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Abstract
In this work, we show evidence of enhanced photocatalytic activity inmechanically activated graphite-
zinc oxide (ZnO) composites using time-resolved photoluminescence (TRPL) and time-integrated
photoluminescence (TIPL) spectroscopy. The graphite-ZnO composites were synthesized through
facilemixing and grinding of graphite andZnOprecursorswithout any heat treatment. The precursors
were ground at room temperature with varying graphite to ZnOmass ratios of 3:1, 2:2, and 1:3 for 0, 2,
and 4 h. Raman spectroscopy and x-ray diffractometry confirm the presence of both graphite and
ZnOand corroborate the graphite-to-ZnO ratio. XRD results also show a hexagonal wurtzite ZnO
crystal structure. To determine the photocatalytic activity of the composites, the degradation of
methylene blue (MB)underUV light wasmeasuredwith aUV–vis spectrophotometer. Nearly full
degradationwas achievedwithin a half hour for all composite samples. The kinetic rates of 0.10min−1

were also estimated formixed and unground samples and samples ground for 2 h. Time-resolved
photoluminescence (TRPL) and time-integrated photoluminescence (TIPL) spectroscopy reveal
longer lifetimes andmore intenseUV emissions, respectively, for composite samples compared to
pure ZnO.Wepropose that the even agglomeration of zinc oxide particles on graphite due to grinding
enhances the photocatalytic degradation by the zinc oxide. TRPL andTIPL spectroscopy implies the
excellent binding betweenZnO and graphite, which greatly contributes to the decreased charge
recombination resulting in the superior photocatalytic activity observedwith our samples.

1. Introduction

In recent years, an increase in the number of studies utilizing semiconductormaterials for environmental
remediation has been reported.More specifically, concentrated efforts have been put into the treatment of dye-
contaminatedwastewater through photodegradation. Zinc oxide (ZnO) is one of the commonly used
semiconductors for the photodegradation of dyes due to its wide band gap of 3.37 eV at room temperature [1],
mechanical [2] and thermal stability [3], photosensitivity [4], and cost-effective production [5, 6].

Just like other semiconductors, the efficiency of ZnO as a photocatalyst is limited by the rapid recombination
of photo-induced electron-hole pairs. This results in a significant reduction in photocatalytic activity [7]. To
prevent or slow down the recombination rate in ZnO, the synthesis of carbon-based/ZnO compositematerials
has been studied for improved effective surface area, electron transport, and adsorptive capacity [8–10].

Previousmethodologies employed in the synthesis of graphene/ZnO, graphene oxide/ZnO, and graphite/
ZnOcomposite include but are not limited to solvothermal [11], combustionmethod [12], sol-gel [13], the one-
pot chemicalmethod [14] and hydrothermal synthesis [15].Most of thementioned techniquesmake use of high
temperatures and pass through a chemical solution stage. A recent work [16]utilized ground graphite/ZnO
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composites for energy storage applications. To the best of our knowledge, there is no other literature on ground
graphite/ZnO composites for photocatalytic applications.

Typically, enhanced photocatalytic activity is demonstrated by examining the degradation of dyes, such as
methylene blue, underUV exposure usingUV–vis spectrometry.We demonstrate nearly 100%degradation
efficiency and a kinetic rate of 0.10 min−1 for the composites. In this work, we show further evidence of
photocatalytic superiority through time-resolved photoluminescence (TRPL) and time-integrated (TIPL)
spectroscopymeasurements. The composite samples exhibitedUV emissions with longer average lifetimes
compared to pure ZnO. Thismeans that electrons on the composite remain in their excited state longer than
when in pure ZnO. Since ZnO is a good electron donor, while graphite is a good electron acceptor, their
synergistic effect effectively reduces electron/hole pair recombination. In turn, this leavesmore charge carriers
in graphite to form reactive species for the degradation ofMB leading to the enhancement of the photocatalytic
performance.

2.Methods

2.1. Synthesis of GZ composites
Themethodology presented in this section is a low-cost, energy-efficient, and environment-friendly technique
for producing graphite-ZnO composites. Graphite-ZnO (GZ) composites were synthesized through simple
mixing andmanualmechanical grinding of graphite andZnOusing an agatemortar and pestle. Graphite (Sigma
Aldrich) andZnO (Himedia) powders with varyingmass ratios were continuously ground for 2 and 4 h. The
control samples include graphite, ZnO, graphene oxide synthesized viamodifiedHummer’smethod, and the
ungroundGZmixture. Sample parameters are summarized in table 1.

