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ABSTRACT

In the present study, our main aim is to show that the first synthesized metal-

doped tea factory waste (TFW) catalyst can be used in both hydrogen produc-

tion and supercapacitor application. In this context, TFW catalyst doped with

copper (Cu) (TFW-Cu) was synthesized for methanolysis of NaBH4 and

supercapacitor measurement. In the presence of four different parameters

(metal type, metal amount, carbonization temperature, and carbonization time),

methanolysis experiments of NaBH4 were performed and the catalyst with the

maximum hydrogen production rate (HPR) was determined. As a result, it was

determined that the 30% Cu-doped TFW (TFW-30%Cu) catalyst had a maxi-

mum HPR at a carbonization temperature of 300 �C and a carbonization time of

60 min compared to other substances. As a result of the methanolysis experi-

ments performed in the presence of TFW-30%Cu catalyst, the maximum HPR

and activation energy were determined as 9475 mL (min.g)-1 and

13.02 kJ mol-1, respectively. In supercapacitor application, the capacitance of

the electrodes in the presence of TFW-30%Cu was calculated as 7–19.9 F.(g)-1.

Thus, it is expected that the synthesized catalyst will make a promising con-

tribution in both energy storage and energy production areas—especially for

distributed generation systems operating in national networks.
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1 Introduction

Energy is needed for production in the world econ-

omy. Despite having alternatives, fossil fuels are the

most used energy source today. However, fossil fuels

pollute the environment, are doomed to run out, and

will get more expensive as they decrease [1]. The only

way is to offer a healthy and clean world to all

humanity; It is the use of renewable energy resources

such as solar, wind, and biowaste. However, hydro-

gen draws attention in that it is in a position to meet

the world’s enormous energy needs due to its stora-

bility. Hydrogen is abundant in nature and is an

efficient energy carrier. With these features, it is

possible to use it in many areas, especially trans-

portation and storage technologies [2]. However, the

most critical point in hydrogen energy production is

its efficient and safe storage and supply. Metal

hydrides are a promising option for the storage of

hydrogen energy. Fast hydrogen absorption and

desorption kinetics, easy activation, low cost, and

ease of manufacture can be cited as important prop-

erties of metal hydrides for hydrogen storage [3, 4].

Sodium borohydride (NaBH4) is the most efficient

among hydrides because it is stable, cheap, and not

flammable and not harmful to health. It is possible to

produce hydrogen at ambient temperature without

additional heating, with additives of catalysts that

help obtain high-purity H2 from NaBH4 [5, 6].

Catalysts are chemical compounds that increase

the rate of reaction without they react. Materials such

as platinum and palladium have been used as cata-

lysts in the literature [7–9]. However, the use of these

materials has disadvantages such as complex prepa-

ration, high cost, and intense energy consumption

[10]. For this reason, it is important to use cheaper

and efficient materials. Another way to accelerate the

hydrogen synthesis reaction from sodium borohy-

dride is to use various solvents, particularly alcohol,

instead of using water. Recently, it is noteworthy that

the methanolysis of NaHB4 is suitable for hydrogen

production [11, 12]. The methanolysis of NaBH4 is

given in Eq. (1):

NaBH4 þ 4CH3OH ! NaB OCH3ð Þ4þ4H2: ð1Þ

Furthermore, catalysts can be used as electrode

ingredients in the generation of supercapacitors with

high-capacity energy stores. Supercapacitors are very

advantageous over conventional capacitors. These

advantages can be shown as being fast charging, high

cyclic life, cost effective, and safe. Thinking about

distributed generation (DG) systems and their pene-

tration into the electricity networks, there can be

natural and unpredictable problems. Thinking about

both solar and wind systems sudden peaks, lack of

sunlight, excessive wind, or absence of wind can

easily be witnessed. In such occasions, supercapaci-

tors can serve as the best back-up plan instead of UPS

Systems with their pre-mentioned abilities. However,

deficiencies in raw material type and production

methods while developing electrode material reduce

the electrochemical performance of supercapacitors

[13]. Therefore, it has become an interesting subject to

develop electrode ingredients with high capacity and

cycle performance in this field. Materials such as

activated carbon and carbon nanotube are known to

have excellent capacitive performance. However,

these materials are not useful because they are diffi-

cult and costly to synthesize. As an alternative to

these, biomass resources are candidates to be ideal

materials with their abundant availability, affordable

cost, and relatively high carbon content [14–16]. Tea

factory waste (TFW) is a source of biomass generated

in tea factories en masse in significant amounts each

year. The unused dust, stem, and fiber parts of the tea

plant create tea factory waste.

