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/Abstract: The electron spin lifetime in an assembly of
chemically synthesized graphene sheets was found to be
extremely sensitive to oxygen. Introducing small concen-
trations of physisorbed O, onto the graphene surface
reduced the exceptionally long 140 ns electron spin lifetime
by an order of magnitude. This effect was completely rever-
sible: Removing the O, by using a dynamic vacuum restored
the spin lifetime. The presence of covalently bound oxygen

also decreased the electron spin lifetime in graphene, al-
though to a far lesser extent compared to physisorbed O,.
The conduction electrons in graphene were found to play
a significant role by counter-balancing the spin depolariza-
tion caused by oxygen molecules. Our results highlight the
importance of chemical environment control and device
packing in practical graphene-based spintronic applications.

/

1. Introduction

Spintronic technologies represent a paradigm shift in the field
of nano-electronics as they utilize electron spin in addition to
charge for device functionality. Graphene has been proposed
as an ideal material for spintronic and spin quantum comput-
ing applications due to the expected long intrinsic spin life-
times (Ts) arising from the small spin-orbit coupling of carbon
atoms and the weak hyperfine interactions resulting from the
absence of nuclear spins for the main '?C isotope. However,
the current achievable electron spin lifetime (Ts) values for
graphene determined by spin transport experiments are
unexpectedly short: They range between 0.2 to 2.3 ns. The T
values in spin transport measurements for graphene remain
contentious as identifying the intrinsic T as spin transport de-
vices arrives at notable drawbacks with the use of traditional
metallic ferromagnetic contacts.? It has been proposed that
sample preparation has an important effect on the measured
T, Alternative scenarios to explain unexpectedly small T
found in graphene have included effects of substrate,”
impurities,” finite-sized flakes,™ and ripples.”

We have recently employed the contactless spectroscopic
technique of electron spin resonance (ESR) to overcome the
effects of substrate and contact contributions to identify a re-
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markably long Ts of 65 ns in high purity chemically synthesized
graphene.” This earlier study unambiguously demonstrated
that intrinsic T of itinerant conduction electrons of graphene
can be as long as 65 ns, thus the experimental T; obtained in
spin transport is reduced by extrinsic factors.

To pinpoint the key parameters responsible for the
experimentally observed short T; is the motivation of our
present study. To this end, we directly employ a substrate-free
self-supported graphene material, free of metallic impurities,
to investigate the intrinsic spin dynamics and the effect of
oxygen interactions with graphene. The extended three-di-
mensional network of graphene represents a model system,
displaying both locally high quality graphene and disorder on
a large scale”™® that allows fine-tuning of T, over a broad
range due to this materials unprecedentedly long intrinsic Ts.
We demonstrate that the presence of physisorbed and
chemisorbed oxygen molecules reduces the spin lifetime
of graphene by more than an order of magnitude. Nanometer
differences in oxygen-to-carbon spin distances are sufficient to
drastically alter the electron spin lifetime.

ESR is a powerful probe of local electron environment ideally
suited to distinguish the specific atomic nature of point de-
fects and various localized and itinerant spin states in carbon
materials.”! ESR allows for the separate acquisition of signals
originating from various regions within a material.'® These re-
gions can be affected by the presence of various gases."" For
example, the reversible change of ESR signal intensity upon O,
exposure suggests potential sensory applications."'? However,
for such applications to eventuate there is a demand for
detailed investigations into the microscopic mechanism of the
O,-graphene interaction process and its impact on graphene
spin lifetime and spintronic applicability.

In the case in which molecular oxygen interacts with the
graphene surface, ESR can be used to deduce important
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information arising from (but not limited to) a few possible
scenarios: 1) If O, is significantly close to the surface, the line
width of ESR signal would broaden (beyond detection limits)
and appear as a reduction in susceptibility; 2) when O, is suffi-
ciently far removed from the surface, conduction electrons
average the entire signal and a signal with Lorentzian peak
characteristics would then be observed; and 3) those carbon
spins that are somewhere between the limits imposed by O, in
scenarios (1) and (2) may be revealed by contributions to
a signal with a distorted Lorentzian line shape. This is because
O, gas is paramagnetic with spin-1 magnetic moment. By
tuning the O, concentration and manipulating the efficiency of
the motional narrowing caused by conduction, electrons esti-
mations of the O,—carbon spin distances may be obtained.
However, distinguishing these scenarios inherently relies on
the use of high quality graphene materials that demonstrate
long electron spin lifetime.

