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G
raphene is a two-dimensional (2-D)
nanomaterial consisting of sp2-
hybridized carbon atoms forming

a one-atom thick honeycomb lattice. Owing

to its unique structure and electronic prop-

erties, it has drawn the attention of scien-

tists in recent years.1�5 Solution processable

graphene oxide sheets are readily pre-

pared by oxidizing graphite according to

the Hummers method.6 The exfoliated

graphene oxide sheets (GO) are suspend-

able in polar solvents, and they can be re-

duced to produce reduced graphene oxide

(RGO).7�10 The thermal, chemical,11

sonochemical,12 microwave,13�15

photocatalytic,16�18 or electrochemical19

treatment used to reduce GO can only par-

tially restore aromatic sp2 structure of

graphene. By varying the degree of GO re-

duction, it is possible to tune the properties

of RGO.20�23

Since the reduced graphene oxide ex-

hibits many physical properties similar to

that of graphene, they are being considered

in electronic, sensor, and catalytic

applications.24�31 Attempts to use blends

of functionalized graphene and poly(3-

hexylthiophene) as an active layer in a poly-

mer solar cell resulted in a power conver-

sion efficiency of 1.4%.32,33 Incorporation of

graphene sheets into TiO2 nanoparticle

films used as photoanodes in dye-sensitized

solar cells gave five times the power conver-

sion efficiencies than those obtained with

TiO2 nanoparticle films without carbon

sheets.34 Importance of graphene was also

shown in field-effect transistors,35,36

sensors,37,38 and catalysis.30 Improved

photocatalytic performance has also been

reported for TiO2�RGO composite films.39

Another interesting aspect is the nonco-

valent functionalization of graphene, with

planar organic molecules via ��� stack-
ing, van der Waals, and/or electrostatic
forces. Interaction with electron-
withdrawing or -donating aromatic mol-
ecules, such as nitrobenzene and aniline, re-
sults in the doping of graphene.40 Posi-
tively charged aromatic dyes, such as
methylene green, can increase the disper-
sity of graphene oxide.41 Interaction of RGO
with pyrenebutyrate, rhodamine 6G, por-
phyrin, and thiophene derivatives are often
marked by fluorescence quenching of or-
ganic molecules.42�46

Numerous reports have appeared dis-
cussing photoinduced charge separation in
porphyrin single-wall carbon nanotubes47�50

and porphyrin�fullerenes51�54 supramolecu-
lar assemblies. Although fluorescence
quenching provides a fingerprint for estab-
lishing excited-state interaction in graphene-
based systems, this technique alone cannot
establish the mechanism of the quenching
process. For example, in the case of porphyrin
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ABSTRACT Photoexcited cationic 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetra(p-

toluenesulfonate) (TMPyP) undergoes charge-transfer interaction with chemically reduced graphene oxide (RGO).

Formation of the ground-state TMPyP�RGO complex in solution is marked by the red-shift of the porphyrin

absorption band. This complexation was analyzed by Benesi�Hildebrand plot. Porphyrin fluorescence lifetime

reduced from 5 to 1 ns upon complexation with RGO, indicating excited-state interaction between singlet excited

porphyrin and RGO. Femtosecond transient absorption measurements carried out with TMPyP adsorbed on RGO

film revealed fast decay of the singlet excited state, followed by the formation of a longer-living product with an

absorption maximum around 515 nm indicating the formation of a porphyrin radical cation. The ability of

TMPyP�RGO to undergo photoinduced charge separation was further confirmed from the photoelectrochemical

measurements. TMPyP�RGO coated conducting glass electrodes are capable of generating photocurrent under

visible excitation. These results are indicative of the electron transfer between photoexcited porphyrin and RGO.

The role of graphene in accepting and shuttling electrons in light-harvesting assemblies is discussed.

KEYWORDS: graphene oxide · porphyrin · 2-D interactions · electron
transfer · photocurrent
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linked to graphene via an amide bond, intramolecular
energy transfer is postulated to explain the fluores-
cence quenching.55 As shown in our earlier studies with
TiO2�RGO systems, the 2-D graphene sheets have the
capability to accept and shuttle electrons.30,39 The obvi-
ous question is whether such a property would be use-
ful for manipulating electron transfer between the ex-
cited sensitizer and RGO. We have now employed a
cationic 5,10,15,20-tetrakis(1-methyl-4-
pyridinio)porphyrin tetra(p-toluenesulfonate) (TMPyP)
sensitizer to probe the ground-state interaction as well
as the mechanism of excited-state deactivation on RGO
surfaces.

