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ABSTRACT: Graphdiyne (GDY), a novel large z-
conjugated carbon material, for the first time, is introduced
as the hole transfer layer into a photoelectrochemical water
splitting cell (PEC). Raman and ultraviolet photoelectron
spectroscopic studies indicate the existence of relatively
strong m—7 interactions between GDY and 4-mercapto-
pyridine surface-functionalized CdSe quantum dots,
beneficial to the hole transportation and enhancement of
the photocurrent performance. Upon exposure to a Xe
lamp, the integrated photocathode produces a current
density of nearly —70 pA cm™ at a potential of 0 V vs
NHE in neutral aqueous solution. Simultaneously, the
photocathode evolves H, with 90 + 5% faradic efficiency
over three times and exhibits good stability within 12 h. All
of the results indicate that GDY is a promising hole
transfer material to fabricate a PEC device for water
splitting by solar energy.

Water splitting by sunlight to produce hydrogen offers one

of the most attractive solutions to deal with energy
shortages and environmental remediation."” Photoelectro-
chemical (PEC) hydrogen production is a promising means
because it can integrate the collection and conversion of solar
energy into a photoelectrode.”™” A PEC cell is composed of
two different electrodes, photocathode and photoanode, where
electrons and holes can be collected and used to generate
hydrogen and oxygen, respectively.*® Given the advantages of
excellent light-harvesting ability, high surface-to-volume ratios,
quantum dots (QDs) have been considered as an alternative to
molecular metal complexes and organic dyes for solar hydrogen
evolution.'’ To date, sensitized photoelectrodes by QDs have
mainly concentrated on photoanodes, where photogenerated
electrons are injected into the conduction band of n-type
semiconductor,” such as TiO,. However, QD-sensitized
photocathodes, running in a converse mode that photo-
generated holes from QDs are transferred to the valence
band of a p-type semiconductor,® are rarely reported.
Spectroscopic studies have indicated that the light-stimulated
electron of QDs can transfer to active sites smoothly, but hole
transportation of QDs is relatively difficult,"" suffering from the
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much slower transfer rate than that of electrons. In this case,
hole transfer is considered to be the crucial step for PEC water
splitting. Therefore, developing suitable photocathode materials
with advantage of high hole mobility, appropriate valence band
position, ease of fabrication and high stability is the key to
improve the PEC performance and stability.

Graphdiyne (GDY), with highly z-conjugated structure,
recently appears as a novel two-dimensional (2D) carbon
nanomaterial, same as graphene.'” According to the theoretical
calculation,"® the hole mobility of GDY is about 10* cm* V™!
S'" order of magnitude, and the conductivity has been
measured to be 2.516 X 107* S m™!, similar to that of single
crystal Si. We envisioned that GDY could be employed as an
excellent hole transfer material to construct a photocathode for
hydrogen production. Unlike other p-type semiconductors used
in the fabrication of photocathodes, such as NiO,” Cu,0,” p-Si®
and multielement Cu(In,Ga)Se,’ the metal-free GDY has a
rigid carbon network with delocalized 7-system, natural band
gap, remarkable electronic properties, and uniformly distributed
pores. Owing to these attributes, GDY has shown interesting
application in gas separation,'* environmental cleaning,"> Li
storage,16 and catalysis.”’18 However, as far as we know, the
attempt to use GDY as the hole transfer layer in PEC is yet
unknown.