2. Experimental
2.1 Synthesis

The assembly of graphene sheets was obtained by a previously
reported solvothermal synthesis pathway.”® To summarize,
propanol was used as the alcohol feedstock for the solvo-
thermal reaction with sodium metal at 493 K for 72 h. The
term “solvothermal” denotes conditions involving reactions
performed at a temperature above the boiling point of a sol-
vent in a closed reaction vessel. The solvothermal reaction
yielded a solid product, which was rapidly pyrolized in air, re-
sulting in a moderately oxidized graphene material. The result-
ing material was washed with water, then with acidified
ethanol (2m hydrochloric acid in ethanol, 1:4 v/v ratio), and
filtered under dynamic vacuum before drying in a vacuum
oven at 473 K for 1 h.

2.2 Characterization

Transmission electron microscopy (TEM) was performed on
a JEOL3000F operated at an acceleration voltage of 300 kV.
The graphene sample was prepared by sonication for a few
minutes in ethanol, then dropped directly onto a carbon-
coated copper TEM grid and after allowed to air dry.

Raman spectroscopy was performed using Argon 514 nm
excitation laser on a Renishaw Raman inVia Reflex with a notch
and edge filter cut-off of 100cm™ (10% laser power, 10s
acquisition, 10 acquisitions, 50x objective) and a spectral reso-
lution of ~1.4cm™". A small amount of sample was shaken in
ethanol before dropping onto a stainless steel plate and
allowed to air dry prior to analysis.

Gas adsorption isotherms were measured with an IGA-002
gravimetric adsorption instrument (Hiden-Isochema). Approxi-
mately 44 mg of graphene was loaded into a stainless steel
basket and sealed in a stainless steel microbalance chamber.
The chamber was evacuated, and heated to 715K for 12 h
before cooling. Isotherms were measured by pressurizing the
sample chamber with a set pressure of gas, monitoring the
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mass for a minimum time to reach equilibrium, before
increasing the pressure to the next programmed point. The
sample temperature was maintained at (298.14+0.1) K. The
gases were supplied at 99.99% purity.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted using an ESCALAB250Xi instrument manufactured
by Thermo Scientific, UK. The background vacuum was below
2x107° mbar. Monochromated Al,, (1486.68 eV) with a power
of 156 W (12 mA and 13 kV) and a spot size of 500 um was
used. The photoelectron take-off angle was 90° and the pass
energy was 20 eV for high-resolution surface region scans.
Under the surface region scan conditions, a spectral resolution
of 0.59 eV (full width at half maximum) was achieved. The
spectrometer was calibrated using Au 4f,,=83.96¢€V, Ag
3ds,=368.21 eV, Cu 2p,,=932.62 eV with a C 1s binding ref-
erence of 285.00 eV for adventitious hydrocarbon. The material
was pressed into a disc and placed onto a Cu heating stage
for analysis. Curve fitting was performed using the Scienta
ESCA300 data-system software. This describes each of the
components of a complex envelope as a Gaussian-Lorentzian
sum function. The curve fit is guided using chemical and physi-
cal knowledge, rather than allowing the algorithms to produce
what may be a good mathematical fit, but lacking physical
meaning.

ESR spectroscopy in the 9.4-420 GHz frequency range was
performed. The temperature was varied in the range 2-300 K.
At 9.4 GHz a commercial spectrometer was used. In the milli-
meter wave range, experiments were carried out on a home-
made 105-420 GHz quasi optical spectrometer.'”? To enhance
sensitivity, first-derivative-absorption spectra were detected by
a lock-in technique through applying sinusoidal modulation of
the externally applied magnetic field. The incident microwave
power as well as the modulation amplitude was cautiously
reduced to avoid signal distortion. The ESR line width (AH),
g-factor, and spin susceptibility (y), were quantified by least
squares fitting of the derivative absorption spectra. The abso-
lute value of y was determined by a calibrated CuSO,-5H,0
reference sample."® The g-factor was determined with the aid
of 10 ppm Mn-doped Mn/MgO powder with g=2.0014.'"

3. Results and Discussion

3.1 Gas and vapor sorption, microscopy, Raman spectro-
scopy, and X-ray photoelectron spectroscopy analysis

First, we characterized the chemical changes in the graphene
sample as a function of atmosphere and temperature. TEM
images of the graphene material are shown in Figure Tand
also the Supporting Information (Figure S1).