In this study, it was reported as the synthesis of

metal-doped TFW catalyst and its application of

hydrogen production and supercapacitor. In this

context, TFW catalyst doped with copper (Cu) (TFW-

Cu) was synthesized for methanolysis of NaBH4 and

supercapacitor measurement, and the obtained

observations were interpreted.

2 Experimental part

2.1 Preparation of tea factory waste-Cu
catalyst

Tea factory waste (TFW) obtained from a tea factory

belonging to Çaykur located in the Eastern Black Sea

Region of Turkey was used as biomass source. TFW,

which was released during the production of black

tea in the factories, consisted of the unused powder,

stem, and fiber parts of the tea leaves. In the prepa-

ration stage, Cu (1.2 g)-doped TFW (0.4 g) was trea-

ted with acetic acid (40 mL) and dried in a furnace at

80 �C for 24 h. It was then carbonized in the oven at
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300 �C for 60 min. The final sample was washed with

pure water and dried in the furnace. The methanol-

ysis experiments of NaBH4 were performed in the

presence of different catalyst amounts (0.05–0.2 g),

NaBH4 ratios (0.1–0.75 g), and temperatures

(30–60 �C).

2.2 Preparation of electrodes prepared
from TFW-Cu catalyst

The TFW-30%Cu catalyst was blended with nafion

for developing the electrode. For the preparation of

supercapacitor electrodes, 80% TFW-30%Cu catalyst,

10% activated carbon, and 10% binder (polyvinyli-

dene fluoride and nafion) were used. The materials

were made homogeneous by mixing in the mixer for

2 h. Then the mixture was sprayed on nickel foam.

The prepared sample was dried in an oven at 80 �C. It
was then cut in a circular shape to accommodate the

aluminum cell. The cell was wetted using 6 M KOH

electrolyte solution. Electrochemical characterization

of the supercapacitor cell was carried out utilizing

cyclic voltammetry (CV), electrochemical impedance

spectroscopy (EIS), and galvanostatic charged dis-

charge (GCD) practices.

3 Results and discussion

3.1 FTIR analysis

Figure 1 shows Fourier transform infrared spec-

troscopy (FTIR) spectra of TFW-30%Cu and TFW.

FTIR analysis was applied in the wavelength range of

450–4000 (cm)-1 in order to comparatively analyze

the chemical bonds in the structure of the samples.

The peak of hydroxyl group (–OH) was observed at

3676.2 (cm)-1 in the FTIR spectrum of TFW-30%Cu

catalyst (red line) while hydroxyl group (–OH) was

not seen in spectrum of TFW catalyst (black line).

Strong peaks represented that the C–H groups were

observed in the range of about 2000–3000 (cm)-1. The

indicator of the presence of the C–O group was

observed at 1605.7 (cm)-1 in the spectrum of TFW-

30%Cu and at 1583.9 (cm)-1 in the spectrum of TFW

catalyst. The peaks appeared in the range of about

1300 to 1000 (cm)-1 could be attributed to the S–O

peaks. Moreover, the C–C stretching peak was

observed at 1014.2 (cm)-1 [17–19].

3.2 SEM–EDX analysis

Figure 2 shows the SEM–EDX images of TFW and

TFW-30%Cu catalysts. It was observed that the sur-

face of the TFW was relatively smooth (Fig. 2a) while

the surface of TFW-30%Cu was quite rough (Fig. 2c).

In the SEM image of TFW-30%Cu catalyst, it

observed formation of micro-pores and an increase in

the number of particles. It could be said that an ob-

served increase in the roughness and micro-pores

could be a reason for an improvement in the catalytic

activity of the catalyst.

In the EDX spectrum of the pure TFW catalyst

(Fig. 2b), the observed C, O, K, and Mg values were

54.34, 43.88, 1.54, and 0.24%, respectively. In the EDX

spectrum of the pure TFW catalyst (Fig. 2b), the

observed C, O, K, and Mg values were 54.34, 43.88,

1.54, and 0.24%, respectively. Compared to this

spectrum, considering the EDX spectrum of the TFW-

30%Cu catalyst shown in Fig. 2d, the C and Cu val-

ues were found as 62.53 and 13.30%, respectively.

