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ABSTRACT: Photocatalytic production of hydrogen (H,) from
biomass is a promising avenue for advancing sustainable energy
generation. We prepared carbon nitride (CN,,) with cobalt (Co) as
an oxidation cocatalyst (denoted CN,/Co) to improve photo-
catalytic H, production through photoreforming components of !

lignocellulosic biomass under visual light irradiation. CN,/Co was ’ Time
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synthesized by loading Co onto preformed CN, through a
straightforward thermal deposition. The thermal loading of Co at NS
450 °C led to the formation of a mixed valence CoO,, which Jé Q h* i @
shifted Co®* character to Co®" over the course of the hydrogen g

evolution reaction (HER). Compared to CN, without Co, our .
materials with 0.3 and 0.6 wt % Co demonstrate twice the apparent Biomass components ‘;ﬁfju“;g @o\l\f’
quantum yield (AQY) for H, production under irradiation at 405

nm using glucose as a sacrificial electron donor (3.0% and 2.8%, respectively, vs 1.4%). Time-resolved spectroscopic investigations
indicate that the Co extracts charges in the subnanosecond time scale and promotes the formation of beneficial long-lived charges.
Impressively, some photocatalytic activity is observed when using the robust polymers of cellulose and lignin as the oxidation
substrates (0.2 and 0.1% AQY, respectively). The ability to oxidize abundant biomass without extensive prepreparation is promising
for waste upcycling applications.
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B INTRODUCTION order of 100 gigatons annually.”® As global agricultural
demands surge to accommodate the growing population,
feedstocks with low nutritional merit, such as rice straw, sugar
cane bagasse, and corn stover, have been identified as sources

With the global population surpassing eight billion people as of
2023, addressmg the world’s energy crisis is more urgent than
ever. Despite efforts to shift reliance from carbon-based fuels to

renewable resources, fossil fuels continue to dominate the of alternative energy due to their high carbohydrate content
energy sector, accounting for 82% of yearly demands and and natural abundance.” This has sparked an effort to recover
resultmg in 39.2 gigatons of carbon dioxide (CO,) produced waste and integrate these raw materials into the circular
annually.” Hydrogen (H,) is a promising green energy vector economy.'’

due in part to its clean combustion with only water as a Carbon nitride (CN,,) is an organic, low cost, chemically and
product and provides three times more energy than gasoline thermally stable semiconductor with a suitable band structure
per unit mass.” However, conventional methods of H, for visible light response and is a promising candidate for many
generation, such as steam methane reforming, offer only a green photocatalytic processes, including CO, reduction,
marginal reduction in emissions.”* Photocatalysis stands out as pollutant degradation, and H, production.l =13 Dye to a facile

a favorable technique of generating green H,, leveraging
nonexhaustible solar energy and converting it into a storable
and readily accessible chemical form.” While efficient water
splitting is necessary to make a closed loop process, the kinetic
and thermodynamic challenges of the water ox1dat10n half-
reaction have proven to be a formidable barrier.® In response,
the employment of lignocellulosic biomass as a sacrificial agent
in the photocatalytic process has emerged as a potential
solution to both the challenges of water oxidation and the
valorization of an agricultural byproduct generated on the

synthesis from abundant precursors, CN,, has established itself
as a principal environmentally friendly and nontoxic hetero-
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geneous photocatalyst. Although the effectiveness of pristine
CN, is limited by rapid charge recombination and low surface
area, techniques including synthetic modifications to CN,
morphology, formation of heterojunctions, and doping with
organic or inorganic elements have been demonstrated to
improve the photocatalytic efficiency of CN,."*™"” However,
these materials often require lengthy synthetic procedures and
expensive or toxic reagents to fabricate, limiting their applied
utility."®

