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Single-atom cobalt-hydroxyl modification of
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photocatalytic water oxidation: ball milling
increased single atom loadingf
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Expediting the oxygen evolution reaction (OER) is the key to achieving efficient photocatalytic overall water

splitting. Herein, single-atom Co-OH modified polymeric carbon nitride (Co-PCN) was synthesized with

single-atom loading increased by ~37 times with the assistance of ball milling that formed ultrathin

nanosheets. The single-atom Co-N4OH structure was confirmed experimentally and theoretically and

was verified to enhance optical absorption and charge separation and work as the active site for the
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OER. Co-PCN exhibits the highest OER rate of 37.3 pmol h™! under visible light irradiation, ~28-fold

higher than that of common PCN/CoO,, with the highest apparent quantum yields reaching 4.69, 2.06,
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Massive fuel energy consumption induced environmental and
ecological problems, especially the greenhouse effect, and the
resultant extreme climates and rise in sea level are threatening
human life.* As a potential substitution for fuel energy,
hydrogen energy conversion from solar energy via photo-
catalytic water splitting attracts great attention from scien-
tists.>*> However, the photocatalytic hydrogen evolution
efficiency from overall water splitting is still restricted by the
sluggish oxygen evolution reaction (OER) that involves energy
absorption, four-electron transfer, breakage of O-H bonds, and
formation of O-O bonds,*” and thus efficient OER photo-
catalysts become the key to achieving efficient overall water
splitting. Though numerous hydrogen evolution photocatalysts
have been reported, research on OER photocatalysts is mainly
around a few semiconductors including BiVO,, WO3, Ag;POy,, o-
Fe,0;, etc.8-11 and their activity is not high enough yet for
practical applications. Therefore, exploring high-efficiency OER
photocatalysts is still necessary.

Polymeric carbon nitride (PCN) was first reported in 2009
(ref. 12) as a photocatalyst with a layered melon-type
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and 0.46% at 400, 420, and 500 nm, respectively, and is among the best OER photocatalysts reported so
far. This work provides an effective way to synthesize efficient OER photocatalysts.

orthorhombic structure,” and thereafter quickly became
a “star” photocatalyst thanks to its advantages of being visible-
light responsive and metal-free, non-toxic, and low cost, and its
relatively high chemical stability.** Because of several self-defi-
ciencies including fast photogenerated charge recombination
and a narrow optical absorption spectrum, PCN exhibits rela-
tively low photocatalytic activity.”® Then, a series of strategies
were put forward successively to enhance the photoactivity of
PCN, such as enhancement of crystallinity,"® morphological
control,"” structural modification®® (including extensively
researched single atom modification in recent years***®), exfo-
liation,** construction of hetero-(homo-)junctions,? and
loading of noble metals.”* Though photocatalytic water splitting
on PCN was extensively researched in the past, the research was
mainly around the hydrogen evolution half-reaction used for
exploring properties and the catalytic mechanism of photo-
catalysts, and little research was focused on the industrially
useable overall water splitting process owing to the sluggish
OER." Therefore, enhancing the photocatalytic OER activity of
PCN becomes the key to practical applications.

To increase OER rates of PCN, several kinds of methods were
proposed, such as rational design of compound cocatalysts (e.g.,
CoO,, IrO,, CoP, CoPi, RhO,, RuO,, PtO,, MnO,, Co(OH),,
Ni(OH),, and CoAl,O, (ref. 24-30)), modification of carbon dots
and carbon rings,*"** fabrication of special architectures of PCN
(e.g., PCN quantum dot stacked nanowires*), and single-atom
(e.g., B, Co, and Mn****) modification. For instance, Zhao and
coauthors prepared B and N-vacancy comodified PCN that
exhibits the highest OER rate of ~28 umol h™' (ref. 36) and
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recently their group further used these B doped PCN ultrathin
nanosheets to fabricate a Z-scheme heterojunction for overall
water splitting with a solar-to-hydrogen efficiency reaching
~1.2%.% Comparatively, PCN loaded with compound cocata-
lysts can only enhance OER activity to a limited degree and there
are finite methods for carbon modification and special archi-
tecture fabrication. Single-atom modification shows a bright
prospect, on account of metal atoms capable of being inserted
into the framework of PCN and effectively increasing the OER
activity. However, reported single metal atom modification
routes are all based on direct ion adsorption on PCN or calci-
nation of mixtures of metal salts and PCN feedstocks.****** New
routes need be explored to increase effective loading of single
atoms in PCN. Besides, the metal-OH structure is considered
efficient for the OER,****** and a single metal atom-OH struc-
ture has never been reported for modification of PCN, though
Mn-OH was thought to play a key role in the OER process.**
Ball milling is an extensively used versatile and scalable way
for preparation of heterogeneous catalysts and even single-atom