Field emission scanning electronmicroscopy (FESEM) images were obtained using an FEIHeliosNanolab
600i to studymorphology and the sizes of crystals present in the samples. To characterize the crystal phase and
lattice parameters of the composites, x-ray diffractometry ( aCuK radiation l = 1.54Å at 40 kV and 30 mA at
room temperature)was used. The x-ray diffraction (XRD) patterns of the samples were obtained in the q2 range
of  - 3 90 with -2 deg min 1 resolution. Raman spectra of the samples were alsomeasured using an argon-ion
laser source (l = 514.5 nm). TRPL spectroscopy andTIPL spectroscopywere conducted to give light on the
origin of the photocatalytic activity of the composites. The ultraviolet (UV) excitation light usedwas generated
from the third harmonics (l = 290 nm) of a Ti:sapphire laserwith a 100 fs pulse duration and1 kHz
repetition rate.

2.2. Photocatalytic test
Photocatalytic properties of GZ composites were studied through the photodegradation ofmethylene blue
(MB). 50 ml of m20 M MBaqueous solutionwas prepared towhich 20 mg catalyst was added. The catalyst-MB
suspensionwasmagnetically stirred inside a dark chamber for 30 min to achieve absorption desorption
equilibrium. Then, the suspensionwas exposed toUV light from a 15W light source for 60 min. Every 5 min,
3 ml of solutionwas collected and analyzed at themaximumabsorptionwavelength ofMB (664 nm) using a
UV–vis spectrophotometer (JinanHanon Instruments). All photocatalytic tests were accomplished in
triplicates. Kinetic analysis was performed to quantify the degradation efficiencies of test catalysts.

We also comparedwith samples annealed at 200 and 600 °C and studied the recyclability and reusability of
the composites. For this part of the study, 30 mg of the composite sample with equal graphite andZnO ratios
and ground for 2 hwere used. For the recyclability and reusability test, the catalyst was recovered fromMB
dispersion through vacuumfiltration after every photocatalytic test, washedwith deionizedwater, oven dried for
4 h at 40 C, and reused for photodegradation of freshMB solution.

Table 1. Summary of parameters in the synthesis of G/Z composites through a solid-state reaction at room
temperature.

Amount of pre-

cursor (mg) Sample label

Sample Graphite ZnO 0-hour grinding 2-hour grinding 4-hour grinding

Graphite 500 0 0HG 2HG 4HG

ZnO 0 500 0HZ 2HZ 4HZ

Graphene oxide 500 0HGO 2HGO 4HGO

G/ZComposite 375 125 0HGZ1 2HGZ1 4HGZ1

G/ZComposite 500 500 0HGZ2 2HGZ2 4HGZ2

G/ZComposite 125 375 0HGZ3 2HGZ3 4HGZ3
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3. Results

In sections 3.1 and 3.2, we show the structural andmorphological properties of theGZ composite for samples
ground for 2 h only and compare themwith pure ZnO, graphite, and graphite oxide. In section 3.3, the results of
the photocatalytic efficiency for all samples are presented, as well as the corresponding kinetic rates.We utilize
TRPL spectroscopy andTIPL spectroscopy to shed light on themechanism of photocatalysis forGZ composites.
These results are shown in section 3.4.We compare these results with the photocatalytic activity of annealedGZ
composites in section 3.5 and present the recyclability and reusability of the composite samples in section 3.6.
We discuss our results in section 4 and present our conclusions in section 5.

3.1. XRDand raman spectroscopy
TheXRD spectra of theGZ composites ground for 2 h (2HGZ1, 2HGZ2, 2HGZ3), comparedwith that of pure
ZnO (2HZ), graphite (2HG) and graphite oxide (2HGO), are shown infigure 1. For 2HZ, 2HGZ1, 2HGZ2, and
2HGZ3, we have identified thirteen (13)peaks indexed to the hexagonal wurtzite phase of ZnO (ICDDCardNo.
00-036-1451). Themost prominent Bragg peaks of 2HZ located at q =     2 32 , 44 , 36 , 48 , 57 , and 63
correspond to (100), (002), (101), (102), (110), and (103) planes of crystalline ZnO.On the other hand, eight (8)
diffractions peaks of 2HG around q =       2 26 , 42 , 44 , 54 , 64 , 77 , 84 , and 85 are attributed to the
(002), (100), (101), (004), (104), (110), (112), and (006) reflection planes of hexagonal graphite (ICDDCardNo.
56-0159). Similar peakswere observed for graphite in samples 2HGZ1, 2HGZ2, and 2HGZ3. For theGO
sample, (001) peak at q = 2 10 is found. There are noGOpeaks in all the other samples, which indicates the
absence of the formation ofGO.

