E, from ca.
0.4 V for the vacuum-dried catalyst to ca. 0.7 V for the ether-treated
catalyst and a corresponding increase in 4e” transfer selectivity from
ca. 50% to ca. 95%. These results demonstrate the highest ORR activity
reported to date for an NrGO electrocatalysts in acidic media. The vacuum-
dried and ethanol-treated NrGO catalysts are discussed in detail in the
Supplementary Materials. Further, a reference material, namely, nitrogen-
doped graphite, which showed extremely poor ORR activity, demon-
strates the advantage of the process developed in this work for the
synthesis of active ORR GO catalysts (Fig. 4, B and C).

Additional information on the ORR mechanism on ether-treated
NrGO was obtained from the dependence of the oxygen-reduction
current on the RRDE rotation rate (Koutecky-Levich relationship) and
catalyst loading studies (fig. S7). These studies confirm the predominance
of the 4e™ transfer in the potential range 0 to 0.6 V (versus RHE). De-
termination of the active site for graphitic ORR electrocatalysts remains
a conundrum. Although transition metal impurities inherent from the GO
synthesis process (34) were identified from XPS analysis (Supplementary
Materials), these impurities were present regardless of the solvent treat-
ment, indicating that the structural and chemical differences arising from
solvent treatments are primarily responsible for the improved catalytic
activity. Last, accelerated durability testing showed less than 5% loss in
the E,, value in both N,- and O,-saturated solutions after 2000 cycles
(fig. S8). Elemental analysis using XPS also showed negligible differences
among NrGO catalysts after 2000 cycles (fig. S9 and tables S2 and S3).

In summary, we demonstrate active GO catalysts for ORR under
acidic conditions through the application of simple solvent drying strat-
egies. These strategies facilitate the efficient removal of the trapped
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water within the graphitic sheets, which, in turn, allows for controlling
the macroscopic structure and morphology of electrocatalysts upon
nitrogen doping. Further advances in catalytic performance from carbon-
based catalysts should be obtainable by varying the polarity, miscibility,
and wetting properties of solvents, as well as by developing new aqueous-
free approaches. The fundamental understanding obtained from our
studies should have the potential to establish the design rules for graphene
and other related materials such as transition metal dichalcogenides and
transition metal oxides.

MATERIALS AND METHODS

Synthesis of GO

GO was synthesized via a modified version of the Hummers method
(35). In brief, 4 g of graphite powder (Bay Carbon Inc.) was dispersed in
500 ml of 98% H,SO, using a mechanical stirrer. A total of 16 g of
KMnO, was added to the mixture over a period of 4 days (4 g/day).
The reaction mixture was then quenched with 500 ml of ice-cooled
deionized (DI) H,O slowly added. About 4 ml of 30% H,0, was added
to the mixture dropwise until the slurry turned yellow. The slurry was
then centrifuged until the supernatant became clear. The supernatant
was decanted and the precipitated GO was resuspended in H,O. The
washing process was repeated three times, and the material was then
washed in 10% HCI two times, followed by a final wash in DI H,O.
The final product was resuspended in H,O for further use.

Solvent treatments of GO

Before any solvent treatment, GO-H,O suspension was centrifuged
to remove excess water. Centrifuged GO was then rinsed with 30-ml
aliquots of solvents: water, ethanol, and diethyl ether. The GO-solvent
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solution was mixed with a vortex mixer. Solvent-treated GO was then
centrifuged at 4000 rpm for 30 min, discarding the supernatant. Solvent-
treated GO was then poured onto a vacuum filter funnel (0.2 um poly-
tetrafluoroethylene filter) and allowed to dry for 5 days. After filtering,
the final dried GO film was further dried in a vacuum oven at 40°C for
48 hours.

Nitrogen doping of GO films

NrGO materials were obtained via simultaneous thermal reduction
and nitrogen incorporation using high-temperature ammonia gas treat-
ment. Dried GO films were placed in an alumina crucible inside a quartz
furnace tube. The tube was first vented with ultrahigh purity Ar gas [100
standard cubic centimeter per minute (sccm) flow] for 60 min. Ammonia
gas was then introduced at 60 sccm, and the temperature was increased
to 850°C at a rate of 1°C/min. The furnace temperature was maintained
at 850°C for 180 min and then slowly cooled to room temperature.

Physical and chemical characterization of GO

XRD patterns were measured using a Siemens D5000 diffractometer
with Cu Ko, radiation (1.5418 A) and a graphite diffracted beam mono-
chromator. The spectra were analyzed using JADE XRD analysis
software (Materials Data Inc.). Infrared spectra were obtained using
an FTIR spectrometer (Vertex 80, Bruker) combined with an infrared
microscope (Hyperion, Bruker), which is equipped with a 15x objective
and a liquid N,-cooled MCT (mercury-cadmium-telluride) detector.
Four hundred scans with 16 cm™" resolution were averaged for both
background and sample spectra. The size of the aperture used in trans-
mission measurements was 100 x 100 um. All measurements were
made at room temperature.