Co?
adsorption
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catalysts,"*> but was rarely used in synthesis of PCN-based
single-atom photocatalysts. In this work, we synthesized single-
atom Co-OH modified PCN (Co-PCN) with the single-atom
content in PCN highly increased with the assistance of ball
milling. The simple synthetic route is shown in Fig. 1a. PCN was
ball-milled to obtain BM-PCN that then adsorbed Co*" till
saturation to form BM-PCN/Co which was calcined to obtain
BM-PCN/Co-c (Co-PCN). For comparison, PCN was directly used
to adsorb Co”' till saturation to form PCN/Co which was
calcined to obtain PCN/Co-c. PCN mainly comprises large
blocks with the size of several micrometers (Fig. S1}), while BM-
PCN contains massive irregular particles with the size reduced
to several hundreds of nanometers (Fig. S27), indicative of high
efficacy of ball milling. BM-PCN/Co-c exhibits a similar
morphology as BM-PCN (Fig. 1b and S31) and PCN/Co-c exhibits
a similar morphology to PCN (Fig. S47), but the surface area and
mesopore volume of BM-PCN and BM-PCN/Co-c are not higher
than those of PCN and PCN/Co-c (Fig. S5), manifesting that
ball-milling and subsequent calcination did not form massive
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Fig. 1 (a) Schematic illustration for synthesis of single-atom Co'"-OH modified PCN (BM-PCN/Co-c); and (b) SEM, (inset in b) TEM, (c) AFM, (d)
EDS elemental mapping, and (e) HAADF-STEM images of BM-PCN/Co-c.
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mesopores, which accords well with the particle size variation
from several micrometers (before ball milling) to several
hundreds of nanometers (after ball milling). However, the Co
content in BM-PCN/Co-c, BM-PCN/Co, PCN/Co-c, and PCN/Co
was measured to be 0.75, 0.50, 0.02, and ~0.02 wt%, respec-
tively, by inductively coupled plasma mass spectrometry (ICP-
MS). The ~37 times higher Co content in BM-PCN/Co-c than in
PCN/Co-c suggests the ball-milling enhanced adsorption of
Co" on surfaces of BM-PCN, which should arise mainly from
the ball-milling induced increase of surface energy and
adsorption sites.*

The TEM image shows the existence of small and ultrathin
nanosheets in BM-PCN/Co-c (inset in Fig. 1b) which can also be
observed in the atomic force microscopy (AFM) image with
a thickness of ~7-10 nm and lateral size of <70 nm (Fig. 1c), and
formation of these ultrathin nanosheets results from the ball

(a)
m
=
°
Q
N
©
=
S
[]
P-4
i —— BM-PCN/Co-c
7700 7720 7740 7760
Energy (eV)
(b)
60}
i
=
S
:&G CoPr
~|:20-
L BM-PCN/Co-c
% 4 2 3 4 5
R(A)
(c) .
6F Experimental
- —— Fitting
b
s 5
—4r =
< <
< <
% <
=2l / 5
3 ff 0 2 4 6 810
k(A
0 1 2 3 4 5
R (A)

Fig. 2

(d)pcy ©CONcHOO @Co (€)

View Article Online

Edge Article

milling of PCN.* It should be noted that most formed ultrathin
nanosheets with high surface energy may stack into compact
particles upon ball milling, leading to no increase of the total
surface area. Energy dispersive X-ray spectroscopy (EDS)
elemental mapping images of BM-PCN/Co-c indicate homoge-
neous distribution of C, N, O, and Co elements in the sample
(Fig. 1d). The high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of BM-PCN/
Co-c shows massive white spots (marked by circles) with a mean
size of <1 A dispersed in the sample (Fig. 1e and $6t), which
should correspond to single-atom Co.

