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1. Introduction

The ever-growing market of wearable 
and intelligent electronics has triggered 
continuous research into flexible energy 
storage devices. Taking supercapacitors 
(SCs) as an example,[1] fiber-based SCs 
are particularly promising and intriguing 
when compared to conventional bulky or 
planar SCs, owing to their unbeatable flex-
ibility, high compatibility with the current 
textile industry and miniaturized device 
volumes and masses.[2] However, flexible 
SCs suffer from low specific capacitances 
and energy densities. Enhancing the spe-
cific capacitances and energy densities of 
fiber-based SCs is thus of great signifi-
cance in order to facilitate their applica-
tion in modern flexible electronics.[3]

The SC performance is mainly deter-
mined by the characteristics of the capac-
itor electrodes. The design and synthesis 

of novel high-performing fibrous capacitor electrodes is the 
resultant strategy followed to improve the specific capacitances 
and energy densities of fiber-based SCs. Carbon fibers (CFs) 
have proven to be one of the most promising capacitor elec-
trodes due to their good conductivity, excellent flexibility, ultra-
light weight, and low cost. Unfortunately, CF-based SCs still 
exhibit low energy densities. Recently, boron-doped diamond 
(BDD) films, commonly deposited on nonflexible substrates 
(e.g., brittle Si wafers or metal substrates), have been found to 
be competitive SC electrodes. In clear contrast to CFs, which 
consist of sp2-hybridized carbon, this sp3-carbon material pos-
sesses a wide electrochemical potential window, long-term sta-
bility, and environmental benignity.[4] More recently, diamond 
paper[5] and diamond networks[4e] have been developed, which 
do not necessitate any supporting substrate. But these exhib-
ited poor mechanical stability[4e,5] and partially hindered elec-
tron mobility/diffusion. To construct flexible diamond SCs with 
high energy density, a composite material, comprised of a sp3 
BDD coating on sp2 CFs, is expected to provide superior prop-
erties as it combines the unique features of BDD films and CFs 
while simultaneously avoiding their drawbacks.

To improve the energy density of flexible SCs, another 
strategy that has been developed is to fabricate SC–battery 
hybrids. This methodology stores energy via both a reversible 
adsorption/desorption reaction of a capacitor-type electrode 
and a reversible insertion/extraction reaction of a battery-type 
electrode,[6] such as metal-ion hybrid capacitors.[7] Among 

Supercapacitors supply high power densities but suffer from low energy densi-
ties and small specific capacitances. The design and implementation of unique 
capacitor electrodes are expected to overcome these challenges. Herein, flex-
ible diamond fibers (a fibrous core/shell structure of diamond/carbon fibers) 
are produced through overgrowing conductive carbon fibers core with a thin 
boron-doped diamond film as a shell using a chemical vapor deposition tech-
nique. The resultant fibers combine the properties of boron-doped diamond 
with those of carbon fibers. This allows these binder-free diamond fibers to be 
employed as the positive electrode in the fabrication of zinc-ion supercapaci-
tors. Together with a negative electrode fabricated from zinc nanosheet coated 
diamond fibers, this diamond supercapacitor delivers a high and stable spe-
cific capacitance. More importantly, it delivers high gravimetric and volumetric 
energy and power densities, even under severe bending states. The perfor-
mance of this flexible supercapacitor is superior to previous diamond and 
carbon fiber-based supercapacitors. Such flexible diamond supercapacitors are 
promising energy storage devices for various flexible electronics.
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these hybrid SCs, zinc-ion hybrid SCs have received significant 
attention,[3c,8,9] which stems from the high theoretical energy 
storage capacity of zinc ions (823 mAh g−1) in an aqueous solu-
tion. They are also safe, have a low flammability, and are cost-
effective for wearable and flexible electronics.

We are thus interested in the synthesis of novel binder-free 
diamond capacitor electrodes as well as their employment for 
the construction of SCs with high energy density. For new types 
of diamond capacitors, we attempt to replace the nonflexible 
substrates (e.g., brittle Si wafers or metal substrates) with CF. 
The as-fabricated diamond fibers (DFs) will be flexible and their 
synthetic approach will be feasible. Their surface areas will be 
large and their density will be low. To improve the adhesion of 
the BDD film on CF, an interlayer of TiC is formed between 
the BDD film and the CF surface. It is also beneficial to impede 
significant H2 etching of the CFs during the diamond deposi-
tion process. The high conductivity and flexibility of CF com-
bined with the intrinsic properties of BDD (e.g., wide potential 
window, long term stability, environmental benignity and high 
electrochemical activity) are expected to render the DFs to be 
promising capacitor electrodes for hybrid SCs. Therefore, DFs 
with integrated properties of CF and BDD will be applied to 
construct zinc-ion hybrid SC for high specific capacitance and 
energy densities.