Here, we wish to fabricate the first photocathode employing
GDY as hole transfer layer for hydrogen production in neutral
water. Because the valence band potential of CdSe QDs (~1.23
V vs NHE)"” is more positive than that of GDY (~1.05 V vs
NHE), the photogenerated holes from QDs can be injected
into GDY thermodynamically. A schematic diagram of the
integrated PEC cell and the corresponding interfacial migration
process of photogenerated excitons are displayed in Scheme 1.
Upon irradiation by 300 W Xe lamp, this assembled
photocathode exhibits nearly —70 pA cm™ photocurrent in
0.1 M Na,SO, (pH = 6.8) at an applied potential of 0 V vs
NHE and simultaneously leads to a speed of 27000 pmol h™"*
g™' ecm™ for hydrogen production at —0.20 V vs NHE. The
faradic efficiency up to 95% is obtained with an average of 90 +
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Scheme 1. Schematic Diagram of the PEC Cell, Consisting
of the Assembled CdSe QDs/GDY Photocathode, Pt Wire as
Counter Electrode, and Corresponding Interfacial Migration
Process of the Photogenerated Excitons
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5%. The results demonstrate that GDY is a promising hole
transfer material in PEC water splitting cell.

Typically, GDY was synthesized on a copper sheet via in situ
growth method by a modified Glaser—Hay couphng reaction
with hexaethynylbenzene (HEB) as precursor.”’ Detailed
experimental procedures are available in the SI. SEM was
employed to characterize the morphology of the as-prepared
GDY film. As shown in Figure la, the GDY film showed an
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Figure 1. SEM images of (a) GDY film, (b) the assembled CdSe
QDs/GDY film; (c) the elemental mapping of carbon, selenium, sulfur
and cadmium by EDX spectra; (d) the HRTEM image of assembled
CdSe QDs/GDY; (e) XPS spectra of GDY film; (f) Raman spectra of
GDY and CdSe QDs/GDY films.

appearance of vertically regular cross-linked nanowalls,
possessing large voids submicrometers in diameter, which was
conducive to the adsorption of abundant CdSe QDs and
sufficient contaction with the electrolyte. Then, the CdSe QDs/
GDY photocathode was fabricated in aqueous solution. In brief,
nitric acid (2 M) was added into the solution of CdSe QDs to
precipitate the QDs, separated with centrifugation and washed
by deionized water for three times. Then, 4-mercaptopyridine
surface-functionalized CdSe QDs solution was obtained by
dispersing the precipitation in 4-mercaptopyridine aqueous
solution (pH = 10.0). After immersing the GDY film into the 4-
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mercaptopyridine surface-functionalized CdSe solution for 12
h, the CdSe QDs/GDY film was successfully prepared,
presumably through the 7—n stacking between mercaptopyr-
idine and GDY.”" UV—vis diffuse reflectance spectra of the as-
prepared CdSe QDs/GDY film displayed an enhanced
absorbance starting at around 530 nm, consistent with that of
untreated CdSe QDs solution (Figures S1 and S2).
Furthermore, the SEM image presented the nanowalls
appearance of the CdSe QDs/GDY electrode, but a much
rougher surface than that of GDY (Figure 1b), and the
corresponding elemental mapping further proved the uniform
distribution of elements Cd and Se on the surface of GDY film
(Figure 1c). Figure 1d displayed the HRTEM image of CdSe
QDs/GDY. The defined lattice spacing of 0.345 nm is in line
with the (111) crystalline planes of CdSe QDs. Surface
morphology of GDY and CdSe QDs/GDY film electrodes were
also investigated by atomic force microscopy. Consistent with
SEM study, we could also observe the cross-linked nanowall
appearance of GDY (Figure S3). Some visible particles in few
to tens of nanometers range distributed over the CdSe QDs/
GDY film were detected after absorbing CdSe QDs, an
indicator of successful assembly of CdSe QDs.