To further verify the single-atom Co structure in BM-PCN/Co-
¢, Co K-edge X-ray absorption near-edge structure spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS)
analysis were performed. As shown in Fig. 2a, the absorption-
edge position of BM-PCN/Co-c is quite close to that of CoO and
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(a) Co K-edge XANES and (b) EXAFS spectra of Co foil, Co porphyrin (Copr), CoO, Coz04, Co,O3, and BM-PCN/Co-c; EXAFS (c) R space-

fitting and (inset in c) K space-fitting curves of BM-PCN/Co-c; (d) optimized structure of PCN and Co-doped PCN with different doping
configurations and calculated formation energies (e) of Co doped PCN; and (e) Co 2p and (f) O 1s core-level XPS spectra of samples.
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their peak positions are similar and far from those of other
reference samples, indicating that the valence of Co in BM-PCN/
Co-c is about +2. The bonding structure around Co was deter-
mined by Fourier transformed (FT) &*-weighted EXAFS analysis.
As shown in Fig. 2b, a distinct single Co-ligand peak at ~1.6 A
for BM-PCN/Co-c is observed, which prominently differs from
the Co-Co coordination peak at ~2.2 A for Co foil and the Co"-
O coordination peak at ~1.7 A for CoO. The wavelet transform
(WT) contour plot of BM-PCN/Co-c shows only one intensity
maximum (Fig. S771), and the Cl 2p core-level XPS spectrum of
BM-PCN/Co-c reveals no residue of Cl (Fig. S81). These further
indicate the single-atom dispersion of Co species. Apparently,
the Co-ligand peak is almost consistent with the Co™-N peak for
Co porphyrin, suggesting that the single-atom Co in BM-PCN/
Co-c mainly coordinates with N. Least-square EXAFS curve
fitting was performed to confirm quantitative structural
parameters of Co™ in BM-PCN/Co-c, as shown in Fig. 2¢, $9, and
$10 and Table S1.1 Simple Co-N single-shell fitting of BM-PCN/
Co-c (Fig. S107) gave a coordination number of 5.6 + 0.4 (Table
S1t), that is, Co™ coordinates with five atoms. Considering that
the PCN monolayer provides four appropriate N coordination
sites at most,** Co™ likely coordinates with four N atoms and
one OH atom. Thus, we further performed Co-N,/Co-O double-
shell fitting (Fig. 2c) and the obtained R-factor (0.0011)
remarkably reduces relative to that from Co-N single-shell
fitting (0.0035), indicative of rationality of the proposed Co"-
N,OH structure. Confirmed Co-N and Co-O bond lengths are
2.04 and 2.15 A, respectively (Table S17).