Thus, the increase in C value in the TFW-30%Cu

catalyst is worth noting.

3.3 XRD analysis

As can be seen in Fig. 3, X-ray diffractometer (XRD)

was utilized for analyzing the structure and phase of

pure TFW and TFW-30%Cu catalysts. The scanning

range was 2h = 20�–80�. When the XRD patterns of

the two catalysts are compared, it is clearly seen that

the amorphous TFW catalyst turns into a polycrys-

talline structure in the presence of Cu metal. 2
Fig. 1 FTIR spectrum of TFW (black line) and TFW-Cu catalyst

(red line) (Color figure online)
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theta = 43.50�, 50.63�, and 74.29� correspond to the

(111), (200), and (220) planes of Cu metal in hydro-

talcite structure [JCPDS 35-0965], respectively. The

diffraction pattern corresponding to the (110) plane of

CuO at 2 theta = 36.59� is thought to have appeared

as a result of carbonization.

3.4 Effect of different substances

In the present study, first, TFW catalyst was doped

with different substances such as KNO3, EDTA,

CoCl26H2O, MgCl2, CuSO45H2O, and N2NiO66H2O

in order to determine what the most effective doped

material was, and methanolysis experiments of

NaBH4 were carried out in the presence of these

Fig. 2 SEM micrograph of pure TFW (a), SEM image of TFW catalyst, (b) EDX spectrum of TFW catalyst, (c) SEM image of TFW-

30%Cu catalyst, and (d) EDX spectrum of TFW-30%Cu catalyst

Fig. 3 XRD patterns for TFW and TFW-30%Cu catalyst
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doped catalysts. The parameters were NaBH4 (2.5%),

catalyst amount (0.1 g), methanol (10 mL), and tem-

perature (30 �C). The obtained graph of hydrogen

volume versus time for different doped catalysts are

indicated in Fig. 4. According to Fig. 4 and Fig. 4

(inset), TFW catalyst doped with Cu (TFW-Cu) cata-

lyst has shorter reaction completion time (4 min) and

higher HPR value [3687.6 mL (min.g)-1] compared to

other doped catalysts.

3.5 Effect of Cu-metal concentration

In order to determine the optimum Cu-metal con-

centration, TFW catalyst was doped with Cu metal at

different concentrations (10, 20, 30, 40, and 50%) and

methanolysis experiments were carried out in the

presence of these catalysts. The parameters were

NaBH4 (2.5%), catalyst amount (0.1 g), methanol

(10 mL), and temperature (30 �C). The obtained

graph of hydrogen volume versus time for different

Cu concentrations is shown in Fig. 5. According to

Fig. 5 and Fig. 5 (inset), TFW catalyst doped with

30% Cu (TFW-30%Cu) catalyst has shorter reaction

completion time (4 min) and higher HPR value

[3687.6 mL (min.g)-1] compared to other Cu-metal

concentrations. Similar observation was reported by

Saka et al. They concluded that 30%Cu-B-doped

Chlorella vulgaris microalgae catalyst had the the

shortest completion time and the maximum HPR

value [20].

3.6 Effect of carbonization temperature

After the optimum Cu-metal concentration was

determined as 30%, TFW-30%Cu catalyst was sub-

jected to carbonization process at different tempera-

tures (200, 300, 400, 500 �C) to examine the effect of

carbonization temperature, which is another param-

eter, on the hydrogen production rate and to observe

the optimum carbonization temperature. The

parameters were NaBH4 (2.5%), catalyst amount

(0.1 g), methanol (10 mL), and temperature (30 �C).
Figure 6 and the inset of Fig. 6 indicate the graph of

Fig. 4 The graph of hydrogen volume versus time for different

doped TFW catalysts. Inset: The HPR versus different doped TFW

catalysts

Fig. 5 The graph of hydrogen volume versus time for different Cu

concentrations. Inset: The HPR versus different Cu concentrations

Fig. 6 The graph of hydrogen volume versus time for different

carbonization temperatures. Inset: The HPR versus different

carbonization temperatures
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hydrogen volume versus time for different car-

bonization temperatures and the graph of HPR ver-

sus carbonization temperature, respectively.