Herein, DFs, a fibrous core/shell structure of diamond/
carbon fibers, are designed and synthesized by means of over-
growing CFs core with a thin BDD layer as a shell by a chem-
ical vapor deposition (CVD) process. Due to the combined  
features of both the BDD coating and the CF core, such DFs are 
the perfect capacitor electrode for the construction of flexible 
SCs. To further improve the energy density, a fiber-based zinc-
ion hybrid SC is fabricated, consisting of the aforementioned 
DFs as the positive electrode and the zinc nanosheet coated 
DFs as the negative electrode. As confirmed by its electrical 
performance, i.e., its capacitance, capacitance retention, power, 
and energy densities, in conjunction with its extreme mechan-
ical flexibility and excellent long-term stability, such a flexible 
diamond zinc-ion SC is feasible and well suited to become the 
high-capacity energy supplier for flexible and wearable elec-
tronics of the future.

2. Results and Discussion

The synthesized DFs are found to be highly flexible. This is 
shown by the lack of any obvious structural damage to the 
fibers following repeated bending tests (Figure 1A). The fibers 
are highly uniform (constant diameter) as indicated by field 
emission scanning electron microscopy (FESEM) (Figure 1B,C). 
In comparison to the surface of a plain CF (Figure S1A, Sup-
porting Information), the surface of a DF is constituted by a 
dense polycrystalline BDD film (Figure S2, Supporting Infor-
mation). The film itself is composed of homogeneous dia-
mond grains with a grain size distribution in the range of 200 
to 300 nm. To impede significant H2 etching of the CFs and 
to enhance the adhesion of the BDD, a thin layer of Ti was 
coated on the CF surface prior to the BDD deposition. During 
the growth of the BDD, this results in the targeted formation 
of a TiC interlayer between the BDD film and the CF surface. 

The cross-sectional dark-field scanning transmission electron 
microscopy (STEM) image (Figure 1D) shows the interlayer in 
complete contact with the BDD film and the underlying CF. 
Further evidence of the good adhesion between the TiC layer 
and the BDD layer is given by high-resolution TEM (HRTEM) 
image (Figure  1F). Diamond (111) lattice planes with a lattice 
spacing of 0.206 nm are clearly visible in the HRTEM image. 
In the TiC phase, (111) lattice planes and (200) lattice planes 
could be resolved with lattice spacings of 0.249 and 0.216 nm, 
respectively. A combined fast Fourier transform (FFT) pattern, 
generated by summing three FFTs from different HRTEM 
images, is shown in Figure  1E. As marked, the rings corre-
spond to the (111) and (200) planes of TiC as well as the (111) 
plane of diamond, respectively. In conclusion, the microstruc-
tural characterization demonstrates an excellent degree of crys-
tallinity of the diamond and TiC layer. Moreover, the quality of 
the as-grown BDD films is significantly improved by the use 
of the Ti interlayer (Figure S1B, Supporting Information) when 
compared to those directly grown on CFs (Figure S1C, Sup-
porting Information). The improved quality of the BDD film 
and the excellent flexibility of the DFs are inherited from the 
adhesion-promoting TiC interlayer. Furthermore, it is assumed 
that the TiC interlayer between the CF substrate and the BDD 
film decreases the ohmic resistance between the BDD film and 
the CF substrate. It is beneficial for charge transport at the 
substrate interface and therefore the charge transfer resistance 
between the electrolytes and DFs is reduced.[10]

To compare the electrochemical performance of DFs with 
different grain sizes, three DFs (DF-1, DF-2, and DF-3) were 
systematically prepared by applying different deposition param-
eters (Table S1, Supporting Information). The thickness of the 
as-grown BDD layers was between 200 to 250 nm (Figure S2, 
Supporting Information). The FESEM images of these DFs indi-
cate an increase in the grain sizes of the as-grown BDD layers 
from tens of nanometers to the range of 200–300 nm due to the 
changes to the deposition parameters (Figure S3, Supporting 
Information). X-ray diffraction (XRD) confirms the crystal 
structure (Figure 1G). The XRD patterns of pure CFs show only 
one broad diffraction peak centered at 26.4°, corresponding to 
the typical graphite structure with nanosized domains within 
the CFs. The XRD patterns of all synthesized DFs include pro-
nounced additional peaks at 43.9° and 75.3°, corresponding to 
the (111) and (220) planes of diamond, respectively. The peaks 
at 35.9° and 41.7° are ascribed to the (111) and (200) planes of 
cubic TiC, respectively. These results are in excellent agreement 
with the TEM analyses and further verify the formation of the 
TiC interlayer. Note here, no Ti peaks were observed, indicating 
full carbonization of the Ti thin film during the process of BDD 
deposition within the detection limits of XRD. This is due to 
the fast diffusion of carbon into the deposited Ti under the con-
ditions used for diamond deposition.[4c,11]