To further confirm rationality of the Co-N,OH coordination
structure, density functional theory (DFT) calculations were
conducted. As shown in Fig. 2d, three possible Co" coordina-
tion structures in the PCN monolayer were explored. The Co-
N,OH structure without removal of H from PCN exhibits a much
lower formation energy (~0.15 eV) than Co-N, and Co-Nj
structures with removal of two H atoms from PCN (~2.51 and
3.55 eV), demonstrating a high probability of existence of the
Co-N,OH structure in BM-PCN/Co-c. This structure can also be
evidenced by X-ray photoelectron spectroscopy (XPS). As shown
in Fig. 2e, the Co 2p core-level XPS spectrum of BM-PCN/Co-c
shows two distinct peaks at binding energies of 796.8 and 781.4
eV beside satellite peaks, corresponding to Co 2p,,, and 2p;, of
Co" ions.* The spectrum of BM-PCN/Co also shows two Co 2p
peaks but at a binding energy ~1.1 eV higher, suggesting vari-
ation of the Co coordination structure from BM-PCN/Co to BM-
PCN/Co-c. PCN/Co-c exhibits no peaks because of its low Co
content. Fig. 2f shows O 1s core-level spectra of PCN, BM-PCN,
BM-PCN/Co-c, and PCN/Co-c. All the samples exhibit one peak
at a binding energy of ~532.0 eV, ascribed to surface hydroxyl
species,” but an additional peak could be obtained for BM-PCN
or BM-PCN/Co-c after deconvolution. The peak at a binding
energy of ~531.3 eV for BM-PCN should be assigned to adsor-
bed H,O at new active adsorption sites generated by ball
milling. This peak can also be observed in the spectrum of BM-
PCN/Co, but with a ~0.1 eV shift to a higher binding energy
(Fig. S117) owing to the influence of adsorbed Co" ions. The
peak at ~531.2 eV for BM-PCN/Co-c should be assigned to Co-
OH,*® given that there is only one O 1s peak for BM-PCN-c

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(synthesized by direct calcination of BM-PCN) (Fig. S11%}). The
calculated Co/O(-Co) molar ratio, based on the XPS data, is
~1.07 (Table S2t), close to 1, consistent with the Co-N,OH
coordination structure.

In C 1s and N 1s core-level XPS spectra, BM-PCN, BM-PCN/
Co-c, PCN/Co-c, and BM-PCN/Co exhibit similar peaks to PCN
(Fig. S12a-dt), indicative of their similar framework structure
which can also be evidenced by their similar N/C molar ratios,
1.53 (Table S37), but the N-H peak of BM-PCN shifts ~0.2 eV to
a lower binding energy relative to that of PCN, likely arising
from the ball-milling induced destruction of intralayer
hydrogen bonds (Fig. S13t). The Co content in BM-PCN/Co, BM-
PCN/Co-c, and PCN/Co-c is too low to cause detectable variation
of C 1s and N 1s peaks. Similar FT-IR absorption bands of the
samples (Fig. S14a and bt) also indicate their basic frame
structure, but in enlarged spectra (Fig. S14ct), »(C-N) and »(C=
N) absorption bands of BM-PCN shift 16 cm ™' to a higher
wavenumber and 19 cm™" to a lower wavenumber, respectively,
relative to those of PCN at 1242 and 1640 cm™',* likely resulting
from the ball-milling induced hydrogen bond destruction, and
the shift of these two absorption bands turns smaller for BM-
PCN/Co-c, suggesting calcination-induced reforming of the
destroyed hydrogen bonds, which is consistent with the XPS
results (Fig. S12ct). Besides, BM-PCN exhibits a wider and
relatively stronger »(N-H)/»(O-H) absorption band than PCN
(Fig. S14at), probably owing to the hydrogen bond destruction
and new adsorbed H,O, while this absorption band for BM-
PCN/Co-c becomes much weaker, suggesting hydrogen bond
reforming and loss of new adsorbed H,O (Fig. 2f). Zeta poten-
tials of the samples dispersed in water reflect variation of
surface adsorbed hydroxyl species. As shown in Fig. S15a,} all
the samples exhibit negative zeta potentials because of disso-
ciation of surface hydroxyl species. The zeta potentials,
following the order PCN (—24 mV) > BM-PCN (—41 mV) < BM-
PCN/Co-c (—30 mV) = PCN/Co-c (—28 mV), suggest the ball
milling-induced increase of surface hydroxyls in BM-PCN and
calcination-induced decrease in BM-PCN/Co-c, consistent with
the FT-IR results.