RESULTS AND DISCUSSION
Characterization of the RGO(TMPyP)n Complex in Solution. Re-

duced graphene oxide (RGO) sheets suspended in wa-
ter usually exist as individual sheets as well as a few
(2�4) stacked sheets. The presence of RGO sheets in
the suspension was confirmed by atomic force micros-
copy (AFM). The AFM image in Figure 1A shows a single
RGO sheet captured from the suspension on a mica

substrate. Detailed characterization of the RGO sheets

imaged with AFM can be found elsewhere.16,56,57

TMPyP is a water-soluble tetracationic porphyrin,

with N-methylated pyridine substituents which are

nearly perpendicular to the plane of the porphyrin

(Chart 1). Typically, the planar structure of the dye facili-

tates interaction with carbon nanostructures, such as

carbon nanotubes.58,59 In order to examine the ground-

state interaction between porphyrin and RGO, we re-

corded absorption spectra at different concentrations

of RGO.

The absorption spectra of TMPyP recorded with the

addition of a RGO suspension are shown in Figure 1B.

After each injection of RGO suspension, the solution

was allowed to stand for 15 min so that the system at-

tains equilibrium. In the absence of RGO, a Soret band

of TMPyP appears at ca. 422 nm, together with four less

intense Q-bands at ca. 520, 559, 587, and 643 nm.60

In the presence of RGO, maximum of the Soret band

red-shifts from 422 (�422 � 201 600 M�1 cm�1) to 452

nm, with an isosbestic point at 442 nm. Spectra pre-

Figure 1. (A) AFM image of single-sheet reduced graphene oxide captured on mica substrate together with depth profile
along the line of interest on RGO sheet. (B) Absorption spectra recorded during addition of 0.25 mg/mL aqueous suspen-
sion of RGO (0�60 �L) to 1 �M TMPyP in H2O (3 mL). All spectra corrected for the RGO absorption. (C) Absorption spectra re-
corded with two-beam spectrophotometer during addition of aqueous solution of 170 �M TMPyP (5�50 �L) to 0.05 mg/mL
RGO in H2O (3 mL); �A � A � A0, where A corresponds to the absorbance of the sample with TMPyP and RGO, and A0 corre-
sponds to the absorbance of the TMPyP alone. (D) Benesi�Hildebrand plot showing linear dependence of the inverse of �A
at 455 nm on the inverse of the TMPyP concentration. Black squares are the experimental points, and the red line is the lin-
ear fit.
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sented in Figure 1B were corrected for the correspond-

ing absorption of RGO. The observed shift in the ab-

sorption band is in good agreement with the RGO-

induced red-shift of the porphyrin Soret band, as

reported by Xu et al.61 Such a strong shift of the absorp-

tion maximum was attributed to the flattening of the

TMPyP molecule driven by ��� stacking and electro-

static interactions between the porphyrin moiety and

the RGO sheet. AFM images of the RGO�TMPyP com-

plex confirmed a monolayer coverage of graphene sur-

face by porphyrin molecules and a lack of 2-D order-

ing of TMPyP on RGO surface. These results are in

agreement with earlier studies in which TMPyP mol-

ecules were adsorbed onto laponite or mica sheets.62,63

Rotation of the N-methylated pyridine substituents to

the same plane as the porphyrin ring results in the ex-

tension of the � conjugation and the batochromic shift

of the Soret band. Although protonation of the ad-

sorbed TMPyP molecules could also lead to spectral

shifts,64,65 we consider such a possibility unlikely be-

cause of the slight basicity of the dispersed medium

(pH � 7.5�8.5).65 Under such experimental conditions

TMPyP exists as a free base, bearing four positive

charges at its N-methylated pyridine substituents.