Raman spectroscopy (Figure  1H) was employed to further 
confirm the diamond crystal structure of the DFs. The peak at 
1330 cm−1 is assigned to sp3-carbon of the BDD layer.[12] The 
broad and intense G-band at around 1620 cm−1 is attributed to 
the CFs. The X-ray photoelectron spectra (XPS) survey spec-
trum of DFs (Figure S4, Supporting Information) reveals the 
presence of only carbon and oxygen elements. Moreover, no 
further signals attributed to Ti or other elements are detected. 
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Therefore, it can be concluded that the underlying CF surface 
is covered by a dense and homogeneous BDD film, which 
is thicker than 10 nm. In the high-resolution C 1s XPS spec-
trum (Figure  1I), the peak at a binding energy of 285.0 eV is 
assigned to sp3-carbon of the diamond component.[13] The two 
peaks at binding energies of 286.5 and 288.3 eV are associated 
with carbon present in oxygen-containing chemical groups of 
hydroxyl (COH)/ether (COC) and carbonyl (OCO) 
respectively.[14] As the fabricated DFs combine the unique fea-
tures of a BDD film and CFs, which are the strongly reduced 
charge transfer resistance between electrolyte and the BDD 
paired with high mechanical flexibility and fatigue resistance, 
they are outperforming building blocks for flexible electrodes. 
Secondary ion mass spectroscopy (SIMS) measurements were 

further employed to confirm the homogeneity of doped boron 
atoms in the BDD film (Figure S5, Supporting Information). 
Compared with an undoped diamond film, the distribution of 
boron atoms in the BDD film is homogeneous throughout the 
whole BDD film.

The as-grown DFs possess low wettability in water, due 
to the characteristics of the hydrogen-termination found in 
the as-grown BDD film. Consequently, the DFs were treated 
by an O2 plasma prior to their application as a capacitor elec-
trode resulting in an oxygen-terminated surface for strongly 
improved wettability.[4] The dramatic difference in water contact 
angles on untreated and plasma-treated surfaces is depicted 
in Figure S6 in the Supporting Information. Such treated DFs 
were utilized as capacitor electrodes for the SC assembly. A 

Figure 1. Characterizations of DFs: A) Optical micrograph with an inset digital photograph. B,C) FESEM images (secondary electron mode), D) dark-
field STEM image: the TiC appears brightest, while crystallographic contrast is seen in the polycrystalline BDD film, E) FFT of HRTEM images (like 
in (F)), F) representative HRTEM closeup of the TiC interlayer, G) XRD spectra of DFs and CFs, H) Raman spectrum, and I) high-resolution C 1s XPS 
spectra (The black line is experimental curve and the red line is fitted curve. The colored areas represent the individual components).
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bunch of DFs was used as the positive electrode, while another 
bunch of DFs coated with zinc nanosheets was used for the 
negative electrode. The zinc nanosheets were directly depos-
ited in the SC cell by in situ electrodeposition, which makes 
any additional synthesis/electrodeposition step redundant prior 
to the assembly of the SC cells. The color of the negative elec-
trode (zinc nanosheet coated DFs) is gray, while that of the posi-
tive electrode (uncoated DFs) is black. The FESEM images in  
Figure S7A,B in the Supporting Information shows that the 
deposited zinc nanosheets are homogeneously and vertically 
aligned on the surface of the DFs. Such a 3D nanostructure with 
enlarged surface area offers a favorable pathway for the transfer 
of electrons/ions and is beneficial for the diffusion of electro-
lytes. The XRD patterns of the as-prepared zinc nanosheets 
show a crystalline phase of zinc metal (Figure S7C, Supporting 
Information), revealing their high degree of crystallinity. Here, 
the zinc nanosheets were deposited onto the negative electrode, 
oxygen evolution occurred at the positive electrode. During this 
process, abundant oxidizing functional groups were electro-
generated.[15] These oxidizing functional groups offered a pseu-
docapacitance for the as-fabricated zinc-ion SCs.[16]