Solid-state '*C magic-angle-spinning nuclear magnetic
resonance (NMR) spectra of PCN, BM-PCN, BM-PCN/Co-c, and
PCN/Co-c show two similar peaks at chemical shifts of ~164
and 156 ppm (Fig. S15b¥), ascribed to C—NH, and N=C-N,
respectively,® indicating their similar molecular framework,
but in enlarged spectra, BM-PCN exhibits ~0.3° movement of
the N=C-N peak to a lower chemical shift compared with PCN,
because of the ball-milling induced hydrogen bond destruction,
and the C—NH, peak of BM-PCN/Co-c moves ~0.2° to a lower
chemical shift, likely owing to formation of the C-N-Co struc-
ture whose peak lies close to the C—NH, peak.”® The XRD
patterns of the samples are shown in Fig. S15c.t PCN and PCN/
Co-c exhibit typical diffraction peaks of melon-type carbon
nitride with a layered orthorhombic structure and peaks at 13.1°
and 27.6° correspond to (210) and (002) facets, respectively,'**>
but BM-PCN reveals remarkably decreased peak intensity and
~0.2° shift of the (002) peak to a lower 26 (indicative of the
increased interlayer distance) relative to PCN, demonstrating
the ball-milling induced hydrogen bond destruction and
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substantial decrease of crystallinity. The remarkable decrease of
crystallinity and almost no change of the surface area of BM-
PCN, compared with those of PCN, further suggest that ball
milling may form massive thin nanosheets (Fig. 1c) most of
which stack into compact particles (Fig. 1b) owing to their high
surface energy. In comparison with BM-PCN, BM-PCN/Co-c
exhibits a narrower (002) peak, suggesting enhanced crystal-
linity owing to the calcination-induced hydrogen bond
reforming, consistent with the FT-IR results. On the whole, it is
likely the ball-milling induced destruction of hydrogen bonds
that contributes largely to the increase of surface energy and
new active adsorption centers and thus Co>" adsorption on BM-
PCN.

Optical absorption capability of samples was investigated by
UV-vis diffuse reflectance spectroscopy (DRS). As shown in
Fig. 3a, BM-PCN/Co-c, BM-PCN, and PCN/Co-c exhibit consid-
erably higher, lower, and similar optical absorption than/to
PCN, respectively. For BM-PCN/Co-c, the optical absorption
enhancement at a wavelength of <400 nm may benefit from the
electron-rich Co that enhances m-m* transitions in heptazine
rings,* and the Urbach tail absorption should arise from the
Co-OH doping.**** Bandgaps (E,) of PCN, BM-PCN, BM-PCN/
Co-c, and PCN/Co-c were roughly confirmed as 2.70, 2.81, 2.56,
and 2.73 eV, respectively, via the formula E,/eV = 1240/(Aca/
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nm)*® where A.q is the absorption edge determined by solid lines
in the spectra. The wider E, of BM-PCN probably results from
the quantum size effect of massive ultrathin crystal nanosheets
(Fig. 1c) formed by ball milling, and the narrower E, of BM-PCN/
Co-c arises from the Co-OH doping that was then verified by
DFT calculations. As shown in Fig. S16,f the calculated E, of
BM-PCN/Co-c, ~1.90 eV, is much smaller than that of PCN (2.57
eV), in accordance with the experimental results. For PCN, the
conduction band (CB) is contributed by C 2p and N 2p orbitals
and the valence band (VB) mainly by N 2p orbitals, while for BM-
PCN/Co-c, the CB is contributed by Co 3d, C 2p, and N 2p
orbitals and the VB mainly by Co 3d and N 2p orbitals (Fig. S16¢
and dt), effectively manifesting that the narrowing of E, of BM-
PCN/Co-c results from the Co-OH doping. In addition, there are
prominent doping levels (Eq) in the bandgap of BM-PCN/Co-c,
mainly contributed by Co 3d and O 2p orbitals (Fig. S16d7),
effectively proving the Co-OH doping effect in BM-PCN/Co-c.
Similar calculation results have been reported for Pt-OH
modified carbon nitride.”” Given that the experimental Co
content (0.75 wt%) is much lower than the theoretical (6.71
wt%), practical doping levels in the bandgap may approach
more to the VB. CB edges of the samples (Ecg) could be roughly
determined by using Mott-Schottky plots (Fig. S171) and their
Fermi levels (Ef) were subsequently confirmed based on VB-XPS
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(a) UV-vis diffuse reflectance spectra of PCN, BM-PCN, BM-PCN/Co-c, and PCN/Co-c; (b) energy band levels of the samples and