According to Ferrari and Robertson,!'™ the Raman spectra of
the graphene material we employed is best represented by
a disordered carbon material between nano-crystalline graph-
ite to low sp® amorphous carbon (Figure 2). The Raman spec-
trum of the graphene material showed a “G band” centered at
1590 cm ™" with 91 cm™" full width at half maximum (FWHM),
due to the in-plane stretching motion between pairs of sp?
carbon atoms. The presence of the “D band” centered at
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Figure 1. Transmission electron microscopy images of typical regions in the
graphene sample a) showing the extended assembly of graphene sheets
and b) a high-resolution image of layered graphene sheets with no inter-
planar correlation. Sheet corrugation was also visible. Inset of (b) shows a
magnified region of the hexagonally arranged graphene lattice with
hexagons drawn as a guide for the eye.
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Figure 2. Raman spectra of the as-prepared graphene material. Inset shows
the region of second-order peaks.

1381 cm™' with a full width at half maximum (FWHM) of
338 cm™' is believed to be due to a double resonance, and
enhanced by edge effects and dangling bonds of the sp?
carbon sites."™ The second order peaks are not well defined,
but appear as a small modulated bump between 2000 and
3200 cm™' and best represent a multilayer graphitic material.
The intensity ratio of the D band to the G band value, com-
monly reported as Ip/l;, was =0.62, indicating a significant
number of defect sites present.>"® More generally, and as
a first approximation, the Raman spectra of such disordered
carbon implied an average inter-defect distance (L,) of
~1.1 nm, and in terms of defect density (np), a number greater
than 2.8x10" cm 2" Locally, TEM characterization showed
that the in-plane crystalline domains may be inhomogeneous
in size resulting in various degrees of local structural disorder
within the sp? network. Such domains appear within extended
micron-sized sheets (contributing to the overall Raman spectra
of disordered carbon), and not as amorphous carbon frag-
ments. Consequently, any significant information on the influ-
ence of doping™® and strain” on the electronic properties of
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the graphene material is lost in the background of the Raman
spectra of disordered carbon.>™'® However, from our previous
work,” we found that the low-temperature metal-like Pauli
spin susceptibility arising from this graphene material ()pau; =
3.1x1077 emug™") corresponds to carrier densities of approxi-
mately 1.44x 10" cm™2 (assuming linear graphene-like disper-
sion in the metallic regions), and that the layer coupling
strength at 100 K was ~ 10 meV. Accordingly, either the defec-
tive regions of the material do not contribute to the ESR
signal, or structural defects do not broaden the ESR signal due
to the weak spin-orbit interaction of carbon.

Evacuation of the graphene sample to pressures below
107° mbar at 296 K resulted in a reduction of ~ 13 weight per-
cent (wt.%; Figure 3). Since most of the mass loss occurred
under relatively mild vacuum, we assume that physisorbed
species were removed but not a significant fraction of chemi-
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Figure 3. The weight-loss profile of the as-prepared sample with reduction
of pressure. The slight kink in the weight loss just after 150 min is due to
the start-up of the turbo molecular vacuum pump reducing pressure from 2
to less than 107° mbar. The inset shows the weight-loss profile during
heating to 723 K under high vacuum, in which a further ~15 wt.% was lost.

cally bound species. Subsequent heating at 715 K under high
vacuum for 12h was sufficient to remove most of the
chemically bound molecules from the graphene surface. We
performed adsorption—-desorption isotherms on the heat-
treated graphene at 298 K for the main components of air, N,
and O,, H,0, and CO, (Figure 4).

At 50% relative humidity the graphene sample adsorbed
~10.9 wt.% H,O. The total adsorption of water at 88 % relative
humidity in air at 298 K, that is, 28 mbar, reached ~20.7 wt.%.
The quantities of adsorbed O,, N,, and CO, at the partial pres-
sures approximately found in air (212 mbar for O,, 790 mbar
for N,, 0.4 mbar for CO,) were 0.38, 0.62, and <<0.05 wt.%,
respectively. CO,, N,, and H,O demonstrated largely reversible
adsorption behavior. However, the total O, uptake was largely
irreversible, with approximately two thirds of the oxygen
remaining bound upon evacuation. During O, adsorption the
equilibrium mass at each pressure was not reached even after
2-3 h, so the measured (non-equilibrium) mass at the end the
waiting period was used for each point in the isotherm.
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Figure 4. Gas adsorption-desorption isotherms at 298 K for O,, N,,