Surface modification with cocatalyst heterojunctions serving
as electron or hole trap centers are a proven modification
strategy to improve the photocatalytic capabilities of CN, by
reducing surface charge recombination and/or speeding up the
kinetics of redox reactions."”™>' A wealth of studies have
demonstrated enhanced efficiency of the hydrogen evolution
reaction (HER) or oxygen evolution reaction (OER) by
engineering CN,, surface heterostructures with noble metals,
forming a Schottky barrier.”>”>° Platinum (Pt) in particular is
established as an effective reduction cocatalyst due to its low
Fermi level and high electrochemical activity and has been
shown to increase H, production capabilities of CN,, through
the reduction of aqueous protons.””** Recently, highly active
iridium (Ir)-based catalyst complexes and cocatalysts have
been demonstrated as impressive facilitators of the difficult
OER.*7*' However, the high cost and low natural abundance
of noble metals limit the practicality of these systems. A shift to
the use of Earth abundant elements is required for sensible
upscaling of CN, heterojunction photosystems.’” In response,
cobalt (Co) as a competent oxidation cocatalyst has been
employed to enhance photocatalytic activity of CN, in a
variety of states, including cobalt sulfide,” cobalt-phenanthro-
line,”* and mesoporous CN, with cobalt oxide,” for H,
production, with easily oxidized triethanolamine (TEOA) as
a hole scavenger. However, to achieve the more challenging
oxidation of the chemically robust biomass, holes must be
substantially long-lived to outlast the slow kinetics of charge
transfer. Notably, the demonstration of a simple synthetic
strategy of adding active Co to CN, to produce efficient
systems for the photocatalytic valorization of the biomass is
still lacking.

Co incorporation onto semiconductors TiO, and Znln,S,
from a simple thermal deposition of Co(NO,), has been
exhibited to promote efficient photogenerated charge separa-
tion, increasing rates of photocatalytic H, evolution in the
presence of methanol or TEOA respectively.””*” Motivated by
these reports, we explored the capability of Co, incorporated
into preformed CN, from urea through a simple thermal
deposition of the precursor Co(NO;), as an oxidation
cocatalyst to improve photocatalytic production of H, using
various biomass components as sacrificial electron donors. CN,,
with a range of Co loadings (denoted CN,/Co) was prepared
and characterized through Fourier-transform infrared spectros-
copy (FTIR), X-ray diffraction (XRD), and X-ray photo-
electron spectroscopy (XPS). The weight percentage (wt %) of
Co in synthesized CN,/Co samples was confirmed with
inductively coupled plasma optical emission spectroscopy
(ICP-OES). Transmission electron microscopy (TEM),
bright- and dark-field scanning TEM (BF/DF-STEM) with
energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping, and high-angle annular dark-field (HAADF) STEM were
utilized to explore the Co distribution on the CN,, surface. The
photocatalytic activity was determined with respect to a variety
of components of lignocellulosic biomass, including glucose,
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xylose, arabinose, cellulose, and lignin. Myo-inositol and
dextran were included as sacrificial electron donors of study
for the purpose of clarifying the reaction mechanism. The end
products of the photodegradation of glucose were analyzed by
high-performance liquid chromatography (HPLC). Finally, we
examined the optical properties and charge carrier dynamics of
CN,/Co through ultraviolet—visible diffuse reflectance spec-
troscopy (UV—vis DRS), steady state and time-resolved
photoluminescence (ssPL and trPL), and transient absorbance
spectroscopy (TAS).

B EXPERIMENTAL SECTION

Materials. Acetonitrile (ACN), a-cellulose, Amberlite IR-
120 (H* form) anion exchange resin, chloroplatinic acid
hexahydrate (H,PtCls-6H,0), p-gluconic acid sodium salt,
hydrochloric acid (HCI), and urea were obtained from Sigma-
Aldrich. Cobalt nitrate hexahydrate (Co(NOj;),-6H,0) and
sodium hydroxide (NaOH) were sourced from VWR
Chemicals. D-(—)-Arabinose, D-(+)-xylose, lignin (alkaline),
and potassium hydroxide (KOH) were purchased from TCI. p-
(+)-Glucose (dextrose) was obtained from Fischer Scientific.
Myo-inositol was purchased from Alfa Aesar. Dextran was
sourced from Carbosynth. Ultrapure water was obtained from
a Millipore system. All chemicals were of reagent grade or
higher.