schematic illustration for water oxidation on BM-PCN/Co-c; (c) photoluminescence spectra, (d) time-resolved fluorescence spectra, and (e)
anodic photocurrent (J,) response of the samples; and (f) EPR spectra of the samples in the dark and under visible light irradiation. Data in (d) are
the results of fitting decay curves to a tri-exponential model. Dark J, in (e) was set as zero for distinct comparison.
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spectra (Fig. S181). Energy band levels of the samples are shown
in Fig. 3b, and it seems that ball milling causes a slight down-
shift of the VB edge (Eyg) of BM-PCN, favorable for photo-
catalytic water splitting, but the Co-OH doping causes a slight
downshift of Ecg and upshift of Eyg of BM-PCN/Co-c. It is
noteworthy that the E4 close to the VB edge (Eyg) can capture
photogenerated holes®® and thus the single-atom Co-OH works
as the active site for the OER (Fig. 3b).

Spectroscopy and photoelectrochemical tests were conduct-
ed to evaluate photogenerated charge separation and transfer
performance. As shown in Fig. 3¢, photoluminescence (PL)
spectra of all the samples show one emission peak, basically
corresponding to their bandgap emission. BM-PCN exhibits
weaker PL intensity than PCN, revealing a decreased photo-
generated charge recombination efficiency, which originates
from faster charge transfer from the inside to the surface of
ultrathin nanosheets (Fig. S191) and trapped by surface states.”
BM-PCN/Co-c exhibits the lowest PL intensity and the PL
intensity of PCN/Co-c is lower than that of PCN, which arises
from the E4 capturing photogenerated holes to reduce their
direct recombination with electrons beside the ultrathin
nanosheet effect in BM-PCN/Co-c. Fig. 3d shows time-resolved
fluorescence spectra of the samples. Decay curves were well
fitted to a tri-exponential model (S3) and the obtained results
are shown in Fig. 3d. Three lifetimes (7;-73) and their mean
lifetime (7., 89.2 ns) of BM-PCN are all much longer than those
of PCN (1, = 17.9 ns), further suggesting the faster charge
transfer from the inside to the surface of ultrathin nanosheets
in BM-PCN, decreasing the direct charge recombination effi-
ciency, but with subsequent surface radiative recombination.*
Interestingly, the 7;-73 and 1, (10.8 ns) of BM-PCN/Co-c are
much shorter than those of PCN, which should result from
faster transfer of holes to E, that effectively decreases the charge
recombination efficiency, with subsequent nonradiative energy
transformation.® The Co-OH doping effect also makes PCN/Co-
c exhibit shorter 7;-75 and 1y, (16.5 ns) than PCN. Fig. 3e shows
the photocurrent response of the samples. Their anodic
photocurrent density follows the order PCN < PCN/Co-c < BM-
PCN < BM-PCN/Co-c, indicating gradually increased photo-
generated charge separation efficiencies,* basically consistent
with the PL results. The relatively high photocurrent response of
BM-PCN benefits from the applied bias that effectively inhibits
surface recombination of photogenerated charge carriers.

To assess charge mobility of the samples, their electro-
chemical impedance spectroscopy (EIS) spectra were tested with
high-frequency data simply fitted to an equivalent circuit
(Fig. S207). The obtained charge transfer resistance (R) follows
the order PCN (26 Q) > BM-PCN (18 Q) = PCN/Co-c (19 Q) > BM-
PCN/Co-c (13 Q). Apparently, BM-PCN/Co-c exhibits smaller R,
than BM-PCN and PCN/Co-c, and PCN/Co-c exhibits smaller R,
than PCN, indicating the highest charge transfer performance
of BM-PCN/Co-c*® which originates from the single-atom Co
modification® that may increase the electron density to facili-
tate charge transport. The smaller R.. of BM-PCN than that of
PCN indicates the additional favorable effect of ultrathin
nanosheets.® Fig. 3f shows electron paramagnetic resonance
(EPR) spectra of the samples. All reveal one single Lorentzian