According to the inset of Fig. 6, the obtained HPR

value for 200, 300, 400, and 500 �C is 3165.6, 3687.6,

2598.1, and 2982.8 mL (min.g)-1, respectively. Thus,

it can be concluded for this study that the optimum

carbonization temperature is 300 �C.

3.7 Effect of carbonization time

After the optimum carbonization temperature was

determined as 300 �C, studies were conducted to

determine the optimum carbonization time. In this

context, methanolysis experiments of NaBH4 were

carried out at four different carbonization times (30,

45, 60, and 75 min). The parameters were NaBH4

(2.5%), catalyst amount (0.1 g), methanol (10 mL),

and temperature (30 �C). Figure 7 and the inset of

Fig. 7 show the graph of hydrogen volume versus

time for different carbonization times and the graph

of HPR versus carbonization time, respectively.

When the carbonization times were compared, it was

observed that both the methanolysis reaction took a

shorter time (4 min) and the maximum HPR value

[3687.6 mL (min.g)-1] was obtained in the car-

bonization time of 60 min.

3.8 Effect of catalyst amount

In order to investigate the effect of catalyst amount on

hydrogen production rate, methanolysis experiments

of NaBH4 in the presence of different catalyst amount

(0.05, 0.1, 0.15, and 0.2 g) were carried out under the

same conditions. The graph of hydrogen volume

versus time for different catalyst amounts and the

graph of HPR versus catalyst amount are indicated in

Fig. S1 and inset of Fig. S1, respectively. In order to

investigate the effect of catalyst amount on hydrogen

production rate, methanolysis experiments of NaBH4

in the presence of different catalyst amount (0.05, 0.1,

0.15, and 0.2 g) were carried out under the same

conditions.

As a result of these experiments, two important

observations were recorded. First, the maximum

HPR value was determined to be 5733 mL (min.g)-1

in the presence of 0.05 g catalyst compared to other

catalyst amounts. The second important observation

is that the increase in the amount of catalyst shortens

the methanolysis reaction time. Similar results were

reported in experiments performed by Kaya and

Bekiroğulları [21] and Fernandes et al. [22]. They

concluded that the reaction NaBH4 was catalyst

controlled.

3.9 Effect of NaBH4 concentration

In order to investigate the effect of NaBH4 concen-

tration on hydrogen production rate, methanolysis

experiments of NaBH4 in the presence of different

NaBH4 concentrations (0.10, 0.25, 0.50, and 0.75 g)

were carried out under the same conditions. The

graph of hydrogen volume versus time for different

NaBH4 concentrations and the graph of HPR versus

NaBH4 concentration are revealed in Fig. S2 and inset

of Fig. S2, respectively. The maximum HPR value

was determined as 6072.1 mL (min.g)-1 in the pres-

ence of 0.75 g NaBH4 compared to other NaBH4

concentrations. Moreover, as a result of the experi-

ments, it was noted that the increase in the concen-

tration of NaBH4 caused the methanolysis reaction of

NaBH4 to be completed in a longer time. This is most

likely owing to the fact that as the reaction pro-

gresses, the concentration of the reaction product

NaBO2 [23] ultimately surpasses its solubility limit

and precipitates out of solution for this level of

NaBH4 concentration. This material may obstruct

catalyst sites, slowing down the process [24].

Fig. 7 The graph of hydrogen volume versus time for different

carbonization times. Inset: The HPR versus different carbonization

times
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3.10 Effect of temperature

In order to investigate the effect of temperature on

hydrogen production rate, methanolysis experiments

of NaBH4 at different temperatures (30, 40, 50, and

60 �C) were carried out under the same conditions.

The graph of hydrogen volume versus time for dif-

ferent temperatures and the graph of HPR versus

temperature are revealed in Fig. S3 and inset of

Fig. S3, respectively. It was observed that the increase

in temperature both shortened the reaction time and

increased the HPR value. As expected [25] that the

increase in temperature both shortens the reaction

time and increases the HPR value [26]. The maximum

HPR value was determined as 9479 mL (min.g)-1 at

60 �C.
The activation energy (Ea) is an important param-

eter for the research about the reaction kinetics. The

HPR constant k at different temperature (T) can be

determined on the basis of the slope of the fitting line

and the ideal gas state equation. The Arrhenius plot

of lnk versus 1/T is shown in Fig. S4. The activation

energy (Ea) can be calculated by the Arrhenius rela-

tion given in Eq. (2) to be 13.02 kJ mol-1.

ln k ¼ ln a� Ea=RT; ð2Þ

where k refers to reaction rate constant, a refers to

reaction constant, Ea refers activation energy kJ

mol-1, T refers to experiment temperature in Kelvin,

and R refers to ideal gas constant.