Further kinetic studies of O, sorption revealed two processes
occurring at different rates (Figure 5). As O, is introduced the
initial rapid mass uptake is complete within 2-3 min, typical of
the physisorption of gases at room temperature. Beyond this
point, there is a slow increase of mass over many hours, which
is more characteristic of a process requiring higher activation
energy, such as chemical binding or network diffusion. That
this second process was not observed for the adsorption of ni-
trogen or carbon dioxide leads us to believe that it is specific
to the gradual chemical oxidation of the graphene surface. The
mass gain kinetics for the slow process measured at 65 mbar
was fitted to a Linear Driving Force model® and the rate con-
stant k was calculated to be (124 4 3) min, indicating that col-
lection times of longer than 6 h per point would be required
to make a reasonable estimate of the equilibrium mass. Note
that the measured irreversible oxygen uptake is much less (by
more than an order of magnitude) than the initial mass lost
during heating.

The water adsorption isotherm indicates that the amount of
water adsorbed on the surface of the graphene (and thus the
mass lost on evacuation) is highly dependent on the relative
humidity in the air. Assuming that the vast bulk of the 13 wt.%
mass loss on evacuation is adsorbed water, we estimate that
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Figure 5. The O, uptake at various pressures were collected for a minimum
of 2 h yet did not fully reach equilibrium. O, adsorption indicates a two-step
process involving both fast and slow sorption. The inset shows a magnified
region of O, adsorption more clearly demonstrating the two-step process: A
rapid uptake of O, (physisorption) then a very slow uptake (diffusion, physi-
sorption, or chemisorption) over many hours. The spike in the mass reading
just after the introduction of O, at each pressure is due to the effect of gas
turbulence on the microbalance, which takes a few minutes to stabilize.

Pressure / mbar

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

the relative humidity was approximately 50-55% in the air
introduced to the sample.

The composition of the adsorbed surface layer under atmos-
pheric conditions (and 50% relative humidity) was estimated
from the pure gas isotherms, neglecting competitive adsorp-
tion. The species O, N, and H,O were each calculated to
exceed the total number of spin=1/2 paramagnetic centers
per gram of the graphene material (y=3.7x10" sping™"): O,=
7.3x10"%, N,=15x10°, H,0=3.6x10", and CO,=3.5x
10" moleculesg™'. This equates to an approximate ratio of
number of guest molecules to spin=1/2 paramagnetic centers
to be 2:1 (0,), 4:1 (N,), 100:1 (H,0), and 1:10 (CO,).

Weight-loss events when heating to 1070 K were identified
using thermogravimetric methods under an atmosphere of
ultrapure helium and are reported in the Supporting Informa-
tion, Figure S2. The removal of adsorbates (solvents, vapors,
gases) occurred between 300-430 K and the partial decompo-
sition of the graphene material to CO, and CO by the irrevers-
ible removal of chemically bound oxygen groups occurred at
temperatures exceeding 430 K (Figure 6).%¥ The removal of
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Figure 6. XPS spectra of the core O 1s photoelectron line taken of the
as-prepared graphene sample during heating from 298 to 923 K under UHV.
The oxygen content chemically attached to the graphene surface was
drastically reduced from ~19 wt.% at 298 K to < 1 wt.% at 923 K over a
period of 2 h.

chemically bound oxygen from the surface of the graphene
sample was quantitatively monitored in-situ under ultrahigh
vacuum (UHV) conditions using XPS, Figure 6.

The oxygen content was found to decrease significantly
when heating up to 923 K; a reduction from 19 to <1 wt.%.
An estimate of the type of oxygen bound to the carbon was
assigned by peak-fitting techniques commonly employed for
XPS, which gave approximate quantifications of the chemically
bound oxygen environments: O=C of 10.2 wt.% (531.6 eV) and
O—C of 8.7 wt.% (533.1 eV) at 298 K under UHV. At 473 K the
amount of oxygen left bound as O=C (7.0 wt.%) had been re-
moved significantly more compared to O—C (8.1 wt.%) groups.
The peaks appear better resolved after heating at 723 K and
the estimated values of chemically bound oxygen reduce to
similar quantities: O=C 4.1 wt.% (531.2 eV) and O—C 5.4 wt.%

Chem. Eur. J. 2015, 21, 770-777 www.chemeurj.org

774

CHEMISTRY

A European Journal

Full Paper

(533.5eV). It was, however, inappropriate to quantify peak
assignments at such low concentrations of oxygen bound
(<1 wt.%) beyond heating at 723 K.