The relative intensities of the peaks reveal that for samples 2HGZ31 and 2HGZ2with graphite:ZnOmass
ratios of 1:3 and 2:2, the preferred crystal orientation is at the ZnO (101) plane, while for sample 2HZG1with
graphite:ZnOmass ratio of 3:1, the preferred lattice plane is (002) of graphite.

Using Bragg’s law, we also computed the d-spacing values for 2HZ, 2HG, 2HGZ1, 2HGZ2, and 2HGZ3. In
GZ composites, the peak locations of ZnO are shifted to lower q2 values, while the graphite peaks shifted to
higher q2 values. This shifting is an indication of thewidening and narrowing of d-spacing for ZnO andG
respectively.

The lattice parameters were then computed and the values of a and c for ZnO andG foundwere in good
agreement for the hexagonal wurtzite phase of ZnO and hexagonal graphite, respectively. The lattice constants in
the composites are larger than those of 2HZ, indicating that the presence of graphite canmake the lattice
constants of 2HZ larger.

The average crystallite sizes D for 2HZ, 2HG, and the composites were calculated using theDebye-Scherer
equation as follows [17]:

( )l
b q

=D
0.9

cos
1

B

where l is thewavelength of the aCuK emission line, b is the full width at half-maximum (FWHM) of the peak,
and qB the Bragg angle. The crystallite sizes were determined from the FWHMof the (101) and (002) peaks of

Figure 1. (a)XRDand (b)Raman spectra of theGZ composites (2HGZ1, 2HGZ2, 2HGZ3) comparedwith pure ZnO (2HZ), graphite
(2HG), graphite oxide (2HGO). All samples were ground for 2 h.
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2HZ and 2HG, respectively. The crystallite sizes of ZnO and graphite both decrease as the graphite component
increases.

The Raman spectra infigure 1(b) show three prominent features of graphene at 1346 cm−1, 1568 cm−1, and
2678 cm−1 known as theD,G, and 2Dbands, respectively. TheGband is related to the presence of sp2

hybridization in the graphite structure and gives information on the in-plane vibration of sp2 bonded carbon
atoms [18, 19]. TheD band arising from sp3 hybridizedC atoms is associatedwith the presence of disorder in the
graphitic lattice [20]. The 2Dband is attributed to the first overtone of theD band and is observed in 2HG and in
all the composites with varying intensity, becoming higher for increased graphite loading. The parameter, /I I ,D G

is used to determine the ratio between the quantities of sp3 and sp2 hybridized carbon, aswell as the quality of the
graphiticmaterial [19]. For the composites, the /I ID G increases with increasing ZnO content andmoves away
from the /I ID G value of graphite.

Themain Raman peaks for pure ZnO (2HZ) are observed at -435 cm ,1 -107 cm ,1 -572 cm ,1 and -587 cm 1

assigned as E2
High (+), E2

Low (•), ( )A LO ,1 and ( )E LO1 ( ), respectively. The relatively higher intensity peak of the
E2

High mode compared to other observed peaks demonstrate that the structure of 2HZ is that of awurtzite

hexagonal phase.Multi-phonon features E2 Low
2 (♦) at -202 cm 1 (overtone of the E2

Low) and -E E2
High

2
Low (★)

at -330 cm 1 (due to the combination of -E E2
High

2
Low) are also identified. A broad second order band due to

optical combinationswas also detected at - -1016 1220 cm .1 The presence of ( )E LO1 mode is the confirmatory
existence of oxygen vacancies and zinc interstitials in the samples [21].