We further analyzed the interaction between TMPyP

and RGO (eq 1) using the Benesi�Hildebrand method66

where n denotes the average number of TMPyP mol-

ecules that interact with a single RGO sheet. By employ-

ing one of the reagents (TMPyP) in excess and varying

its concentration, we can shift the equilibrium to the

right and monitor the formation of the associated com-

plex (RGO(TMPyP)n). The absorption spectrum of the

equilibrium mixture (viz., RGO and TMPyP mixed sus-

pension) represents superposition of the absorption

spectrum of the associated complex and the free re-

agents present in the suspension. A quartz cuvette with

aqueous suspension of RGO in the sample beam and

another cuvette with pure water in the reference beam

were introduced in the dual beam spectrophotometer.

The same amounts of concentrated TMPyP solution in

known increments were added to cells in both com-

partments, and the suspension was allowed to equili-

brate. Since the absorption spectra were recorded with

TMPyP (without RGO) as reference, it allowed us to di-

rectly record the difference absorption spectra (Figure

1C). With an increasing concentration of TMPyP, we ob-

served an increased contribution of the RGO(TMPyP)n

complex to the absorption and the depletion of the ab-

sorption of TMPyP. The appearance of difference absor-

bance maximum at 455 nm and the simultaneous

bleaching of the porphyrin band in Figure 1C highlight

the difference absorption features of the RGO�TMPyP

complex.

The spectra in Figure 1C were further analyzed us-

ing the Benesi�Hildebrand expression (eq 2):66

where Ka denotes the apparent association constant, �

is the molar absorption coefficient of TMPyP adsorbed

on RGO, and cRGO is the concentration of RGO. Inverse of

the difference absorbance at 455 nm (1/�A455) was plot-

ted versus inverse of the TMPyP concentration (1/

cTMPyP). The lineararity of the plot in Figure 1D confirms

the complex formation between RGO and TMPyP (eq 1).

Using the slope and the intercept of the linear fit we ob-

tained the apparent association constant as 3.1 � 104

M�1. The value of Ka should be treated with caution

since multiple binding sites for TMPyP molecules at a

single RGO sheet and various sizes and degrees of ag-

gregation of reduced graphene oxide sheets are likely

to interfere with the determination of the absolute

value. However, the large apparent value of Ka shows

that the complexation between TMPyP and RGO sheets

is rather strong and that it can be achieved in rela-

tively dilute solutions.

RGO-Induced Fluorescence Quenching in Solution. To probe

the interaction between the excited-state of TMPyP

and RGO in solution, fluorescence spectra of TMPyP at

different RGO concentrations were recorded. As shown

in Figure 2A, a decrease in the TMPyP fluorescence in-

tensity is seen with increasing RGO concentration, thus

confirming a strong interaction between the two.

TMPyP has a broad emission comprising of two un-

resolved Q(0,0) and Q(0,1) bands at ca. 675 and 705

nm, respectively.67 Vergeldt et al. postulated that coa-

lescence of the Q-bands is caused by the mixing of the

first excited-state S1 of the porphyrin and the charge-

transfer (CT) state in which an electron is transferred

from the porphyrin macrocycle to the pyridinium sub-

stituent. For coplanar orientation of the pyridinium

groups and the porphyrin macrocycle, electronic cou-

Chart 1. Structure of TMPyP.

RGO + nTMPyP a RGO(TMPyP)n (1)

1/∆A455 ) 1/(1*ε455*Ka*cRGO*cTMPyP) + 1/1*ε455*cRGO

(2)
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pling between the S1 and the CT states increases.68 For
TMPyP adsorbed on RGO, we see quenching of the
emission with no significant noticeable changes in the
shape of the emission band. These results suggest that
the singlet excited state of TMPyP interacts with RGO re-
sulting in a weak or nonemissive complex.

In order to probe the excited-state interactions we
monitored the emission decay of TMPyP at different
RGO concentrations (Figure 2B). The emission of a sin-
glet excited TMPyP monitored in the absence of RGO
followed a single exponential decay with a lifetime of
4.9 ns. This value is in good agreement with the litera-
ture value reported for the singlet excited state of
TMPyP.67 With increasing concentrations of RGO, we ob-
serve an enhanced decay of the excited state, and the
decay trace deviates from the single exponential behav-
ior. However, the decay can be fitted with two exponen-
tial decay function (for fitting parameters see Table S1
in the Supporting Information). Kinetic parameters ob-
tained during the fitting procedure revealed that short
(�1.0 ns) and long (�5.0 ns) time components are the
same for all different RGO concentrations. The only dif-
ference was that the contribution of the fast compo-
nents to the overall decay increased with increasing
RGO concentration (see pre-exponential factors in Table

S1 in the Supporting Information). We attribute the
slow and fast components of the emission decay to
the excited state of TMPyP in the unbound and the
RGO-bound states, respectively. Since free TMPyP and
TMPyP adsorbed on RGO exist in equilibrium in the so-
lution, we observe these two components in all the
traces.