Prior to evaluating the performance of the as-fabricated zinc-
ion SCs, the capacitances of the positive electrodes (treated 
DFs) were studied in 1.0 m ZnSO4 aqueous solution using a 
three-electrode configuration. The cyclic voltammograms (CVs) 
were recorded within a potential range of 0–1.0 V at a scan rate 
of 50 mV s−1 (Figure S8A, Supporting Information). For com-
parison, CVs of a CF electrode and other DFs (with different 
diamond grain sizes) were recorded under identical conditions 
as well. All CVs exhibit stable rectangular shapes, indicating 
ideal electrical double-layer capacitor (EDLC) behavior. At the 
same scan rate and within the same potential range, the inte-
grated charges (namely the areas of the CVs) of all three DFs 
are larger than that of CFs demonstrating the larger capaci-
tances of DFs compared to CFs. Of these DF samples, sample 
DF-3, which features a diamond grain size of 200–300 nm, 
exhibits the highest capacitance. The interfacial resistances 
were estimated based on the Nyquist plots of these electrodes 
(Figure S8B, Supporting Information), which were recorded 
at their open-circuit potentials in 1.0 m ZnSO4 aqueous solu-
tion. Sample DF-3 shows a reduced interfacial resistance, 
which is much closer to that of CFs. This suggests the apparent 
enhancement of interfacial charge–carrier transfer on the sur-
face of DF-3. Consequently, DF-3 was selected as the capacitor 
electrode in the construction of the zinc-ion SCs.

The capacitive behavior of the electrodes constructed from 
sample DF-3 and the CF sample was investigated and com-
pared using a 1.0 m Na2SO4 aqueous solution (Figure S9A, 
Supporting Information) and a 1.0 m Na2SO4 aqueous solu-
tion containing 0.05 m [Fe(CN)6]3−/4− (Figure S9B, Supporting 
Information). The Nyquist plots were obtained in 1.0 m Na2SO4 
aqueous solution containing 0.05 m [Fe(CN)6]3−/4− (Figure S9C, 
Supporting Information). The equivalent circuit diagram was 
fitted[17] using the equivalent circuit, consisting of an ohmic 
resistor of the cell components (Re), a resistor of the surface 
film (Rsf), a charge–transfer resistor at the interface between 
electrode and electrolyte (Rct), constant phase elements of the 
surface film (CPEsf) and a double layer (CPEdl) and a War-
burg impedance of bulk ion diffusion (W). Judging from the 

capacitances and Rct values, one can conclude that DFs feature 
outstanding capacitive behavior and are promising for the con-
struction of either EDLCs or pseudocapacitors.

The fiber-based zinc-ion SCs were constructed using DFs 
as the positive electrode and zinc nanosheet coated DFs as 
the negative electrode. Their performance was evaluated in 
1.0 m ZnSO4 aqueous solution. The scanned potential range 
from 0.2 to 1.8 V was selected to prevent both oxygen as well as 
hydrogen evolution within this operation range.[7c,16] As control 
experiment, the performance of SCs fabricated using CFs as 
electrodes (CFs and Zn nanosheet coated CFs as negative and 
positive electrodes) was evaluated as well. Figure S10A,B in the 
Supporting Information shows the arising CVs at a scan rate 
of 50 mV s−1 and the galvanostatic charging/discharging (GCD) 
curves at a charging/discharging current density of 200 mA g−1, 
respectively. The integrated areas of CVs of the SCs using DFs 
as the capacitor electrodes (DF-SC) are much larger than those 
from the SC using CFs as the capacitor electrodes (CF-SC). 
Consequently, the zinc-ion DF-SC has better capacitive behavior 
than CF-SC. The same results were obtained from the com-
parison of their GCD curves. The calculated capacitance of the 
zinc-ion DF-SC is 35.1 F g−1 at a current density of 200 mA g−1, 
which is 14-fold higher than CF-SC (2.5 F g−1).