Synthesis of CN,. Urea was ground with a mortar and
pestle until a fine uniform powder was achieved. Four g of
ground urea were loaded into covered alumina crucibles and
heated at 550 °C for 4 h with a ramp rate of 2 °C min~". After
natural cooling, the resulting crude product was ground with
water and purified through successive washings of H,O, 1 M
KOH, 1 M HC], ACN, H,0, 1 M KOH, 1 M HC], and H,O in
50 mL conical tubes. Each washing step consisted of 5 min of
sonication followed by 10 min of centrifugation at 4000 rpm to
isolate the solid. The solid product was air-dried for 12 h
following the final wash and separation.

Synthesis of CN,/Co. The Co cocatalyst was incorporated
into pristine CN, through thermal deposition. Co(NOj;),:
6H,0 was ground in an aqueous dispersion of pristine CN,,
with a mortar and pestle. The crude mixture was allowed to dry
while being stirred on a hot plate at 60 °C for 24 h. The dry
product was ground again, loaded in covered alumina
crucibles, and heated to 450 °C for 1 h with a ramp rate of
2 °C min~". The resulting products were labeled CN,/Coyy,
CN,/Cop3% CN,/Copgwy CN,/Cojgy or CN,/Cosq in-
dicating the wt % of Co added to the mass of CN,.

Material Characterization. FTIR spectroscopy measure-
ments of the solid powders were taken with a Thermo Electron
Nicolet 6700 spectrometer with a SmartOrbit diamond
attenuated total reflection (ATR) attachment and an XT-KBr
beamsplitter.

XPS spectra were obtained by a nanoFAB (University of
Alberta) through a Kratos Axis Ultra spectrometer with
monochromatized Al Ka (hv = 1486.71 eV) at ambient
room temperature. A binding energy of 84.0 eV of Au 4f,,,
with reference to the Fermi level was used to calibrate the
spectrometer. The pressure of the analysis chamber was
maintained at >5 X 107'° Torr. High resolution measurements
were taken with a hemispherical electron-energy analyzer
working at a pass energy of 20 eV. The survey spectra was
acquired within a 0—1100 eV binding energy range at an
analyzer pass energy of 160 eV. Charge effects were corrected
by calibrating to the C 1s peak at 284.8 eV. XPS spectra were

https://doi.org/10.1021/aps.4c00007
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fitted using custom written MATLAB software (https://
github.com/SolarSpec/XPSfitting). Shirley backgrounds were
applied to subtract the inelastic background of the core-level
peaks. The full width at half-maximum (fwhm) of the Voigt
peaks (generated from 90% Gaussian and 10% Lorentzian line
shapes) were determined by examining the uniqueness plots’*
across a range of fwhm for all samples. The fwhm values
chosen were fixed for the fitting of all samples, allowing for
variations of 10% for C 1s, N 1s, and O 1s spectra, 30% for Pt
4f spectra, and 60% for Co 2p (to fit the satellite).

XRD data collection was performed at nanoFAB (University
of Alberta) using a Bruker D8 Discover Powder X-ray
diffractometer purchased from Bruker AXS, Madison, U.S.A.
It was equipped with a Cu X-ray target, with an operating
voltage of 40 kV and 30 mA, and with a Centric Eulerian
Vertical Cradle for the basic powder stage or DHS 900 heating
stage. Data was collected with a focused beam, a 5° soller slit,
fixed divergence slit of 0.6 (or 0.3), and a 1D mode LynxEYE
detector with a nickel K-f filter. Scan type was Locked Couple,
the increment was 0.03, and the scan range 20—90° with a
speed of 2° min~! or 0.5 step s™".

ICP-OES data were collected at the Fipke Laboratory of
Trace Element Research (FiLTER, University of British
Columbia) on a Thermo iCAP 6000 series ICP spectrometer.
In-house quality control standards were run in a 1% HNO;
matrix. CN,/Co samples were digested in concentrated H,SO,
and diluted to 3% H,SO, with 1% HNO;. The Co emission
wavelength was monitored at 228.6 nm.

TEM, BF/DF-STEM with EDS elemental mapping, and
HAADF STEM analysis were conducted at nanoFAB
(University of Alberta) on a JEOL JEM-ARM200cF S/TEM
equipped with a cold field-emission gun and probe spherical
aberration corrector and operated at a 200 kV accelerating
voltage.