The element composition and bonding structure of the
photocathodes were further studied by XPS and Raman
spectroscopy, respectively. In contrast to GDY films mainly
containing elemental carbon, the CdSe QDs/GDY electrodes
showed additional characteristic binding energy of Se, Cd, and
S elements in the XPS spectra, which is in line with EDX
analysis, shown in Figure S4. The peak at 284.8 eV for C 1s
orbital could be observed for both GDY and CdSe QDs/GDY
electrodes. After subtracting the Shirley background and fitting
by Lorentzian and Gaussian functions, four subpeaks
corresponding to sp> (C=C) at 284.5 eV, sp (C=C) at
285.2 eV, C=0 at 288.5 eV, and C—O at 286.9 eV could be
detected, respectively (Figure le).”” The presence of O signal is
due to the absorption of air in GDY. Beyond that, the Raman
spectra of GDY film exhibits four notable peaks around 1387.8,
1568.5, 1923.2, and 2172.1 cm ™, respectlvely (Figure 1f), 1n
line with previously reported data.'” The peak at 1387.8 cm™
represents the breathmg vibration of sp carbon domains in
aromatic rings.”’ The peak at 1568.5 cm™ is attributed to the
first-order scattermg of the Ezg mode for in-phase stretching
vibration sp® carbon Iattlce in aromatic rings. The peaks at
2172.1 and 1923.2 cm™" are due to the vibration of conjugated
diyne links (—C=C—C=C-). As for CdSe QDs/GDY film,
the G band peak with a higher frequency region was observed,
indicating some interactions occurred between GDY and
mercaptopyridine surface-functionalized CdSe QDs. Similar
phenomenon also took place in the sp C peak. With reference
to the previous research in linear carbon chains,”* the blue shift
is due to the coupling with electron-withdrawing roles, thus
implying the existence of m—n stacking between GDY and
mercaptopyridine surface-functionalized CdSe QDs.

The UPS, a surface analysis technique, that can be employed
to confirm the highest occupied orbital of semiconductor thin
film, was investigated. When GDY was covered by the
mercaptopyridine surface-functionalized CdSe QDs, the
HOMO level of CdSe QDs/GDY may be influenced by the
interaction between GDY and CdSe QDs. Indeed, the HOMO
position of CdSe QDs/GDY film was determined to be nearly
—5.54 eV (Figure S6), higher than that of the pristine CdSe
QDs (~—5.67 eV)" and lower than that of GDY (~ —5.49
eV) (Figure SS). That is to say, the introduction of GDY layer
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can reduce contact resistance between Cu and CdSe QDs
active layer, which is conducive to hole collection and transfer.
After CdSe QDs were presented on the surface of the GDY
layer (Figure S7), a significant photoluminescence quenching
and faster emission decay further suggested that GDY could
extract photogenerated carriers from CdSe QDs efficiently. As
the hole transfer layer, GDY, could improve the conductivity,
decrease charge recombination, and reduce the resistance of the
assembled photocathode.

Next, the open circuit potential (OCP) test was performed
under dark and illuminated conditions to evaluate whether the
GDY could serve as an effective hole transfer material in
photocathode. As shown in Figure 2a, upon illumination, the
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Figure 2. (a) Open circuit potential response of the CdSe QDs/GDY
photocathode under dark and illuminated conditions (300 W Xe
lamp). (b) LSV scanning from 0.3 to —0.4 V at 2 mV/s with light off
(black trace) and on (red trace) for CdSe QDs/GDY photocathode.

OCP shifted toward a more positive potential, which clearly
demonstrated that holes generated from CdSe QDs can
transfer to GDY in the assembled photocathode. LSV was
conducted in 0.1 M Na,SO, aqueous solution scanning from
300 to —400 mV with light on and off (Figure 2b), which
revealed that CdSe QDs/GDY photocathode enabled gen-
eration of modest photocurrent under 300 W Xe lamp
illumination with onset potential around 0.28 V vs NHE.
Furthermore, photocurrent density of nearly —70 yA cm™
could be obtained with an applied potential of 0 V vs NHE.
The absence of either CdSe QDs or GDY in the integrated
photocathode lowered the PEC activity markedly. Under
identical conditions, the bare GDY electrode generated
negligible photocurrent and spin-coated CdSe QDs on the
copper substrate without the GDY hole transfer layer also
resulted in a remarkable decline of photocurrent (Figure S8).
These results indicated that the GDY buffer layer plays a crucial
role in the hole transfer process, which may be attributed to its
high hole mobility.*®