Binding of TMPyP to RGO Films. The interaction between
RGO and TMPyP can also be followed in RGO films cast
on glass slides. The strong affinity of TMPyP toward RGO
films makes it bind to the RGO film from an aqueous
suspension. RGO-coated glass slide was immersed into
an aqueous solution containing TMPyP, and the absorp-
tion spectrum of the film was recorded at different
times. With increasing immersion time, we observe an
increase in the absorption with a maximum around 452
nm, thereby confirming the porphyrin binding to RGO
film (Figure 3A). This absorption band is red-shifted with
respect to the 422 nm absorption maximum of TMPyP
in solution and resembles closely the RGO�TMPyP
complex presented in Figure 1B.

Initially recorded absorption maximum of the TMPyP
on RGO film (after 1 min of immersion of the RGO film
in the TMPyP solution) appears at around 452 nm. This
absorption maximum corresponds to the one observed

Figure 2. (A) Quenching of the fluorescence of 1 �M TMPyP in H2O (3 mL) recorded during addition of an aqueous suspen-
sion of 0.25 mg/mL RGO (0�25 �L): (a) 0, (b) 0.4 � 10�3, (c) 0.8 � 10�3, (d) 1.2 � 10�3, (e) 1.7 � 10�3, and (f) 2.1 � 10�3 mg/mL
RGO; �ex � 440 nm. (B) Decay of the TMPyP fluorescence recorded at different RGO concentrations. Aqueous suspension of
0.25 mg/mL RGO (0�80 �L) was added to 3 mL of 10 �M TMPyP solution in H2O.

Figure 3. (A) Adsorption of TMPyP on RGO film monitored by UV�vis spectroscopy. FTO plate coated with RGO was im-
mersed in 60 �M aqueous solution of TMPyP, and its absorption spectra were recorded at various immersion times (all cor-
rected for absorption of RGO film itself). (B) Adsorption kinetics of TMPyP on RGO films depending on the concentration of
the TMPyP in solution.
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in Figure 1B for the RGO�TMPyP complex. However, it
shows a slow blue-shift as an increasing number of
TMPyP molecules become attached to the RGO film. Af-
ter an hour of immersion time, the absorption maxi-
mum shifts to 440 nm. It is apparent that as more
TMPyP is loaded onto RGO film, the interaction with
RGO is influenced by the intermolecular interaction be-
tween TMPyP molecules. As shown for mixed
Langmuir�Blodgett films with calix[8]arene carboxylic
acid derivative, compensation of porphyrin positive
charges by carboxylic groups results in self-aggregation
of the TMPyP molecules.69 Although we do not ob-
serve any characteristic aggregation bands, the in-
creased loading of TMPyP on RGO seems to have an ef-
fect on the interactive properties.

The rate of binding of the TMPyP to the RGO films
was monitored by recording the UV�vis absorption
spectra of the RGO-coated glass slides at different im-
mersion times in TMPyP solutions. The growth of ab-
sorption was followed at 440 nm for three different
TMPyP solution concentrations. Figure 3B shows the in-
crease in the absorption at 440 nm versus the immer-
sion time for three different sets of experiments. The in-
crease in absorption of the RGO�TMPyP film follows a
Langmuir adsorption profile. With increasing TMPyP
concentration we observe a faster rate of binding, but
they all tend to attain the same saturation level (absor-
bance at 440 nm 0.45� 0.05). These results further as-
certain that the binding of TMPyP is finite, and it is lim-

ited by the finite sites available on the RGO film. Based
on the change in the absorbance of TMPyP solution, we
estimate 2.2 � 10�8 moles of TMPyP per cm2 of RGO
film.