Hydrogen Evolution Reaction. Photocatalytic activity
was determined through HER with biomass derivatives as
sacrificial agents. We tested glucose, xylose, arabinose,
cellulose, lignin, myo-inositol, and dextran. An alkaline solution
was prepared with 10 mL of 5 M NaOH and 100 mg of the
sacrificial agent of interest and sonicated for 5 min. Twenty mg
of CN,/Co and 84 uL of H,PtCl, solution (to give 3 wt % Pt
with respect to CN,) were added, and the solution was
sonicated for 5 min before transfer to a 16 mL quartz cuvette.
The cuvette was sealed with a silicone septum and 3D printed
plastic O-ring to achieve more complete sealing, placed in a
photoreactor, and purged for 10 min with argon (Ar). The
solution was stirred at 400 rpm for the entire course of the
reaction. The Pt cocatalyst was photodeposited on CN,/Co
through irradiation in the reaction mixture with a 405 nm light
emitting diode (LED) with a power density of 20 mW cm ™
Following 1 h of irradiation, the solution was purged for 10
min with Ar to remove all H,. The solution was then irradiated
for 30 min, after which the partial pressure of H, in the
headspace of the cuvette generated an electrochemical current
measured with a Unisense Clarke-electrode H, microsensor.
Current was converted to a voltage readout by a Unisense
Microsensor Multimeter. Detector response was converted to%
partial pressure through a two-point calibration curve under 0
and 2% volume H, atmospheres. The calibration measure-
ments were taken in the headspace of a 16 mL cuvette filled
with 10 mL of water under a gas flow of Ar (for the 0% H,) or
a certified 2% H, gas mixture (balance N,). To expedite the
slow rate of equilibration of H, between the solution and
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headspace resulting from the small surface of the air—liquid
interface, the cuvette was thoroughly shaken before each
reading. The percentage of H, in the 6 mL headspace was
converted to a molar value in the headspace using the Ideal
Gas Law and was further used to calculate the concentration of
H, in the 10 mL solution through Henry’s Law (Henry’s
constant for H, in water at 298.15 K of 7.8 X 107° mol/m>-
Pa).”” The amounts of H, in the headspace and in solution
were summed to quantify total H, in the cuvette following 30
min of irradiation. Errors bars on the AQY represent the
standard error from multiple trials. Sample calculations can be
found in the Supporting Information (eqs S1—S9).

Characterization of the Photocatalytic Degradation
Products. The products of the photocatalytic decomposition
of glucose were resolved using a Waters HPLC system with a
refractive index detector (Waters 2414) and a Hypercarb
porous graphitic carbon column (Thermo Scientific, 100 mm
X 2.1 mm). Ten uL of supernatant was injected with water as
the mobile phase at an isocratic flow rate of 0.3 mL min™" for
1S min. The detector was equilibrated at 30 °C. To obtain the
samples for analysis, the HER was performed as stated above
with the following modifications: 100 mL of NaOH, 1 g of
glucose, 200 mg of CN,/Coq ¢y, and 840 uL of H,PtCls were
reacted in a 100 mL round-bottom flask sealed with a rubber
septum. Following the reaction, H, in the flask headspace was
measured to confirm that the reaction had proceeded, after
which the reaction mixture was centrifuged to isolate the
photocatalyst. The supernatant was separated by gravity
filtration. Amberlite 120-IR anion exchange resin (H* form)
was used to batch neutralize the strongly alkaline supernatant,
which was stored in the dark at 2 °C until analysis. One mL
aliquots of supernatant were spiked with 40 uL of 500 mg/mL
glucose or gluconic acid for spike analysis.

Optical Spectroscopy. Powder samples were sandwiched
between a glass microscope slide and a top quartz cover slide
for spectroscopic measurements.

UV—vis DRS spectra were collected by using a 50 mm
OceanOptics integrating sphere and a Maya2000Pro spec-
trometer in conjunction with a DH-2000 OceanOptics
deuterium/halogen UV—vis-NIR lamp. BaSO, was prepared
in identical fashion to CN, samples and used as a reference
reflection standard.