3.2. Scanning electronmicroscopy
Figure 2 shows the FESEM image of the (a) pure ZnO sample 2HZ comparedwith theGZ composites: (b)
2HGZ1, (c) 2HGZ2, and (d) 2HGZ3 ground for 2 h. The images clearly depict the typical hexagonal shape of the
microcrystals in all samples. On the other hand, the average sizes of the ZnOmicrocrystals decreased upon the
introduction of the graphite. The reduction of the sizes is not due to the grinding alone, since the 2HZwas also
ground for 2 h and has a larger average size comparedwith the ZnOmicrocrystals interspersedwith graphite.
Increasing the graphite content corresponds to a decrease in the average size of the ZnOmicrocrystals present in
thematerial. It is also evident that the grinding process aided in the adherence and the agglomeration of the ZnO
particles on the surface of graphite.

3.3. Photocatalytic activity
Todetermine the photocatalytic activity, the degradation ofMBbyUV light was observed bymonitoring the
relative intensity of theUV–vis absorption peak at 664 nm. This was done for all composites ground for 0, 2, and
4 h, andwas comparedwith pure ZnOand graphite, whichwere also ground for the same amounts of time. For
control,MBwithout any composite was simultaneouslymeasured underUV exposure. The relative intensity
was then calibrated against the relative concentration.

Figure 3 shows the relative concentration against the degradation time for a grinding time of (a) 0, (b) 2, and
(c) 4 h. As expected, no degradation ofMBunderUV light exposure over timewas observed. In addition,
ungroundZnO (0HZ)was degraded by asmuch as 81%within 30 min ofUV exposure. Surprisingly, therewas
practically no degradation ofMBby groundZnO (2HZ and 4HZ) as seen infigures 3(b) and (c). Graphite alone

Figure 2. FESEM images of (a) pure ZnO (2HZ) comparedwith theGZ composites: (b) 2HGZ1, (c) 2HGZ2, and (d) 2HGZ3 ground
for 2 h.
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also does not influence the degradation ofMB, regardless of the grinding time. Thus, we can conclude that the
synergy between ZnOand graphite contributes to photocatalysis. On average, the composite samples 0HGZ1,
0HGZ2, 0HGZ3, 2HGZ1, 2HGZ2, 2HGZ3, 4HGZ1, 4HGZ2, and 4HGZ3 degradedMBby asmuch as 95%,
96%, 86%, 100%, 92%, 90%, 89%, 92%, and 89%, respectively, in 30 min ofUV irradiation. Figure 3(e) shows a
representative result of the degradation ofMBby sample 0HGZ2.Within 30 min of exposure toUV,MBwas
completely degraded.

The increase in the concentration ofMB at 664 nmat times greater than 40 min is attributed to a
phenomenon called photobleaching. Generally, inUV–vis spectroscopy, this can result in a decrease in
absorbance at thewavelength of interest. However, in some cases [22–25], photobleaching can also cause an
increase in absorbance, because of the formation of a newproduct from the photobleaching ofMBor a shift in
the absorbance spectrum, resulting in a higher absorbance at 664 nm. It would be interesting to investigate this
further in a subsequent investigation.

To determine the photodegradation rate, plots of ( )/ln C Co versus irradiation time for all samplesweremade
as a function of time. The linear relationship of ( )/ln C Co versus t evidenced by least-square regression values

>R 0.94852 of pseudo-first-order rate constants indicates that the photodegradation ofMBover the catalyst
followed the pseudo-first-order kineticmodel [26]

( )=ln
C

C
kt 2o⎛

⎝
⎞
⎠

Performing a linear regression of ( )/ln C Co versus t for all curves provided for the estimation of the slope of a
line, which corresponds to the rate constant k.These rate constants are then shown infigure 3(d).

A higher photocatalytic reaction rate constant implies higher photocatalytic activity [27–29]. Fromfigure 3,
the photocatalytic activity trend follows the order 0HGZ2>2HGZ1>2HGZ3>0HGZ1>2HGZ2>4HGZ3
> 4HGZ1>4HGZ2>0HGZ3>0HZ. The rate constant of all GZ composites is higher than pure ZnO. The
highest rate constant obtainedwere from0HGZ2 ( )-0.103 min 1 and 2HGZ1 ( )-0.100 min ,1 which showed an
88%and 82% increase in the reaction rate, respectively, compared to pure ZnO (0HZ) ( )-0.055 min .1

For samples that were not ground, the optimum loadingwas 0HGZ2 (4:4) followed by 0HGZ1 and 0HGZ3.
The kinetic rate of 0HGZ3 is lowest among all composites probably because toomuch graphite without
adherence to ZnOadds to the turbidity of the solution, screeningUV light, preventingUV activation of the ZnO
surface, and thus decreasing photocatalytic activity. For 2 h of solid-state reaction, therewas an increase in the