The performance of the zinc-ion DF-SC was further evalu-
ated in 1.0 m ZnSO4 aqueous solution with different scan rates 
and charging/discharging current densities. Figure 2A presents 
the CVs at different scan rates. These CVs exhibit a gradual devi-
ation from the ideal rectangular shape, which is significantly 
different from the rectangular shape of a typical EDLC. This 
behavior originates from the energy storage mechanism of the 
Zn-ion SC. In the zinc-ion DF-SC, the zinc coated DFs provide a  
battery-type capacitance, stemming from the quasi-reversible 
deposition/stripping process of zinc ions. This primary fara-
daic reaction leads to the appearance of one pair of peaks in 
the acquired CVs. On the other hand, the oxidizing functional 
groups on the surface of the DFs interact with the zinc ions, 
resulting in a pseudocapacitance at the positive electrode of the 
Zn-ion SC.[6c,8a,15,18] The related GCD curves recorded at dif-
ferent current densities are presented in Figure 2B. The acquired 
GCD curves are asymmetrical. More apparently, the discharging 
times are longer than the corresponding charging times at low 
current densities. It is known that BDD provides active sites for 
oxygen reduction in oxygen containing electrolytes.[15,19] Namely, 
additional reactions (e.g., oxygen reduction) might be involved 
during the discharging process. In our case, the used electro-
lyte actually contained oxygen, which was generated during the 
process of in situ coating of the DFs with zinc nanosheets. The 
GCD curves of the zinc-ion DF-SC were then evaluated in 1.0 m  
ZnSO4 aqueous solution before and after the removal of the 
generated oxygen (Figure S11, Supporting Information). After 
the removal of the dissolved oxygen, the recorded GCD curve is 
nearly symmetrical, i.e., the charging time is almost equal to the 
discharging time. Therefore, oxygen reduction contributed to 
the additional discharging capacitances of the zinc-ion DF-SC in 
an oxygen-containing electrolyte, especially at low current densi-
ties. Consequently, the zinc-ion DF-SC is a hybrid ion capacitor, 
exhibiting different energy storage mechanisms. Firstly, the zinc 
nanosheet-coated DFs provide a battery-type capacitance to the 
device. Secondly, the oxidizing functional groups on the surface 
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of the DFs offer a pseudocapacitance. Furthermore, the oxygen 
reduction reaction on the DFs contributes an additional dis-
charging capacitance to the zinc-ion DF-SC. Based on the com-
bined mass of the two capacitor electrodes (only 1.6 mg), the 
calculated capacitances of this zinc-ion SC are 35.1, 16.3, 12.7, 
10.1, 8.9, and 8.1 F g−1 at the current densities of 200, 300, 400, 
600, 800, and 1000 mA g−1, respectively. Note here that this cyl-
inder DF has a surface area of 3068.48 cm2 g−1, which is much 
larger than a planar BDD electrode and other BDD micro/nano-
structures. If the mass of the active electrode materials is used, 
the calculated gravimetric specific capacitances are 246.1, 114.3, 
89.1, 70.8, 62.4, and 56.8 F g−1 at the current densities of 200, 
300, 400, 600, 800, and 1000 mA g−1, respectively. These values 
are significantly higher than those reported for diamond and CF 
based SCs so far.[4b,d,e,20]

Such a hybrid system is expected to feature both a high 
power plus a high energy density. The energy and power den-
sities of the zinc-ion DF-SC were calculated using the GCD 
curves at various current densities. This SC delivers an energy 
density of 70.7 Wh kg−1 at a power density of 709.0 W kg−1. Even 
at a power density as high as 4395.3 W kg−1, the energy density 
of this SC still remains at 16.2 Wh kg−1. With a power density of 
4395.3 W kg−1, a full charging/discharging process is completed 
within 25.7 s. Moreover, these energy density and power density 
values are significantly higher than those of diamond and CF 
based SCs so far (Figure S12, Supporting Information).[4b,d,e,20] 
The Ragone plots of other commercial energy storage systems 
(e.g., typical SCs, modern rechargeable batteries and capacitors) 
are further summarized. The mass and volume of capacitor 
electrodes from these systems are used during the calculation 

Figure 2. Performance of a zinc-ion SC in 1.0 m ZnSO4: A) CVs at different scan rates, B) GCD curves at different current densities. Comparison of 
Ragone plots of this SC with other SCs, batteries and capacitors in C) gravimetric units[21a] and D) volumetric units,[21b] E) cycling stability at a current 
density of 1 A g−1, F) typical voltage–time curves during the charging/discharging processes. The inset photographs show the LOT array of 16 LEDs, 
which lighted up during the process.
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processes.[21] Clearly, this diamond zinc-ion SC features a 
higher gravimetric (Figure  2C) and volumetric (Figure  2D) 
energy and power densities than other energy storage devices. 
Therefore, it is a promising energy storage system for portable 
device applications.

The cycling stability of this zinc-ion SC was further evalu-
ated by means of the GCD technique. During a long-time 
charging/discharging process (e.g., after 10  000 cycles) and at 
a high charging/discharging current density (e.g., 1 A g−1), the 
SC retains about 89.9% of its initial capacitance (Figure  2E). 
Electrochemical impedance spectroscopy (EIS) measurements 
of this zinc-ion DF-SC during the charging/discharging cycles 
were conducted. The corresponding Nyquist plots (Figure S13, 
Supporting Information) are composed of arcs in the high-
medium frequency regions and inclined lines in the low fre-
quency areas. During the initial 500 charging/discharging 
cycles, the interfacial resistance is decreased, because the con-
comitant cyclic variation of the surface wetting properties of the 
DFs enhances the pseudocapacitance of this zinc-ion DF-SC 
during these cycles. Meanwhile, the intermediates generated 
on the DFs (e.g., •OH) promote the interaction of zinc ions 
with the oxidizing functional groups on the surface of the DFs, 
leading again to the enhanced pseudocapacitance. The interfa-
cial resistance starts increasing from the 1000th charging/dis-
charging cycle, indicating an increased barrier to the interfacial 
charge transport. In this regard, the morphology and the com-
position of two electrodes of this zinc-ion DF-SC after 10  000 
charging/discharging cycles were further examined by means 
of SEM, XRD, and energy-dispersive X-ray spectroscopy (EDX). 
The negative electrode still exhibits a dendrite-free morphology 
(Figure S14A, Supporting Information), although minor shape 
and size changes of these nanosheets are noticed. No byprod-
ucts were detected after such a cycling test (Figure S14C, Sup-
porting Information). The EDX results show that the atomic 
percentage of Zn is slightly reduced (Table S3, Supporting 
Information), indicating the minor loss of zinc material during 
the charging/discharging process. The morphology and phase 
composition of the DFs on the positive electrode are the same 
as their original ones (Figure S14B,D, Supporting Information).