A Horiba Scientific Fluorolog-QM fluorimeter was used to
obtain ssPL spectra and trPL decays. The excitation light was
set to 375 nm for steady state acquisitions. The pulsed
excitation light source was 405 nm for time-resolved decays,
which were monitored in the CN,, emission region at 450 nm.
All measurements were taken with samples positioned at 60°
relative to the detector. A sample of BaSO, was used to
measure the instrument response function (IRF) of the trPL
setup.

TAS kinetics and spectra were obtained by a homemade
setup. A Surelight continuum Nd:YAG laser (1064 nm) was
frequency tripled to generate laser pulses at 355 nm (fluence of
100 pJ cm™2) and used to excite samples. A 95 W broadband
Oriel lamp probe beam was focused on the sample and
directed to a photodiode through Thorlabs bandpass filters
(fwhm of 70—100 nm) and an Oriel Cornerstone mono-
chromator through a series of parabolic mirrors and focusing
lenses. The photodiode response was amplified by a FEMTO
DHPCA-100 variable gain high-speed current amplifier, and
the resulting voltage signal was filtered by custom electronics.
The signal was averaged over 128—512 scans from 550—950 at

https://doi.org/10.1021/aps.4c00007
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Figure 1. (a) FTIR spectra of CN,, CN,/Cogy, CN,/Coq gy CN,/Co03 14, and CN,/Coy gy after 30 min of HER. Legend in panel (b) also applies
to panel (a). (b) XRD patterns of CN,, CN,/Coyy, CN,/Coy sy CN,/Co03 15, and CN,/Coy g, after 30 min of HER. (c) Photocatalytic activity of
all CN,/Co materials measured as the AQY and H, evolution rate, using glucose as a sacrificial agent and 3 wt % Pt loading. (d) Photographs of

CN, and CN,/Co powders.

50 nm intervals. Data were acquired with custom LabVIEW
code and processed with MATLAB code available at https://
github.com/SolarSpec/SpectraBuilder. No unexpected safety
hazards were encountered during the experimental procedures.

B RESULTS AND DISCUSSION

Characterization. We prepared CN, from urea as a
precursor material due to its reported high photocatalytic
activity and surface area when compared to CN,, prepared from
dicyandiamide (DCDA), melamine, or thiourea."”*" Co was
incorporated into prepared CN, through grinding and thermal
deposition at 450 °C using 0, 0.3, 0.6, 1.9, and 3.1 wt % with
respect to the mass of CN,. Products were labeled CN,/Coyq,
where the y denotes the wt % of Co.

FTIR, XRD, and XPS data were collected to confirm the
structure of CN, in our material and to observe the chemical
environment of Co. The FTIR spectra for CN,, CN,/Coyy,
CN,/Coggw and CN,./Cos,y are displayed in Figure la
(legend in Figure 1b also applies to 1a), along with the pattern
of CN,/Coyq¢ recovered from the reaction mixture after Pt
photodeposition and a 30 min HER run (denoted CN,/Coy g
post-HER). All species exhibit the characteristic heptazine (tri-
s-triazine) out—of;plane bending vibration shift at approx-
imately 800 cm™.** Peaks from 1000—1800 cm™" are telling of
the C—N and C=N bonds in nitrogen-containing heterocyclic
compounds.”’ A prominent band observed at roughly 3200
cm ™' by N—H (or O—H stretching in H,0) further confirms
the structure of CN, in all samples.”” We attribute the
difference in band intensity at 3200 cm™" to residual moisture,
and no other significant differences are discernible in the
spectra of pristine CN, compared to the Co loaded samples.
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The CN,/Coy 4y post-HER spectra remain analogous to those
of all other species. As such, we conclude that the CN,
chemical structure is not disrupted by Co loading or during
the HER.