3.2 Electron spin resonance spectroscopy studies

We correlated the results in the above section with spin life-
time changes in the graphene material by means of multi-
frequency ESR spectroscopy. At 300 K the 9.4 GHz ESR signal of
the as-prepared graphene material had a highly symmetric
Lorentzian shape at g=2.0137 position typical of graphitic
material,”” with a line width AH=0.41 mT (the Supporting
Information, Figure S3.1a). A residual non-Lorentzian intensity
was also observed from the ESR of the graphene sample. The
deviation from the derivative Lorentzian line shape is small
with a peak-to-peak magnitude of about 20 times smaller than
the signal, which corresponds to a resolved small signal
inhomogeneity in the sample of ~5%. The spin relaxation of
the detected signal is largely homogeneous; unresolved
inhomogeneity would result in a Gaussian line shape.

From the ESR signal intensity of the as-prepared graphene
sample, the spin concentration was calculated"” and was
found to be y=1.5x10"sping™" assuming spin=1/2 para-
magnetic moments. It is important to note that the magnitude
of the intensity of the ESR signal may be subject to artifacts
such as those caused by guest molecule adsorption;"? spin
magnetic moments may be present although rendered un-
detectable by ESR"*?? thus the estimated spin concentrations
are lower limits as we show below.

Upon evacuation of the sample overnight in dynamic
vacuum of 107° mbar the ESR signal changed significantly. The
g-factor remained the same within experimental accuracy, but
the ESR line width decreased by more than a factor of 4 and
reached AH=0.106 mT. The ESR intensity increased approxi-
mately by a factor of 3. The change in ESR line width and in-
tensity upon degassing was completely reversible: Exposing
the degassed sample to air immediately broadened the line to
recover the original ESR signal. Additionally, the partially de-
gased sample showed slow degradation. The ESR line observed
right after sample preparation, presented in Figure 7, over
a month timescale transformed back to the as-grown state. We
attribute this slow change to the slow surface diffusion of the
residual O, in excellent agreement with gas absorption results
(Figure 5).

The introduction of ultra-pure O, gas (at 1 bar) after evacuat-
ing the sample also fully restored the ESR line width, however,
with an ESR signal intensity half of that observed resulting
from air. This loss of signal intensity is in agreement with earli-
er works,"'? and demonstrates that a change in signal intensity
may be induced by the introduction of O, from air. Moreover,
our results indicate that the T; change of graphene is also
induced by the graphene-0, interaction.

We performed subsequent heat treatments up to 1040 K
under dynamic vacuum (typically for 20 min. at each tempera-
ture) and measured the ESR at T=300 K after each heat treat-
ment (Figure 7). The g-factor was found to be independent of
heat treatment. The ESR line width decreased monotonically as
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Figure 7. Evolution of the ESR line width, AH, at T=300 K, and v=9.4 GHz
of samples undergone various heat treatments under dynamic vacuum (e).
m=The as-grown sample. Inset: ESR spectrum at T=300 K after subsequent
heat treatments with the spectra normalized for comparison.

a function of increasing heat treatment temperature. The in-
tensity of the ESR line of a heat-treated sample under vacuum
at 1040 K was approximately 25 times more intense than that
of the as-prepared sample in an atmosphere of air; the spin
concentration of the 1040 K heat-treated sample was found to
be y=3.7x10"sping™". The resulting narrow ESR line
indicated it was of carbon origin.

The chemical species responsible for the line width broaden-
ing were progressively removed by heating. Deviations from
the Lorentzian line shape were also reduced (the Supporting
Information, Figure S3.1b). The ESR linewidth decreased to
AH=0.046 mT after heat treatment at 1040 K; this is an order
of magnitude smaller than that observed in the as-prepared
graphene exposed to air. The ESR line width narrowed approxi-
mately 6 times more as a result of dynamic vacuum pumping
at 300K (from 0.460 to 0.106 mT) than that from the subse-
quent heating to 1040 K (from 0.106 to 0.046 mT). The line
width narrowing and intensity increase after heat treatment
was reversible: Exposing the heat-treated samples to air result-
ed in an increase of the line width by an order of magnitude,
and a decrease in the intensity. The as-grown ESR line was
recovered upon venting the sample by air. We attribute this
drastic change of T; upon graphene exposure to air, to the
interaction of graphene with the spin magnetic moments of
0O, in air.