Femtosecond Transient Absorption Spectroscopy of
Glass/RGO/TMPyP Films. The porphyrin-sensitized RGO films
for transient absorption measurements were prepared
by drop-casting RGO suspensions on glass slides and
immersing them in TMPyP solution for 2 h. A silica-
coated glass slide served as a neutral support to ad-
sorb TMPyP from the solution. These films are referred
to as RGO/TMPyP and SiO2/TMPyP, respectively. RGO/
TMPyP films exhibit absorption maximum around 440
nm, whereas SiO2/TMPyP films shows absorption maxi-
mum at 430 nm (Supporting Information, Figure S2).
The glass slides were inserted in a spectroscopic cell
and evacuated before subjecting them to a 387 nm la-
ser pulse excitation. Time-resolved transient spectra
were recorded for the two samples separately (Figure
4A and B). The spectra recorded immediately after the
laser pulse excitation exhibited absorption with a maxi-
mum around 515 nm, corresponding to the formation
of an excited singlet state 1(TMPyP)*. The bleaching of
the absorption below 480 nm was the result of ground-
state depletion as the TMPyP molecules were excited
with the laser pulse.

We also followed the transient absorbance behav-
ior in time at 450 and 515 nm. The initial decay of the
1(TMPyP)* at 515 nm corresponds well with the ground-

Figure 4. Absorption characteristics of transients obtained following a 387 nm laser pulse excitation of TMPyP-sensitized
films. Time-resolved spectra recorded for TMPyP adsorbed on (A) SiO2 and (B) RGO films. (C) Normalized absorption time pro-
files taken at 450 and 515 nm for TMPyP adsorbed on SiO2 and (D) RGO films. Mean laser power during all the experi-
ments: 41 mW/cm2.
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state bleach recovery at 450 nm for both samples (Fig-
ure 4C and D). Lifetime of the 1(TMPyP)* was remarkably
shorter (	0.25 ns) as compared to the singlet lifetime
in solution (4.9 ns). Accelerated decay of the porphyrin
excited state is expected in solid films as they undergo
deactivation via excited-state annihilation processes. Al-
though the transient spectra of SiO2/TMPyP and RGO/
TMPyP films taken immediately after the excitation
pulse exhibit similar features, the spectra recorded at
1500 ps time delay shows some difference. The residual
absorbance in the case of RGO/TMPyP appears in the
traces recorded at 515 and 450 nm (Figure 4D). The
presence of a long-lived absorption is indicative of the
fact that interaction of 1(TMPyP)* with RGO leads to the
formation of a long-lived transient. The appearance of
a transient at longer delay times is attributed to the por-
phyrin radical cation formed during the electron-
transfer process (reaction 3):

Based on the earlier reported spectra for the radical
cations of ZnTMPyP and NiTMPyP,70,71 one can postu-
late that the radical cation exhibits pronounced absor-
bance below 550 nm. We also employed the nanosec-
ond pulse radiolysis technique to confirm the
assignment of absorption band to the cation radical.
Bromide radical anions (Br2

●�) were used to oxidize the
TMPyP molecules, and the radical cation formed during
the electron-transfer process was characterized for its
absorption features (for details see Supporting Informa-
tion, Figure S3). Electron injection from the excited sin-
glet TMPyP to RGO film can be ascertained from the es-
timated oxidation potential of the 1(TMPyP)* (�0.29 V
vs NHE),72 which is lower than the reported Fermi level
of the RGO (0 V vs NHE).73 Such a difference in the en-
ergy levels between donor and acceptor should be suf-
ficient to drive the electron transfer from the photoex-
cited porphyrin to the RGO.

Photoelectrochemical Measurements with FTO/RGO/TMPyP as
Working Electrode. If indeed the excited-state interaction
between excited TMPyP and RGO leads to electron

transfer, we should be able to probe this effect in a

photoelectrochemical cell. The ability of RGO to accept

and shuttle electrons has recently been demonstrated

for RGO�TiO2 films.30,39 When a FTO/RGO/TMPyP elec-

trode was placed in a two-arm photoelectrochemical

cell containing 0.5 M LiI in acetonitrile as the electro-

lyte and irradiated with visible light, we observed an-

odic photocurrent generation. The magnitude of the

photocurrent (�10 
A/cm2) and photovoltage (�60

mV) observed for the FTO/RGO/TMPyP electrode was

relatively small compared to other porphyrin�C60 or

porphyrin�carbon nanotube films.48,51 However, the

fact that we are able to attain anodic photocurrent with

these films suggests electron injection from the photo-

excited TMPyP to the RGO film (reaction 3). Blank ex-

periments carried out with FTO coated with RGO films

produced a negligibly small photoelectrochemical ef-

fect under similar experimental conditions. The photo-

current and photovoltage responses of the two elec-

trodes shown in Figure 5 further highlight the

importance of the excited-state interaction between

porphyrin and RGO in generating a photoelectrochem-

ical effect.