XRD patterns for CN,, CN,/Coyy, CN,/Coqes, and CN,/
Cojy,y are displayed in Figure 1b, along with the pattern of
CN,/Coy¢s recovered from the reaction mixture after Pt
photodeposition and a 30 min HER (denoted CN,/Coy s
post-HER). All species display a prominent peak at
approximately 260 = 27.5° attributed to the (002) plane
formed by the interlayer 7—7 stacking of individual CN,
sheets.** This peak is seen to broaden with increased addition
of Co, the extent of which was quantified by measuring the full
width at half-maximum (fwhm) obtained through fitting the
peak to a Lorentzian shape (Figure S1). Peak sharpness in
XRD patterns are representative ordered crystal structures,
with sharper peaks indicating more uniform organization."’
The (002) peak in CN,/Coys, displays a fwhm of 1.65° which
increases to 1.89° and 1.92° for CN,/Cog4y and CN,/Cos
respectively, suggesting the addition of Co disrupts the
uniformity of interlayer stacking. Additionally, all species
display a peak at 26 12.9° for the (100) plane, a
manifestation of intralayer heptazine repeats within sheets.*’
These peaks decrease in intensity with Co loading, further
agreeing with the disruption of crystallinity brought about by
Co loading.

Additional prominent peaks are observed at 28.3, 40.5, 50.1,
58.9, 66.3, and 73.6° exclusively in the pre-HER Co loaded
samples, increasing in intensity as the Co loading increases.
When compared to the XRD patterns of common Co oxides in
the literature, we do not see agreement between our patterns

https://doi.org/10.1021/aps.4c00007
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Figure 2. Bright-field (BF)-STEM micrographs of (a) CN,/Coy, (b) CN,/Cog ey, and (c) CN,/Coq gy post-HER. Orange arrows in (c) highlight

a few Pt nanoparticles.

and the patterns of CoO, Co(OH), CoOOH, Co,0;, or
Co0;0,.~>" For comparison, neat Co(NO,), was calcinated at
450 °C, resulting in the distinct XRD pattern of Co;0, (Figure
S2). This discrepancy suggests that the CN, substrate plays a
role in the cobalt oxide formation for CN,/Co, likely through
Co—N interactions, and impedes the formation of Co;0,.

The XRD pattern of CN,/Coggy post-HER displays a
change of Co environment from the shift of the prominent 20
= 28.9° peak to a reduced intensity shoulder seen at 30.0°
(Figure S3), along with new peaks seen at 34.3° and 39.3°.
These transformations do not align with previously reported
XRD patterns of Pt nanoparticles,”” but instead allude to a
changed Co coordination state over the course of the HER,
beginning to resemble Co0,0; or Co;0, which were
investigated further.

Further insights into the chemical environments in the
samples were obtained by XPS analyses. The survey scans
(Figure S4) confirm the presence of carbon (C), nitrogen (N),
and oxygen (O) elements in all CN, samples. In the CN,/
Cog 6% post-HER, additional sodium (Na) peaks are prominent
as a result of exposure to NaOH aqueous solution. The C 1s
and N 1s spectra of all CN, samples (Figures SS and S6) have
the same features and are consistent with previous reports.””>*
For the C 1s spectra, peaks are observed at approximately
284.8 eV (C—C, adventitious carbon), 286.5 eV (C—0,
surface adsorbed species), 288.2 eV (dominant, N=C-N
within the triazine ring), and 289.1 eV (C=O, surface
adsorbed species). Features at higher binding energies (293
and 296 eV) are assigned to 7 excitation shakeup bands. For
the N 1s spectra, a dominant peak is observed around 398.7 eV
(C—N=C, pyridine nitrogen within the triazine unit) with
two smaller features at 399.9 eV (N—C;, central heptazine
tertiary nitrogen) and 401.2 eV (C—NH,, terminal amino
group) S

The O 1s spectra (Figure S7) are also consistent with
previous reports, showing two peaks at roughly 531.6 and
533.0 eV, assigned to hydroxyl (OH) groups from
chemisorbed species and/or adsorbed carbonate species.’
The CN,/Coy 4 post-HER sample shows an additional peak at
535.7 eV, which is assigned to the Na Auger peak. The relative
intensities of the 531.6 and 533.0 eV peaks become similar,
likely a result of the sample being put in contact with water and
changing the adsorbed O-containing species. Overall, no
significant changes are seen in the C 1s, N 1s, and O 1s
XPS spectra across the CN, samples, agreeing with the
acquired FTIR data that the incorporation of Co did not alter
the CN, chemical composition.