Our earlier report showed that the ESR of chemically synthe-
sized graphene is a common resonance of both localized and
itinerant spins.”” The conduction electron spin resonance in
only observable below 50K at high magnetic fields due to
the small g-factor anisotropy.”) However, the AH,,.=0.046 mT
line width of the 1040 K heat-treated sample at room tempera-
ture is significantly narrowed by itinerant conduction elec-
trons.”) To identify the contributions to motional narrowing
made by conduction electrons we performed high-frequency
ESR at T=300 K and analyzed the line width distortion relative
to the Lorentzian profile on the 1040 K heat-treated sample
(Figure 8 and the Supporting Information, Figure S3). In this ex-
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Figure 8. Frequency dependence of AH at T=300 K for a heat-treated gra-
phene sample at 1040 K (0) demonstrating a linear increase in the line
broadening with respect to frequency in the 0-420 GHz frequency range (0-
16 T field range). The frequency dependence of the air-exposed graphene
sample (D). Linear and quadratic lines of best fit (bottom and top, respec-
tively) to line width broadening behavior are shown.”®

periment, we fixed the concentration of O, by sealing our
sample under vacuum and an atmosphere of air, while tuning
the ability of conduction electrons to narrow the signal mo-
tionally by varying the ESR frequency. Under these conditions
the signal of the closed sample under vacuum broadened mo-
notonically from AH,=0.039 mT residual width by a rate of
1.9%x10~* mTGHz ' with increasing frequency.”? Moreover, the
magnitude of the non-Lorentzian residue also increased with
increasing frequency (the Supporting Information, Figure S3).
The low-pressure air closed sample behaves qualitatively simi-
lar (Figure 8). It shows AH,=0.150 mT, which is significantly
broadened relative to the vacuum closed sample in accord-
ance with the atmosphere dependence (Figure 7). In addition,
the residual non-Lorentzian component of the sample closed
under a low pressure of air was higher than that of the
vacuum closed sample (Figure 7). However, the frequency
dependence is quadratic with 3.3x10®mTGHz 2 coefficient
rather than linear (Figure 8). All this is in agreement with an
incomplete motional narrowing mechanism.”

The increasing deviation from the Lorentzian line shape with
increasing frequency at a constant O, concentration demon-
strated that conduction electrons were counter-balancing the
spin depolarization induced by O, spins. Although the narrow-
ing effect of the conduction electron is suppressed due to O,
induced local magnetic field inhomogeneity, the narrowing
strength is the same only it is less efficient.” The quadratic in
the field dependence for the air-exposed sample indicates that
the maximum experimentally available magnetic field, 16T, is
close to resolving the inhomogeneous signal.

When considering our results we propose that the broaden-
ing of the ESR line width, that is, the major reduction of the
spin lifetime in graphene, results from the exposure to
paramagnetic O, molecules in air and to a lesser extent the
presence of covalently bonded oxygen groups on the gra-
phene surface. Introducing less than 0.4 wt.% physisorbed O,
broadened the ESR linewidth 6 times more than removing
18 wt.% of covalently bound oxygen as O—C or O=C (as deter-
mined by XPS). Assuming only magnetic dipole-dipole interac-
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tion as a microscopic origin of the ESR line width broadening,
average carbon-0, distances can be obtained: By fixing the
electron spin S=1/2 to carbon and S=1 to an extrinsic spin
(in our case O, since H,0, N,, and CO, are all in a ground elec-
tronic singlet state of $=0), the average distance between gra-
phene-0, spins is obtained by the Van Vlack formula.?” The
closest value to the intrinsic homogeneous line width of our
graphene sample was AH,,.=0.046 mT, which results in a re-
markably long spin lifetime, T, of 140 ns. This yields greater
than = 2.5 nm carbon-0, distances otherwise dipole-dipole in-
teractions would readily broaden the spectral lines. This signal
originates from regions in which carbon spins are protected
from interacting with O, therefore pose the longest electron
spin lifetimes.