Figure 3.Normalized concentration as a function ofMBdegradation time for (a) the unground samples, (b) samples ground for 2 h,
and (c) samples ground for 4 h. (d)Photodegradation kinetic rate for all samples obtained fromfitting the natural logarithmof the
normalized concentrationwith degradation time. (e)The visual result of the degradation ofMBbyGZ2 composite within 60 min of
exposure toUV.
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kinetic rate for 2HGZ1 and 2HGZ3 compared to 0HGZ1 and 0HGZ3. Thismight be due to the intimate contact
betweenZnO and graphite upon grinding. The intimate contact is crucial for the formation of electronic
interaction and interelectronic transfer at the interface of ZnO and graphite [29].

Therewas an observed decrease in photocatalytic activities of all samples 4HGZ1, 4HGZ2, and 4HGZ3 after
4 h of solid-state reaction compared to samples ground for 2 h. A study performed byMelcher et al [30] found
that ballmilling of TiO2 formore than 2 h destroys themesopores of thematerial. Porous structures of this type
are extremely useful in the photocatalytic process [31], and their destruction leads to poor photocatalytic
performance [30]. In that regard, it can be speculated that grinding theGZ composites for 4 h, as well as grinding
ZnO formore than 2 h, does have similar effects.

3.4. Photoluminescence spectra
To ascertain themechanism of photocatalytic degradation, we performed photoluminescence experiments on
ZnOand all the composite samples ground for 2 h. Based on the results offigure 3, the samples ground for 2 h
exhibited the best set of reaction rates based on grinding time.

Figure 4(a) shows the normalized intensity versus decay time in picoseconds ofGZ composites and pure
ZnOall ground for 2 h. The emission lifetimeswere determined by fitting a double exponential function to the
decaying parts of the profile given as:

( ) ( )
t t

=
-

+
-

I t A
t

A
t

exp exp 31
1

2
2

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

where I is the emission intensity, t is time, A1 and A2 are the amplitudes, and t1 and t2 are the decay constants
(lifetimes).

Figure 4. (a)Decay curves and (b)TIPL spectra of 2-hour-groundGZ composites (2HGZ1, 2HGZ2, 2HGZ3) comparedwith pure
ZnO (2HZ). The inset in (b) is in the logarithmic scale of the normalized intensity of the same graph.
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The average lifetime is computed by:

¯ ( )t
t t
t t

=
+
+

A A

A A
41 1

2
2 2

2

1 1 2 2

Table 2 shows the results of the least square fit usingmulti-exponential curves. The decay curvewas decomposed
into double exponential functions. The samples 2HGZ1, 2HGZ2, and 2HGZ3 exhibitedUV emissionswith
longer average lifetimes of 136, 180, and ps150 , respectively compared to 2HZwhich had an average lifetime of

ps44 .Thismeans that electrons on the composite remain in their excited state longer thanwhen in pure ZnO.
Since ZnO is a good electron donor, while graphite is a good electron acceptor, their synergistic effect effectively
reduces electron/hole pair recombination.

Figure 4(b) shows the TIPLmeasurements of the composites and pure ZnO sample normalized against the
UV emission peak around 390 nm. The spectral linewidth of theUV emissions of theGZ samples is narrower by
9 nm compared to that of the pure ZnO sample. This is because of the higherUV emission intensities of the
composites which aremore intense by at least 3 to 14 times, which further supports the synergistic effect between
ZnOand graphite. To resolve the peaks, the normalized intensity of the TIPL spectrawas rescaled to a
logarithmic scale as shown by the inset. Thefluctuations in the pure ZnO spectrumwithin 500 and 750 nmare
attributed to noise. Pure ZnOhas the lowest emission intensity among all the samples, and thus has the lowest
signal-to-noise ratio.Moreover, theUV center wavelength of the composites is blue-shifted by 5 nm compared
to that of the pure ZnO sample. The higherUV intensities in the composites could be a possible reasonwhy their
UV emission peaks are blue-shifted relative to the pure ZnO, i.e., the center of theUVpeak could have shifted as
an effect of the increase in the intensity of the shorterwavelength components of theUVband.