For comparison purposes, HPR and Ea values

obtained in the presence of some metals are given in

Table 1.

Hence, the result indicates that the as-obtained

TFW-30%Cu catalyst in the present work shows high

catalytic activity for hydrogen production from

methanolysis experiments of NaBH4.

3.11 Electrochemical characterization
of TFW-30%Cu catalyst as electrode
ingredient prepared using nafion
for supercapacitor cell

In Fig. 8, CV measurement was performed with a

potentiodynamic electrochemical technique at dif-

ferent speeds to determine the time-corresponding

electrode potential of the TFW-30%Cu catalyst. It was

observed that the peaks shifted while the current

density increased at high scanning speeds. The large

areas obtained in the CV curves can be attributed to

the strong supercapacitive response. The impedance

spectra of the TFW-30%Cu catalyst given as the

Nyquist plot are shown in Fig. 9. The semicircle seen

in the Fig. 9 at medium frequency indicates the

presence of interface resistance. An excellent resis-

tance was obtained by determining the equivalent

series resistance of the electrode at high frequency as

0.62 X. The angle of the curve was determined as 78�,
indicating that it has good diffusion

resistance[31, 32].

Figure 10 shows that the GCD curves belong to

electrode exhibit relatively triangular shapes and

symmetry at 0.5, 1 and 2 A.(g)-1 current intensities.

This indicates an effective ion diffusion and a low

transport resistance [33, 34]. Using the galvanostatic

charge–discharge graphs, the capacitance of the

electrodes can be determined by Eq. (3):

C ¼ 2IDt
mDV

; ð3Þ

where I (A) is the current, Dt (s) is the discharge time,

DV (V) is the potential difference, and m (g) is the

active mass of an electrode. The electrode capacitance

was calculated as 7 F.(g)-1 for 2 A.(g)-1, 13 F.(g)-1 for

1 A.(g)-1, and 19.875 F.(g)-1 for 0.5 A.(g)-1. It is seen

that the supercapacitor electrode produced using

Table 1 HPR and Ea values obtained from different studies

Catalyst prepared from biowaste HPR [mL (min.g)-1] Ea (kJ mol-1) References

Co-B-Chlorella vulgaris 13,215 25.22 [27]

SSMS-CH3COOH-NiB (30wt%) (microalgae strain-based catalyst) 3407 28.8 [23]

Co-Mo-B 1280 51 [28]

DSCG-Zn 8510 7.87 [29]

Metallurgic sludge 9366 48.05 [30]

SSMS-ZnCl2-CoB (methanolysis) 9266 31.13 [12]

TFW-30%Cu (60 �C) 9479 13.02 This study
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nafion from TFW-30%Cu catalyst does not show

sufficient electrochemical performance. However, a

good performance can be obtained by changing the

materials and methods used.

4 Conclusions

In the methanolysis and supercapacitor experiments

of NaHB4, it was clearly demonstrated in this study

that the TFW-30%Cu catalyst, which was synthesized

by us for the first time, can be used both in energy

storage and in energy production. This bifunctional

catalyst was named as ‘‘Cap-Cat’’ [35–38]. Thus, the

results of the present study can be summarized as

follows:

In the presence of four different parameters (metal

type, metal amount, carbonization temperature, and

carbonization time), methanolysis experiments of

NaBH4 were performed and the catalyst with the

maximum hydrogen production rate (HPR) was

determined. As a result, it was determined that the

30% Cu-doped TFW ( TFW-30%Cu) catalyst had a

maximum HPR at a carbonization temperature of

300 �C and a carbonization time of 60 min compared

to other substances. As a result of the methanolysis

experiments performed in the presence of TFW-

30%Cu catalyst, the maximum HPR and activation

energy were determined as 9475 mL (min.g)-1 and

13.02 kJ mol-1, respectively. In supercapacitor

application, the capacitance of the electrodes in the

presence of TFW-30%Cu was calculated as 7–19.9

F.(g)-1.
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