As expected, CN,/Coyy shows no signal in the Co 2p region
(Figure S8). Peaks are clearly observed at higher Co loadings
in the CN,/Coj 4 sample. Peaks are fitted at 780.7, 782.2,
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786.3, and 791.2 eV, and satellite peaks at higher binding
energies are also observed. Compared to the Co(NO;),
precursor, the lowest binding energy peak is shifted to lower
values by 0.8 eV and the shoulder at 786 eV is less prominent
but still clearly visible, indicating the presence of Co*". The
calcined neat Co(NO;), give spectra entirely consistent with
that of Co;0,,”® and we notice that the shoulder at 786 eV is
subdued (Figure S9). These are consistent with a mixed
valence Co**/Co®" oxide in the CN,/Co, with a significantly
greater proportion of Co’* additionally suggested by the
greater similarities in Co binding energies to Co(OH),
compared to Co;0,.°>” A Co 2p signal can be seen in the
CN,/Coyq 4 samples both before and after HER, but the signal-
to-noise ratio is too low to consider the fits reliable. We can
still observe a +0.3 eV shift in the lowest binding energy peak
and that the Co®' satellite at approximately 786 eV is less
prominent after the HER (Figure S10). Both observations
point to a greater proportion of Co** after the HER.

Finally, Pt is also seen in the CN,/Coyg ¢y post-HER sample
(Figure S11), confirming the photodeposition of Pt as
cocatalyst. The Pt 4f spectrum shows major peaks correspond-
ing to Pt° (70.8 and 74.0 eV) and Pt** (72.4 and 75.8 eV), with
an approximate 3.3 eV shift between the Pt 4f;,, and 4f;,,
signals. The small peak at 77.7 eV might be indicative of a
small amount of Pt*" or a satellite. Based on the relative areas
of the signals, the Pt’/Pt** ratio is 1:1.4. These results are
consistent with the reduction of the Pt** precursor to Pt
nanoparticles on the surface of CN,.’

BF-STEM analysis (Figure 2) and EDS elemental mapping
(with corresponding DF-STEM micrographs, Figure S12)
unveil homogeneously dispersed Co in CN,/Coggy with no
clear signatures of defined nanoparticles. Both Co and Pt are
displayed in the EDS mapping of CN,/Cog¢ post-HER
(Figures S12 and S13). Nanoparticles with diameters of
approximately 3 nm are visualized in BF/DF-STEM micro-
graphs and HAADF STEM images (Figure S14) exclusively for
CN,/Coyss post-HER, linking them to photodeposited Pt.
Lattice spacings of the nanoparticles were determined by
applying an inverse Fast Fourier Transform (iFFT) to the
region of interest and calculating the average distance between
the local maxima. Lattice fringes are 2.4 + 0.04 A apart,
consistent with previously reported d-spacing distances of the
(111) plane of Pt.°"%*

Photocatalytic Activity. Pt was photodeposited as a
reduction cocatalyst from H,PtCly by irradiating CN,/Co and
deaerated glucose solution with a 405 nm LED (20 mW cm™?)
for 1 h. The dispersion was then purged with Ar and irradiated
again for 30 min to determine the HER activity and H,
evolution from the amount of H, in the cuvette. Glucose has
been shown to be a hole acceptor when employed with oxide
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Figure 3. Photocatalytic activity of CN,/Coy 4 with glucose, xylose, arabinose, myo-inositol, dextran, cellulose, or lignin as scavengers. Chemical
structures of sacrificial agents are displayed on the right using the linear depiction for the monosaccharides.

based photocatalysts for the production of H,,**** but limited
success has been found using glucose with CN, based materials
due to the restricted interfacial charge transfer between glucose
and poorly dispersed pristine CN,.°> However, glucose
undergoes pH-dependent confirmational changes which, in
an alkaline environment, increase electrostatic interaction
between CN, and glucose.”® Additionally, glucose oxidation
is shown to be more favorable in alkaline conditions.®”®®
Therefore, following HER tests with 1, 5, and 10 M NaOH
(Figure S15), all following experimentation was conducted in
10 mL of S M NaOH as the optimal solvent conditions.