The morphology and structural properties were studied using
electron microscopy. SEM images were taken at 5 kV with a FEI Quanta
400 ESEM. High-resolution STEM images were taken using an aberration-
corrected Nion STEM (Nion UltraSTEM 200) operated at 60 kV and
equipped with Gatan Enfinium dual EELS. XPS measurements were per-
formed using a Kratos Axis Ultra DLD x-ray photoelectron spectrometer
with a monochromatic Al Ko source operating at 150 W with no charge
compensation. The survey and high-resolution C 1s and N 1s spectra were
acquired at pass energies of 80 and 20 eV, respectively. Three areas per
sample were analyzed. Data analysis and quantification were performed
using the CasaXPS software. A linear background was used for C 1s,N 1s,
and O Is spectra. Quantification used sensitivity factors that were pro-
vided by the manufacturer. A 70% Gaussian/30% Lorentzian line shape
was used for the curve fits.

Electrochemical characterization

Rotating disc electrode measurements of the ORR were performed in a
conventional three-electrode cell at a rotating disc speed of 900 rpm and
at room temperature using a VMP3 potentiostat (Bio-Logic). Catalyst
loading was 0.6 mg cm 2, except for the catalyst loading studies, which
ranged from 0.08 to 0.6 mg cm 2. A graphite rod was used as a counter
electrode, whereas an Ag/AgCl (3.0 M NaCl, 0.230 V versus RHE) was
used as a reference electrode. ORR steady-state polarization curves were
recorded in an O,-saturated 0.5 M H,SO, electrolyte with a potential
step of 30 mV per 30 s.

Modeling of GO structures
The GO system was modeled as a 24.6 A x 42.6 A graphene sheet com-
posed of 400 C atoms with 100 O atoms distributed randomly with
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50 on each side of the sheet, thus generating a structure with 25% O
coverage. Two such layers were generated and initially separated by
10.8 A in a 3D periodic box that is 21.6 A high, generating two inter-GO
gallery spaces with the same initial volume. Packmol (36, 37) was used
to randomly initialize 100 water molecules and 2 solvent molecules (in
the case of ethanol and ether simulations) in the gallery spaces be-
tween GO layers for a total of 200 water molecules and 4 solvent mo-
lecules (if included). An equal number of molecules were distributed
between layers such that each gallery space had an equal initial solvent
density. With an assumed excluded volume due to the GO, the com-
bined density of water and solvent was roughly half that of bulk water,
representing the “dried” state of each sample.

Simulations of the relaxed structures were obtained through the
use of the dispersion/CHONSSi-Ig reactive force field potential as im-
plemented in ADF. This force field has graphite as a fitting structure
and includes dispersion forces, which makes it a good candidate po-
tential set for studying GO/solvent interactions. Each initially gener-
ated structure model was relaxed for 40,000 MD time steps of 0.25 fs
(total simulated time of 10 ps) using a Velocity Verlet + Berendsen
algorithm with a set temperature of 298 K using the ReaxFF module
of the ADF molecular modeling suite. Longer time relaxations did not
significantly change the relaxed structures. After relaxation, the aver-
age spacing as reported in the main text was calculated by finding the
average z component of the C atoms in each layer and taking the dif-
ference between the two averages.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/3/e1501178/DC1

Supplementary Results and Discussion

Table S1. Table of Hansen solubility parameters of selected solvents.

Table S2. Summarized XPS data showing differences in atomic ratio of elements for ether-treated
and untreated catalysts.

Table S3. Summarized XPS data showing differences in C and N speciation for ether-treated
and untreated catalysts.

Table S4. Summarized calculated BET (Brunauer-Emmett-Teller)-specific surface areas and
pore volumes obtained from solvent-treated NrGO catalysts.

Fig. S1. High-resolution STEM images of ether-treated GO and NrGO materials.

Fig. S2. XRD spectra of starting, intermediate, and end products.

Fig. S3. Thermogravimetric analysis of solvent-treated GO samples.

Fig. S4. FTIR attenuated total reflectance spectra of water and ice.

Fig. S5. High-resolution C 1s XPS spectra for treated GO precursors.

Fig. S6. XRD data of ether-treated GO showing the presence of a lamellar KCg structure at an
intermediate temperature (400°C), which disappears at higher temperatures (850°C).

Fig. S7. Koutecky-Levich and electrode loading mechanistic studies for ether-treated NrGO catalysts.
Fig. S8. Tafel and accelerated durability studies for the ORR on NrGO electrocatalysts.

Fig. S9. High-resolution XPS N 1s and Mn 2p spectra for ether-treated and untreated NrGO
catalysts.

Fig. S10. N, adsorption isotherms for solvent-treated NrGO catalysts.
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