To verify the suitability of this zinc-ion SC as an energy 
supplier for practical applications, two stand-alone and port-
able SC demonstrators were designed and fabricated. A light 
emitting diode (LED) array composed of 16 green LED lamps 
is arranged in “LOT,” which is the abbreviation of our group 
name in German (“Lehrstuhl für Oberflächen-und Werkst-
offtechnologie”). When two SCs are connected in series, the LED 
array can be lighted for more than 70 s (Figure 2F and Clip S1,  
Supporting Information). In fact, the total mass of positive 
electrode and negative electrode is only 1.6 mg. The insets in 
Figure 2F show three states of these LEDs: lamp-off during the 
charging of the SCs (left), lamp-on just after finishing charging 
(middle) and lamp-on after a long discharging process (right). 
The high brightness of the lamp array is indicative of the high 
power density of this demonstrator device. It is also capable to 
power this LED array for a long period of time, which hints at its 
high energy density. The recorded voltage–time curve is stable 
and reproducible in the successive charging/discharging cycles. 
If only one zinc-ion SC is applied, a timer can be powered 
for 15 min (Figure S15 and Clip S2, Supporting Information), 

further confirming the high energy density of this zinc-ion SC. 
Consequently, this zinc-ion SC can be stably and reproducibly 
operated in aqueous solutions. It is thus capable and suitable 
for practical applications.

To explore the application as a power supply for flexible elec-
tronics, the flexibility of such SCs was further evaluated. For 
these tests, ZnSO4-filled gelatin was employed to host the DFs. 
Gelatin was selected because of its high solubility of inorganic 
salts, its environmental friendliness, and its abundance in 
nature.[22] The as-fabricated SC is easily bent. Figure 3A shows 
images of such experiments with bending angles from the flat 
configuration to U-shaped bending with a tip radius of around 
5 mm. No obvious changes of the CVs are observed when the 
SC is bent at different angles (Figure 3B) indicating an excellent 
flexibility of the SCs. Notice that the CVs in Figure 2A are dif-
ferent from those shown in Figure 3B, which is probably due to  
the changed electrolytes and procedures to assemble these 
SCs. For example, the conductivity and ion transferring in  
the gel electrolyte (Figure  3B) are weaker than those in an 
aqueous electrolyte (Figure 2A). Moreover, the effect of oxygen 
that is generated from the in situ electrodeposition of zinc 
nanosheets has little effect on the recorded CVs in the gel elec-
trolyte (Figure  3B), when compared with that in an aqueous 
electrolyte (Figure  2A). This is because the SC in an aqueous 
electrolyte was first assembled, followed by the in situ electro-
deposition of zinc nanosheets. Differently, the SC in the gel 
electrolyte was assembled with two DFs sealed in the gel electro-
lyte. One DF electrode was already coated with zinc nanosheets. 
Namely, the additional discharging capacitance from oxygen 
reduction reaction on the DFs does not significantly contribute 
in the gel electrolyte. Furthermore, the recorded GCD curves 
are nearly unchanged under all bending conditions (Figure 3C), 
attesting their superior flexibility. Remarkably, the change of its 
capacitance is less than 2.43% even after 1000 bending cycles 
with a bend angle of 60°. Therefore, this diamond zinc-ion SC 
features excellent durability and superior flexibility. Therefore, 
such SCs with outperforming electrical performance and flex-
ibility are potential candidate as a power supply for flexible and 
wearable electronics. Obviously, fabric or woven tests of DFs 
are required, since these tests will deliver more useful informa-
tion about the flexible properties of the DFs, which are much 
important for the practical applications, such as wearable and 
intelligent electronics.