© 2022 The Author(s). Published by the Royal Society of Chemistry
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line centered at a g of 2.0039, attributed to unpaired electrons in
heptazine rings.® In the dark, the EPR signal intensity follows
the order PCN < BM-PCN < PCN/Co-¢ < BM-PCN/Co-c, and the
stronger signal of BM-PCN than that of PCN results from
formation of ultrathin nanosheets that enhances delocalization
of unpaired electrons, while the stronger signal of BM-PCN/Co-c
and PCN/Co-c mainly benefits from the Co doping that
increases the delocalized electron density.®” Under visible light
irradiation, the samples exhibit remarkable signal enhance-
ment, following the sequence PCN < BM-PCN < PCN/Co-c < BM-
PCN/Co-c, similar to that of the signal intensity in the dark,
suggesting that the increase in the delocalized electron density
facilitates charge photoexcitation. The high delocalized electron
density favors charge transport, consistent with the EIS results,
and the high photoexcited charge density benefits enhance-
ment of photocatalytic activity.

Photocatalytic OER activity of various samples was well
evaluated using Ag" as the sacrificial agent (Fig. S217). The Co
content in BM-PCN/Co-c was optimized according to the pho-
tocatalytic OER rates and BM-PCN-c exhibits no detectable OER
activity (Fig. S22%), indicating indispensability of the Co-OH
structure for the OER. The influence of the calcination
temperature (7, °C) of BM-PCN/Co on OER rates of BM-PCN/Co-
¢ (T. = 460) and BM-PCN/Co-cT. was investigated and BM-PCN/
Co-c exhibits the highest photoactivity (Fig. 4a), manifesting
that the optimal calcination temperature is 460 °C. Under both
simulated solar light and visible light irradiation (2 = 420 nm),
BM-PCN/Co-c exhibits substantially higher OER activity than
PCN/Co-c (Fig. 4b), further suggesting the significance of the
single-atom Co loading amount, and remarkably higher activity
than common PCN/CoO, (with 0.75 wt% Co, obtained via
photodeposition) and BM-PCN-¢/Co(OH), (with 0.75 wt% Co),
demonstrating the high efficacy of the single-atom distribution
of Co-OH in BM-PCN/Co-c. Besides, urea was used as the
feedstock to synthesize carbon nitride (marked as PCN-urea)
with a larger surface area (76 m> g~ * (ref. 68)) than PCN, and
PCN-urea was further used to synthesize PCN-urea/Co-c similar
to the synthesis of BM-PCN/Co-c. The OER activity of BM-PCN/
Co-c is prominently higher than that of PCN-urea/Co-c (with the
optimized Co content and Co single atom distribution,
Fig. S231), suggesting the significant role of ball milling in
fabricating the single-atom Co-N,OH structure. To quantitively
compare photoactivity of the samples, their mean OER rates
under visible light illumination for 2 h are shown in Fig. 4c. The
OER rate of BM-PCN/Co-c can reach ~37.3 pmol h™!, about
13.8,28.7, 2.6, and 2.0 times those of PCN/Co-c, PCN/Co0O,, BM-
PCN-c/Co(OH),, and PCN-urea/Co-c, respectively. Compara-
tively, less N, was generated for BM-PCN/Co-c (Fig. S247),
further demonstrating the significance of single-atom Co-OH
modification.

Photocatalytic oxygen evolution on BM-PCN/Co-c was also
tested under monochromatic light irradiation (Fig. S257).
Apparently, BM-PCN/Co-c can exhibit OER activity even at
a wavelength of 500 nm. The mean OER rate in 12 h decreases
from 1.85 to 0.54 pmol h™" with increasing wavelengths from
400 to 500 nm (Fig. 4d), independent of light intensity of the Xe
lamp and is mainly dependent on optical absorption capability
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Fig. 4

(a) The influence of the calcination temperature (T °C) of BM-PCN/Co on photocatalytic OER activity of BM-PCN/Co-c (T, = 460) and