There is an instrumental noise floor limiting AH detection of
about 1 mT in the present experiment which translates to
~ 1.1 nm distance. This is because ESR can only detect regions
in which the line width is sufficiently narrow, as the signal am-
plitude is inversely proportional to the square of the line
width."®¥ Hence, in regions in which O, and graphene electron
spins are separated by less than ~ 1.1 nm, an ESR signal would
not be observed in our experiments. This is the origin of the
loss of the ESR signal upon O, exposure. However, the partial
loss of ESR signal upon O, exposure observed in our experi-
ments is a drastic consequence of O, inhomogeneity within
the graphene sample. The residual non-Lorentzian intensity we
observe in the Supporting Information (Figures S3.1 and S3.2)
also indicates the broadening of the ESR line width by O,
occurs irregularly throughout the sample; there are regions
where barriers exist on the surface on graphene that may
impede O, homogeneity, which includes other adsorbed mole-
cules blocking the surface (e.g., H,0), chemical reaction, and
the extended porous graphene network itself. The maximum
observed O, induced broadening of the ESR line width by
~ 0.4 mT corresponded to a reduction of T to 16 ns. This yields
about 1.4 nm carbon-O, spin distance. This discussion can
hence be formulated in two ways: a) ~4% of the total as-pre-
pared sample volume consists of carbon spins separated from
O, by a distance greater than 2.5 nm, or b) ~96% of this
sample volume is exposed to O, in a way that the carbon-0,
distance is shorter than 1.1 nm. A schematic to represent the
possible mechanism is presented in Figure 9.

4. Conclusions

By multifrequency ESR we have demonstrated that removing
both chemisorbed and physisorbed oxygen on graphene de-
creases the observed ESR line width, which physically trans-
lates to an increase in electron spin lifetime. Removal of cova-
lently bound oxygen groups is largely irreversible; however,
the adsorption of O, on the graphene surface was sufficient to
completely revert to the short spin lifetimes. As paramagnetic
O, spin centers are introduced, they rapidly physisorb to the
graphene surface while taking an exceptionally long time to
equilibrate throughout the entire porous graphene material.
Exposure of the graphene sample to air also introduces consid-
erable amounts of H,0, and to a lesser extent N, and CO,. This
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Air or Og, 300 K
Ts =16ns
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- Airor Og, 300 K
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— Air or Op

- C-0/C=0, 1070 K
Ts=140 ns
rge>2.5nm

» + Air or O3, 300 K
Ts=16ns
Fge>1.4nm

Figure 9. Schematic representation summarizing the effect of bound oxygen
molecules on the surface of graphene. The average spin-spin distance is
denoted by r._.. Hydrogen has been omitted in certain graphene fragment
models for clarity. After the removal of molecules from air (or removal of O,)
at 300 K the spin lifetime increases, with only the covalently bound oxygen
remaining on the graphene. Further heating removes covalent-bound
oxygen, further increasing the spin lifetime in graphene. Re-exposing the
heated graphene material to air (or O,) introduces adsorbed molecules,
although oxidation is very slow and irreversible. In both the as-synthesized
and heat-treated samples, this exposure to O, or air causes a drastic
reduction in the observed spin lifetime.

also contributes to inhomogeneity in the spread of oxygen-
carbon spin interactions across various regions of the gra-
phene surface individually distinguished by ESR. Dipole-dipole
interactions between the graphene surface and localized
paramagnetic oxygen spins destroys spin coherence, which
manifests as an increase in the observed ESR line width. The
closer the paramagnetic oxygen centers are to the graphene
surface the shorter the observed electron spin lifetime; at
distances closer than =~ 1.4 nm the electron spin lifetime is re-
duced beyond detection by ESR. When oxygen and carbon
spin centers are separated beyond ~2.4 nm, we are able to
observe the intrinsic extraordinarily long electron spin lifetime
in our graphene material (localized spin, 140 ns) which makes
it of exceptional quality for potential use in assembling spin-
tronic devices (N.B., conduction electron spin, Ts=65 ns). The
mechanisms by which various covalently bound oxygen

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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groups on graphene influence spin lifetime remain unclear.
Given the sensitivity to oxygen molecules a few nanometers
away, future attempts to assemble graphene-based spintronic
devices will require the special consideration of surrounding
chemical environments.
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