3. Conclusion

Diamond fibers with fibrous core/shell structure, synthesized 
by overgrowing carbon fibers with a thin boron-doped diamond 
layer by chemical vapor deposition, feature the characteristics 
of both the carbon fibers and the diamond layer. Novel fiber-
based zinc-ion supercapacitors have been developed utilizing 
these flexible DFs as the positive electrode and zinc nanosheet 
coated DFs as the negative electrode. Those possess outper-
forming gravimetric and volumetric energy and power densi-
ties in conjunction with excellent mechanical flexibility and 
long-term stability. Its performance is superior to most of the 
previously reported supercapacitors and batteries. Therefore, 
this diamond zinc-ion supercapacitor is a new and promising 
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candidate for use as an energy supply system for flexible and 
wearable electronics. The proposed strategies are universally 
applicable to the design and synthesis of different kinds of flex-
ible electrodes, further facilitating the exploration of applica-
tions for these flexible electrodes in the energy and electronics 
fields.

4. Experimental Section
The synthesis of flexible DFs and the fabrication of zinc-ion SCs from 
DFs are schematically illustrated in Figure 4.

Synthesis of Flexible DFs: In step 1, CF bundles were sputter coated 
with a titanium (Ti) layer using an RF (13.56 MHz) magnetron 
sputtering method. A Ti metal (99.99% pure) (4 in. in diameter and 

5 mm in thickness) target was sputtered in an Ar (99.999% pure) 
atmosphere. Sputtering parameters, including background pressure, 
working pressure, Ar flow rate, RF power, sputtering time and substrate 
temperature are listed in Table S2 in the Supporting Information. In 
order to make sure the surface of CFs was fully coated, they were 
sputter coated twice (the front and back side). This coating prevented 
the CFs from being etched by the H2 plasma during the CVD growth 
process of the BDD layer. Subsequently, the Ti-covered CFs were 
immersed into a diamond colloid dispersion (New Metals & Chemicals 
Corporation, Japan) and placed in an ultrasonic bath for 3 min. They 
were subsequently rinsed in distilled water and dried with N2 gas. 
In step 2, BDD thin films were deposited in a microwave plasma 
enhanced chemical vapor deposition reactor (MWCVD, ASTeX 5000W 
A5000i model). Under different growth conditions, three diamond fiber 
samples (named as DF-1, DF-2, and DF-3) were grown. The deposition 
parameters of this process including the flow rate ratio of H2 to 

Figure 3. Test of mechanical flexibility of diamond zinc-ion SCs: A) photographs of the SCs at different bending stages, B) CVs and C) GCD curves of 
the SCs bent with different bending angles, D) Capacitance retention during the periodic bending test (up to 60°) for 1000 times.

Figure 4. Schematic illustration of the synthesis of flexible DFs and the fabrication of zinc-ion SCs.
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CH4, trimethylborane (TMB), microwave power, working pressure, 
deposition time, and substrate temperature are listed in Table S1 in the 
Supporting Information. In step 3, the as-grown DFs were treated by 
an O2 plasma (exposure time 2 min, RF power 50 W, gas mixture Ar/
O2 of 50%/50% with flow rate of 15 sccm). Such a treatment led to an 
increased hydrophilicity (or wettability) of the DFs. These treated DFs 
were finally utilized in the electrochemical measurements. In step 4, the 
in situ electrodeposition of zinc nanosheets onto DFs was conducted 
by the use of linear sweep voltammetry. A three-electrode configuration 
was used with one FD electrode for Zn deposition (counter electrode) 
and the other one as reference and working electrode. The potential 
was scanned in a range of 3.0 to 2.0 V at a scanning rate of 50 mV s−1.  
The scanning cycle was repeated three times in a solution of  
1.0 m ZnSO4. In this process, the zinc ions in the solution were reduced 
to zinc metal and were deposited onto the DF electrode in the form of 
metallic nanosheets while oxygen evolution occurred at the other DF 
electrode.

The morphology of the different DFs was examined using FESEM 
(Zeiss Ultra 55) and STEM (FEI Talos F200X). The presented FFT was 
calculated by summing individual FFTs from three HRTEM images 
acquired at different positions. Owing to the small number of TiC 
crystallites within the interlayer, this was done to obtain better statistics 
for further structural analyses. An integrated EDX (Thermo Scientific) 
was used to do the quantitative element determination of used films 
during SEM imaging at an acceleration voltage of 15 kV. XRD patterns 
of the DFs were recorded with an XRD 3000 PTS diffractometer 
(PANalytical Empyrean) with a Cu Kα radiation source (λ  = 1.54 Å). 
The XPS were collected using Al Kα radiation with a power of 200 W 
(s-probe ESCA SSX-100s, Surface Science Instruments). Related Raman 
spectra were recorded using an inVia Raman microscope (RENISHAW). 
The mapping of doped boron atoms in the BDD films was conducted by 
time-of-flight secondary ion mass spectrometry (ToF-SIMS IV, ION-TOF 
GmbH, Germany). The bombardment of the surface was done with a  
25 keV Bi+ primary ion beam on a raster area of 300 × 300 µm2. For SIMS 
measurements, BDD film and undoped diamond film were deposited on 
Si wafer using the deposition parameters of DF-3 with and without TMB, 
respectively.