The observed photocurrent with the RGO�TMPyP

electrode was prompt, and the response to visible light

can be seen during on�off cycles of irradiation (Figure

5A). Low photocurrent density observed in the present

experiments is attributed to the inefficient charge sepa-

ration in the RGO�TMPyP system. Although the ex-

cited state of TMPyP is efficiently quenched by

graphene, we observe a very low yield of phorphyrin

cation radical. The fast recombination of charge carri-

ers limits the net generation of photocurrent. This ob-

servation contrasts the behavior of carbon nanotubes

and C60 which promotes the photoinduced charge

separation. For example, the C60�porphyrin74 and car-

bon nanotube�porphyrin75,76 based systems induce

better charge separation, and the electrons can be uti-

lized to generate photocurrent more efficiently. The

photovoltage response is shown in Figure 5B. The

build-up of the photovoltage is rather slow and attains

Figure 5. (A) Photocurrent and (B) photovoltage responses of FTO/RGO and FTO/RGO/TMPyP electrodes under white light
illumination (� � 300 nm; input power: 100 mW/cm2; and electrolyte: 0.5 LiI in ACN).

1(TMPyP)*+RGO f (TMPyP)·+ + RGO(e) (3)

A
RT

IC
LE

VOL. 4 ▪ NO. 11 ▪ WOJCIK AND KAMAT www.acsnano.org6702



a steady state in about 100 s. The decay of photovolt-

age upon stopping the illumination shows the loss of

accumulated electrons to the recombination with redox

couple. Such losses are commonly seen for the photo-

electrochemical cells employing the nanostructured

semiconductor films.77,78

The iodide ions present in the electrolyte facilitate

regeneration of TMPyP molecules (reaction 4):

Such a regenerative mechanism has been estab-

lished in earlier studies.48,51

CONCLUSIONS
A strong interactive affinity between porphyrin and

reduced graphene oxide (RGO) exists both in solution
as well as in films, and this interaction leads to a red-
shift in the porphyrin absorption band. The singlet ex-
cited lifetime of the porphyrin bound to RGO is rela-
tively short (	0.25 ns) as it undergoes an energy and
electron-transfer process. The formation of the porphy-
rin cation radical and the photocurrent generation
indicate that a fraction of the excitation results in elec-
tron transfer. The molecular interaction with RGO is an
important phenomenon that can be further exploited
to develop energy conversion assemblies or sensing
devices.

EXPERIMENTAL SECTION
Materials. All chemicals (reagent grade) were purchased from

Aldrich. Graphite powder, synthetic, conducting grade, �325
mesh, and 99.9995% (metals basis) came from Alfa Aesar.

Graphite Oxide Synthesis. Graphite oxide was prepared by a
modified Hummers method.6 Commercially available graphite
powder (200 mg) was mixed with sodium nitrate (NaNO3, 200
mg) and sulfuric acid (H2SO4, 9.2 mL) and sonicated in an ice bath
for 10 min. Subsequently, potassium permanganate (KMnO4,
1.2 g) was added in small portions to the sonicated mixture, not
to exceed a temperature of 20 °C. Sonication was stopped, and
the flask was removed from the ice bath. The suspension was
stirred for 1 h at a temperature of 35 � 40 °C. Water (10 mL) was
added to the reaction vessel with stirring, temperature was
raised to ca. 100 °C, and the suspension was kept at an elevated
temperature (80�90 °C) for 20 min. After the addition of 3% hy-
drogen peroxide (H2O2, 60 mL), the suspension was filtered,
and the dark-brown precipitate was washed twice with 1 M HCl
and with distilled water until the pH of the filtrate was neutral.
Graphene oxide was dried in the oven for 24 h at 60 °C and
ground in a mortar to obtain a fine dark-brown powder. Stable
suspensions of graphene oxide (GO) were obtained by sonicat-
ing graphite oxide in water for 1 h. Final concentration of GO in
the stock solution used for the reduction was 0.5 mg/mL.