3.5. Photocatalytic degradation at higher temperatures
To establishwhether annealing influences photocatalytic activity, we further investigated the photocatalytic
degradation ofMBby samples annealed at higher temperatures. Using TG-DTA (Figure SF1), we observed
minimal weight loss percentage and no visible endothermic or exothermic peaks from30 to 995 °C.This
indicates that the groundGZ composite did not undergo any phase change, supporting ourXRD andRaman
results, and that the photocatalytic activity is purely due to the electronic interaction between ZnOand graphite.

Figures 5(a) and (b) shows FESEM images of the annealed samples annealed at 200 and 600 °C, respectively.
Weobservedno significant difference between that of theGZ composite ground for 2 hwithout annealing [figure
2(c)]. Similarly, theXRDandRaman spectroscopymeasurements of the annealed samples, shown infigures 5(c)
and (d), respectively, are consistentwith the unannealed samples andwith theTG-DTAmeasurement, and donot
imply any change in crystal structure or phase.Weobserved an increasing ID/IG ratio in theRamanmeasurement
with increasing annealing temperature implying an increase in the number of defects in graphite.

We thenmeasured the photocatalytic degradation efficiency for the sample with equal amounts of ZnO and
graphite and ground for 2 hwith annealing temperatures of 200 and 600 °Cand an annealing time of 1 h. The
annealing timewas determined fromprevious relatedworks [32, 33]. The degradation efficiencies [figure 5(e)]
for annealed samples decrease with increasing annealing temperature and are lower compared to the room
temperature samples. On the other hand, the annealed samples have lower and decreasing first-order rate
constants [figure 5(f)]. These results suggest that annealing the samples does not further contribute to the
degradation ofMB, because no physical or chemical change happens to the samples with annealing temperature
as indicated by the TG-DTAmeasurements. The photocatalytic activity decreases because of the increasing
number of defects on graphite with increasing annealing temperature.

3.6. Recyclability and reusability
For practical applications, it is essential to determine howmany times the photocatalyticmaterial can be used
and reused and ismost favorable for large-scale application of photocatalysis water treatment. This result is

Table 2. Summary of amplitudes and lifetimes (decay constants and average
lifetimes) from the exponential fitting of theUV emission temporal profiles of
2HZ, 2HGZ1, 2HGZ2, and 2HGZ3 composites.

Amplitude (a.u.)
Lifetime

(10 ps)

Ave.

Lifetime

(ps)
Sample A1 A2 t1 t2 t̄

2HZ 0.93 0.02 0.16 0.02 20 78 44

2HGZ1 0.61 0.01 0.41 0.01 42 170 136

2HGZ2 0.59 0.01 0.40 0.01 50 224 180

2HGZ3 0.59 0.01 0.39 0.01 45 187 150
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shown infigure 6. The photodegradation is efficient even after four cycles. This suggests that the composite has
good stability and reusability. There is an increase in radiation time before total degradation, which is due to the
mass loss of the photocatalyst during each recovery step.

4.Discussions

The photocatalysis of graphene-ZnOcomposites is generallywell-known.The valence and conduction bandof
ZnOhave awork function of-7.25 eV and-4.05 eV (versus vacuum) [34], respectively, while thework function
of graphite is-4.6 eV [35]. The incidentUV radiation causes electrons inZnO tomigrate from theVB to the
conduction band.The lowerwork function of theCBofZnOcompared to graphite allows these excited electrons
to transfer to graphite. This reduces electron/hole pair recombination and leads tomore efficient charge
separation inZnO leavingmore charge carriers in graphite to form reactive species for the degradation ofMB
molecules [36, 37]. This is the samemechanism thatwehavewith our samples. Existing literature [38–46]on the
successful photodegradation by zinc oxide-graphene/graphene oxide/graphite oxide composites reported
variousmethods of synthesizing these composites. To the best of our knowledge, this is thefirst work reporting on
the zinc oxide-graphite synthesis by a simple grindingmethod. It is, therefore, imperative to look at how this
fundamentalmechanism relates to our results.