BM-PCN/Co-cT,, under Xe-lamp illumination, with AgNos as the sacrificial agent; (b) photocatalytic oxygen evolution on various samples under
Xe-lamp illumination with or without using a 420-nm filter; (c) corresponding OER rates of the samples in 2 h; (d) photocatalytic OER rates of
BM-PCN/Co-c under irradiation with various monochromatic light sources for 12 h; (e) apparent quantum yields (AQYs) of BM-PCN/Co-c at
different wavelengths and reaction times and the highest AQY at every wavelength, along with the UV-DRS spectrum; and (f) proposed
mechanism for photocatalytic water oxidation on the single-atom Co"-OH structure.

of BM-PCN/Co-c at various wavelengths (Fig. 3a). Fig. 4e
shows apparent quantum yields (AQYs) of BM-PCN/Co-c at
different reaction times and wavelengths. Basically, there are
maxima of AQYs with increasing reaction time at every
wavelength, suggesting the adverse effect of excessive photo-
deposited Ag on surfaces of samples. These maxima are
shown in Fig. 4e and accord well with the UV-vis DRS spec-
trum with increasing wavelengths. The maxima of AQYs at
400, 420, 450, and 500 nm can reach 4.69, 2.06, 1.07, and
0.46%, respectively. Compared with the reported photo-
catalytic OER results for PCN (Table S4t), BM-PCN/Co-c
exhibits the top-class performance.

To investigate chemical stability of BM-PCN/Co-c, the cyclic
OER experiment was conducted. After five consecutive runs,
OER rates of BM-PCN/Co-c decrease less (Fig. S26at), with the
morphology similar to the original (Fig. S26bt). Co single atoms
in the sample could still be distinctly observed by HAADF-STEM
(Fig. S26¢ and dt). In addition, N 1s core-level XPS spectra of
BM-PCN/Co-c are almost similar before and after the cyclic
experiment (Fig. S26et). These indicate the high stability of the
basic framework structure of the sample. However, Co 2p core-
level spectra show remarkable differences before and after the
experiment, not only the Co™ peak shift, probably owing to ion
(e.g., 10,7 ) adsorption, but also formation of a large amount of

760 | Chem. Sci, 2022, 13, 754-762

Co™ (Fig. S26ff). Coexistence of Co"/Co™ may suggest the
photocatalytic OER mechanism.

The proposed OER mechanism based on the Co-OH struc-
ture is shown in Fig. 4f, according to the reported results in Mn
doped PCN.* Four holes are needed to complete four oxidation
steps and obtain one O, molecule. The first step starting with
one hole may involve formation of the Co™=0 bond. The Co-
N,OH structure should facilitate the water oxidation more
compared with that of Co-N, without OH coordination, by
leaving out the initial adsorption process of H,O molecules.’*
On the whole, the high photocatalytic OER activity of Co-PCN
benefits from the Co-N,OH structure that not only effectively
enhances optical absorption, and charge separation and
transport, but also works as the highly active site for the OER.

Conclusions

Single-atom Co™OH modified PCN with an optimized Co
content of 0.75 wt% (Co-PCN) was simply prepared via a ball
milling-adsorption-calcination process and the Co content
increases ~37 times thanks to the assistance of ball-milling that
formed ultrathin nanosheets. The single-atom Co"-N,OH
structure in Co-PCN was confirmed and evidenced to work as
the active center for the OER. The Co"™-OH modification was
considered to endow Co-PCN with enhanced optical absorption,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and photogenerated charge separation and transport capability.
Co-PCN exhibits a highly enhanced OER rate (~37.3 pmol h™" at
the highest), compared with those of common PCN/CoO,. (~28
times lower) and the control sample prepared without ball
milling (~13 times lower) under visible light irradiation, with
the highest apparent quantum yields reaching 4.69, 2.06, 1.07,
and 0.46% at 400, 420, 450, and 500 nm, respectively, and is
among the best OER photocatalysts reported so far. This work
provides an effective method to prepare efficient OER photo-
catalysts and may guide successive synthesis of high-perfor-
mance photocatalysts (e.g., Z-scheme heterojunctions) for
overall water splitting.
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