Reduction of Graphene Oxide. Reduced graphene oxide (RGO) was
obtained by a chemical reduction of GO (0.5 mg/mL water) with
an excess of sodium borohydride (150 mM NaBH4), according
to an earlier described procedure.79 Reaction mixture was kept
at an elevated temperature of 80�90 °C for 30 min when the
brown suspension turned into black, thus confirming the reduc-
tion. Reaction mixture was centrifuged at 10 000 rcf for 15 min
to precipitate the reduced graphene oxide, which subsequently
was redispersed in water to give concentrations of 0.5 mg/mL
based on initial GO concentration.

Preparation of Films. RGO films were prepared by spray coating
0.5 mg/mL RGO aqueous suspensions onto glass slides covered
with conducting fluorine-doped tin oxide (FTO) and were em-
ployed in photoelectrochemical and TMPyP adsorption measure-
ments after annealing the slides at 100 °C. For transient absorp-
tion measurements, RGO suspension was drop casted on to glass
slides. The RGO films were modified with porphyrin by immers-
ing the glass slides in 60 
M aqueous solutions of TMPyP for 2 h.
TMPyP deposited on SiO2-coated glass slides (glass/SiO2/TMPyP)
served as controls (blanks) in the femtosecond transient absorp-
tion measurements. The SiO2 films were cast on glass slides by
doctor-blading SiO2 paste (mixture of colloidal SiO2 and polyeth-
ylene glycol PEG) and by subsequent annealing for 1 h at 450
°C. These slides were then immersed in 60 
M aqueous solu-
tions of TMPyP for 2 h.

Methods. All experiments were carried out at room tempera-
ture (298 K). Absorption spectra were measured with Varian
Cary 50-Bio UV�vis spectrophotometer or double beam Shi-
madzu UV-3101PC spectrophotometer. Fluorescence spectra

were recorded using Horiba Yobin Ivon spectrophotometer,
with the use of an appropriate long pass filter to eliminate scat-
tered light from the excitation source. Atomic force microscopy
(AFM) images were recorded using Veeco BioScope II with phos-
phorus n-doped silicon tip under tapping mode. Films for AFM
images were obtained by drop-casting diluted GO and RGO so-
lutions onto freshly cleaved mica.

Time-Correlated Single Photon Counting (TCSPC). Emission lifetimes were
measured using the Horiba Jobin Yvon DataStation HUB operat-
ing in time-correlated single photon counting mode (TCSPC).
NanoLED diode emitting pulses at 457 nm with 1 MHz repeti-
tion rate and pulse duration of 1.3 ns was used as an excitation
source. Light-scattering Ludox solution (colloidal silica) was used
to obtain the instrument response function (prompt). For all the
measured samples, a long pass 500 nm filter was placed before
the emission monochromator. Horiba Jobin Yvon DAS6 fluores-
cence decay analysis software was used to fit the model func-
tions (one- and two-exponential decays) to the experimental
data, with appropriate correction for the instrument response.

Femtosecond Transient Absorption Spectroscopy. Femtosecond tran-
sient absorption experiments were conducted using a CPA-
2010 1 kHz amplified Ti:sapphire laser system from Clark MXR,
combined with a Helios optical detection system provided by
Ultrafast Systems. The fundamental output of the CPA-2010 la-
ser system (775 nm, 1 mJ per pulse, and pulse width 150 fs) was
split into two beams: a pump (95%) and a probe (5%). The pump
beam was directed through a second harmonic generator to pro-
vide a 387 nm excitation wavelength used in all the experiments.
The probe beam passed through an optical delay rail, allowing
regulation of an appropriate delay time between the pump and
the probe. Transient absorption measurements of all films were
conducted in evacuated spectroscopic cells.

Photoelectrochemical Measurements. Photoelectrochemical measure-
ments were carried out in a two-armed cell consisting of work-
ing and platinum-gauze counter electrodes using a Princeton
Applied Research potentiostat PARSTAT 2263. Acetonitrile solu-
tion containing 0.5 M LiI was used as a redox couple/electrolyte
(purged with nitrogen for 10 min prior to each measurement). A
150 W xenon lamp with CuSO4/H2O filter was used as a white-
light source.
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of charge via the Internet at http://pubs.acs.org.

TMPyP·+ + I- f TMPyP + I· + (I-) f I2
·- (4)
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