Gas chromatography (GC) was used to confirm the amount
of hydrogen evolved on CdSe QDs/GDY photocathode in 0.1
M Na,SO, at —0.20 V vs NHE (Figure 3a). Irradiation of the
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Figure 3. (a) Amount of evolved hydrogen and recorded charge

carrier during photoelectrolysis. (b) Controlled potential electrolysis
of the CdSe QDs/GDY photocathode during 12 h test.
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photocathode by 300 W Xe lamp led to a speed of 27000 ymol
h™ ¢! em™ for hydrogen production on the basis of CdSe
QDs (1.45 pg/cm?). After 0.394 C charges passed through the
external circuit, a faradic efficiency up to 95% was obtained with
an average of 90 + 5% over three times. At the same time, the
photogenerated holes from CdSe QDs were transferred to the
counter electrode through the GDY layer for water oxidation,’
which was confirmed by GC and Ocean Optics fluorescence-
based oxygen sensor (Figure S9). According to the foregoing
discussion, GDY, serving as an effective hole transfer material in
the photocathode, is able to offer a high-performance PEC cell.

To our delight, the assembled photocathode maintained the
constant photoelectrochemical activity in a 12 h test (Figure
3b). The Raman spectra of the photocathode after electrolysis
displayed four prominent peaks at 1387.8, 1568.5, 1923.2, and
2172.1 em™!, respectively, suggesting that GDY was stable and
undecomposed during photoelectrolysis (Figure S10). How-
ever, the peaks around 2172.1 and 19232 cm™' after
photoelectrolysis were more obvious and increased than that
prior to photoelectrolysis, possibly a result of dissociation of
some CdSe QDs from the GDY surface. The XPS spectra of the
assembled photocathode after irradiation showed that the C 1s
can still be deconvoluted in four types of circumstances
containing sp (C=C) at 285.2 eV, sp’ (C=C) at 284.5 eV,
C=0 at 288.5 eV, and C—O at 286.9 €V, respectively, while
the proportions of C—O and C=O were slightly increased,
which could be attributed to the absorption of more oxygen in
GDY (Figure S11). Moreover, the characteristic binding energy
of Se 3d and Cd 3d (Figures S12 and S13, respectively) from
XPS analysis changed slightly due to dissociation of some CdSe
QDs and then remained unchanged, indicating that the
photocorrosion of CdSe QDs by the photogenerated holes
was mostly avoided during irradiation. That is to say, the holes
generated from CdSe QDs transferred to GDY rapidly, thus
eliminating the excess holes in QDs efficiently. Therefore, the
GDY plays a very important role in keeping the balance of
photogenerated carriers from CdSe QDs for proton reduction
and water oxidation in the PEC device (Scheme 1).

In addition, we prepared the CdS and CdTe QDs/GDY
photocathodes in the same way, both of which yielded cathodic
photocurrent and maintained the photoelectrochemical activity
in the test for 4 h (Figure S14). Besides, we also grafted the
CdSe and CdS QDs on the surface of GDY by repeating the
successive ionic layer absorption and reaction procedure, and
all the photocathodes generated impressive photocurrent
(Figure S15). These results hint that the GDY could be used
as hole transfer layer with different loading methods for water
splitting application.

In summary, the novel carbon material, GDY, as the hole
transfer material, has been introduced to the PEC cell for the
first time. The existence of relatively strong 77—z interactions
between GDY and mercaptopyridine surface-functionalized
CdSe QDs facilitates the hole transportation and photocurrent
enhancement. Exposure of the assembled CdSe QDs/GDY
photocathodes to Xe lamp leads to modest photoactivity and
nearly 90 + 5% faradic efficiency for hydrogen production in a
12 h test. Our results are attributed to the higher hole mobility
and stability of GDY. This study not only opens a new door to
fabricate photocathodes using metal-free GDY as the hole
transfer layer but also paves a new way to apply GDY in
promising artificial photosynthesis for solar-to-fuel conversion.
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