The general result is that regardless of the relative amounts of graphite andZnOor the annealing
temperature of the composites, ZnO and graphite retain their crystalline structure. XRD andRaman
spectroscopymeasurements confirm this, FESEM supports this, andTG-DTA complements this confirmation
for the annealed samples. Raman spectroscopy also provides ameasure of the relative number of defects present
particularly in graphite. Thus, we can eliminate the idea that photocatalytic activity depends on the crystal

Figure 5. FESEM images of sample 2HGZ2 annealed at (a) 200 and (b) 600 °C. (c)XRDand (d)Raman spectra of the annealed samples
in comparison to pure ZnO, graphite, graphene oxide, andGZ composite, all ground for 2 h. (e)Normalized concentration as a
function ofMBdegradation time by the ground sampleswith andwithout annealing, and the (f) corresponding photodegradation
kinetic rate for all samples obtained fromfitting the natural logarithmof the normalized concentrationwith degradation time.
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structure of the compositematerial.We also observe fromRamanmeasurements that as the ratio of the amount
of graphite to ZnO is increased, ID/IG ratio also increases.

The photocatalytic activity was best seen for samples ground for 2 h. Recent work [16] has shown that
decreasing the size of zinc oxide particles enhances the photodegradation of rhodamine-B because of the
increased surface area of the zinc oxide particles.With grinding,more zinc oxide particles adhere to the graphite
surface and form agglomerates.We suspect that further grinding results in the uneven agglomeration and less
homogeneousmorphology of the zinc oxide particles [47], which leads to decreased photocatalytic activity.
Furthermore, graphite is necessary for good agglomeration, which potentially explains why no photocatalytic
activity by zinc oxidewas observedwhen the samples were ground.

If we compare the TRPL andTIPLmeasurements of these composites to pure ZnO,we see thatUV
emissions ofGZ composites aremore intense and have longer average lifetimes compared to pure ZnO. Adding
graphite enhances theUV emission of ZnO and increases the emission lifetime due to the reduced
recombination rate. This implies that the photocatalytic activity is considerably enhanced due to the synergistic
effect between graphite andZnO. There is reason to believe that a chemical bindingmay occur between graphite
and zinc oxide based on a similar study [48, 49].Whether the nature of the synergy between graphite andZnO is
chemical or otherwise is for further investigation in future work.

Themechanism of photocatalytic activity (figure 7) beginswith the excitation of electrons in ZnOwithUV
light, jumping from the valence band to the conduction band. The presence of graphite prevents electron-hole
recombination by allowing the transfer of electrons from the ZnO conduction band to the energy band of
graphite. This leavesmore charge carriers in graphite to form reactive species for the degradation ofMB. The
inset depicts how this degradation occurs over a period of 30minutes.

In general, theGZcomposite is highly effective in the degradation ofMB.Without grinding, the best resultwas
obtained froman equalmass ratio of graphite toZnO.We speculate that the increased surface area due to an even
agglomeration of the zinc oxide particles on the graphite surfaces is responsible for the photocatalytic degradation
by the composite. Further, grinding results in themore uneven agglomeration and less effective photocatalytic
degradation.On the other hand,with a relatively large amount of ZnOcompared to graphite, absorption takes
place. As supported by theTIPL andTRPLmeasurements, the lack of graphite reduces the photocatalytic activity
due to the enhanced electron/hole recombination inZnOand reduced charge separation by the graphite.

Finally, this work presents photocatalytic degradation byGZ composites, in contrast to themore
extensively studied graphene- or graphene oxide- or graphite oxide composites. Themethodology we
presented is straightforward, simple, and very effective, without the need for any chemical processing, or, in
fact, any other processing step.

5. Conclusions

GZ composites were synthesized viamechanical grinding and utilized for the photocatalysis ofmethylene blue
underUV irradiation. The novelty in this work is that we utilized a facile process to synthesize GZ composites,
which requires a very simple step ofmechanical grindingwithout any thermal or chemical treatment, having

Figure 6.Relative concentration ofMB after reusing three times.
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superior photocatalytic performance compared tomost techniques which require numerous steps and
complicated chemical reactions. The photocatalytic degradation ofMBby theGZ composites underUV
irradiationwas enhancedwith grinding compared to the control samples, pure ZnO, pure graphite, graphene
oxide, and ungroundGZ composites.We suggest that the enhancement is due to the even agglomeration of the
zinc oxide particles on the graphite surface due to the grinding process. TRPL andTIPL spectroscopy implies the
excellent binding between ZnO and graphite, which greatly contributes to the decreased charge recombination
resulting in the superior photocatalytic activity observedwith our samples. The origin of the synergistic effect
between the ZnO and graphite needs further investigation.
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