Fabrication of Zinc-Ion SCs from Flexible DFs: The zinc-ion SCs were 
constructed using DFs as the positive electrode and zinc nanosheet 
coated DFs as the negative electrode (fabricated in step 4). Two 
capacitor electrodes were mounted between two pieces of acrylic 
glass sample inserts. A 50 µm thick membrane (Nafion NRE-212) 
was fixed (or screwed) between the two electrodes. Final zinc-ion SCs 
were constructed by inserting these electrodes in an electrolytic cell 
and adding 1.0 m ZnSO4 aqueous solution to the active region. No 
additional electrolytes or electrodes were needed during the formation 
of the negative capacitor electrode and the construction of this zinc-ion 
SC.

The electrochemical performance of the CFs and DFs was evaluated 
at ambient temperature using CV, the GCD method, and EIS. A CHI 660E 
electrochemical analyzer (Shanghai Chenhua Inc., China) with either 
three- or two-electrode configuration was utilized. In the three-electrode 
system, as-prepared DF electrodes, a Pt wire, and an Ag/AgCl electrode 
acted as the working, counter, and reference electrodes, respectively. 
The electrolytes used included 1.0 m ZnSO4, 1.0 m Na2SO4, and  
1.0 m Na2SO4 containing 0.05 m K3Fe(CN)6/K4Fe(CN)6. The CVs were 
obtained in these aqueous solutions at different scan rates. The Nyquist 
plots were recorded at open circuit potentials within the frequency range 
of 100 kHz to 0.01 Hz. All current densities were normalized the mass of 
the working electrode.

For the performance evaluation of the as-fabricated zinc-ion SCs, 
the CVs at different scan rates and the GCD curves at different current 
densities were obtained in a 1.0 m ZnSO4 aqueous solution. The energy 
densities (E, Wh kg−1 or Wh L−1), and power densities (P, W kg−1 or  
W L−1) of the zinc-ion SCs were calculated using the active masses and/
or volumes of the two capacitor electrodes.[4e,23] The GCD curves of 
the zinc-ion DF-SC after the removal of the dissolved oxygen was also 
recorded in 1.0 m ZnSO4 aqueous solution. The dissolved oxygen was 

removed through purging nitrogen gas for at least 10 min prior to the 
recording of these GCD curves.

To test the mechanical flexibility of the as-fabricated zinc-ion SCs, 
bending tests were conducted using two electrodes sealed in a gel. In 
the first step, the gel was prepared by adding 2 g of gelatin at room 
temperature into 15 mL of 1.0 m ZnSO4 aqueous solution, followed by 
stirring at 80 °C for 2 h. In the second step, the active region of one 
electrode was covered with this gel on a silicone film, where a Cu wire 
was connected to the ends of the fibers. Subsequently, the second 
electrode was placed on top and covered by this gel, thereby sealing the 
DF capacitor electrodes. The CVs, at a scanning rate of 100 mV s−1, and 
the GCD curves, at a current density of 1000 mA g−1, were measured 
when the sample was bent at different angles (e.g., flat, 30°, 60°, and 
U bend).

Flexible Diamond Zinc-Ion SC Demonstrators: Two demonstrator 
devices were constructed to I) light an array of 16 green light emitting 
diodes (LEDs, with a working voltage of 2.3 V) and II) to run a timer 
(with a working voltage of 1.5 V). In the first example, two zinc-ion SCs 
were combined in series. In the second one, only one zinc-ion SC was 
used. The design of the two demonstrator devices was similar to the 
previously reported SC demonstrator,[4d] for which the electrical circuit 
diagram is shown in Figure S16 in the Supporting Information. A single-
board microcontroller (Arduino UNO) was programmed to automatically 
control the charging/discharging processes of the demonstrator devices. 
Briefly, when switch 1 was closed, the device was charged by a universal 
serial bus (USB) connector. Namely, the charging process starts. The 
function of the resistor was to adjust the charging current in the circuit. 
When the measured potential reached the preset value, switch 1 was 
opened while switch 2 was closed triggering the discharging process. 
When the measured potential was lower than the preset value in the 
course of the discharging process, switch 2 was opened and switch 1 was 
closed. Namely, the device started to repeatedly charge. For example, 
the demonstrator device used to light the LED array was automatically 
charged when the voltage came below 1.9 V. The discharging process 
was automatically started when the voltage exceeded 3.6 V. For the 
demonstrator to power the timer, the voltage limits were set to 0.9 and 
1.8 V for its charging and discharging initiation, respectively. To examine 
the stability and reproducibility of the charging/discharging processes 
of these demonstrator devices, their voltage variation was recorded as a 
function of the charging/discharging time.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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