We measured the HER activity of the sample series with
glucose and calculated the AQY and H, evolution (Figure 1c).
Of the Co-loaded samples, CN,/Coj34 and CN,/Cog gy
displayed the highest activity of 3.0 and 2.8% AQY (H,
evolution of 7.3 and 6.8 umol h™"), respectively, followed by
CN,/Co, 44, and CN,/Cos o, with respective AQY values of 1.8
and 1.1% (4.4 and 2.6 umol h™"). We suggest the decreased
activity of the CN,/Co species with higher Co loadings is due
to a high concentration of Co blocking the limited active sites
present on CN, or through shading the photocatalyst, reducing
photon absorption.ég’70 CN,/Coq34 and CN,/Coqgy impres-
sively displayed twice or greater the photocatalytic activity of
CN,/Cogy and pristine CN,, which exhibited AQYs of 1.4 and
1.1% (3.5 and 2.7 umol h™") respectively. The sample with
0.6% Co was chosen for detailed spectroscopy over the similar
high activity 0.3% Co sample to increase the likelihood of
observing spectral signatures attributed to the Co. CN,/Coyq g
was chosen for further investigation of activity with other
model components of biomass to be consistent with the
samples studied by optical spectroscopy (vide infra).

Lignocellulosic biomass, comprised of polymers of cellulose,
hemicellulose, and lignin, forms intricate nonuniform struc-
tures that commonly undergo separative pretreatments before
being processed into value-added materials.”" Cellulose is a
linear polymer of glucose monomers joined by f-1,4 glycosidic
bonds and is cross-linked by hemicellulose chains comprised of
various pentose and hexose sugars, including glucose, xylose,
and arabinose. The complex structure of lignin, comprised of a
heterogeneous array of monolignols, further reinforces
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cellulose.”” As such, we elected to use the polymers cellulose
and lignin, as well as the monosaccharides glucose, xylose, and
arabinose as models of postprocessed biomass. The glucose
polymer dextran was chosen as a model branched polymer
saccharide, consisting of linear a-1,6 glycosidic bonds between
monomers with branched a-1,3 linkages.73 Additionally, the
cyclic polyol (often referred to as “sugar alcohol”) myo-inositol
was selected for mechanistic investigation due to its lack of
carbonyl group, where oxidation readily occurs in mono-
saccharides.

As displayed in Figure 3a, the monosaccharides glucose,
xylose, and arabinose demonstrate superior photocatalytic
activity (2.8, 2.7, and 2.8% AQY respectively) when compared
to all other sacrificial agents. The analogous activity of these
sugars reflect their structural similarity, signifying a common
mechanism of oxidation. Changing to myo-inositol as the
scavenger resulted in a slightly lower AQY of 1.9%, showing
that alcohol groups can be oxidized successfully, and that
carbonyl or aldehyde functional groups are not strictly
necessary. As expected, use of polymers cellulose, lignin, and
dextran exhibited lower activity (0.2, 0.1, and 0.2% AQY
respectively), attributed to the low concentration of accessible
oxidizable moieties because of insolubility or low solubility.

When preparing the alkaline solutions of CN,/Co and
biomass component, it was observed that glucose, xylose,
arabinose, and myo-inositol were completely soluble in
solution following 5 min of sonication. However, even when
subjected up to 15 min of sonication, the polymers of cellulose,
lignin, and dextran never fully dissolved. The undissolved
amalgamation rapidly settled to the bottom of the cuvette
despite constant stirring, where it was not in the light path and
would not contribute to scavenging activity. Furthermore, the
addition and sonication of lignin resulted in a deep brown
colored solution. The absorbance spectrum of the 10 mg mL ™"
solution of lignin in 5 M NaOH displayed strong absorbance at
the excitation wavelength of 405 nm (Figure S17). Under 0.1%
of 405 nm light was transmitted through the 1 cm path length
(eq S10), severely impeding light absorption by CN,/Co.
Therefore, the observed photocatalytic activity with lignin as a
hole scavenger is remarkable, attributed to irradiating CN,./Co
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particles near the front face of the cuvette and suggests a much
greater internal quantum yield than the observed AQY.

To ascertain that H, photoproduction was a result of
biomass photo-oxidation, control trials were performed with
CN,/Coyg ¢y (Figure S15b). In the absence of a sacrificial agent,
no H, production was measured. In addition, HERs were
performed without 405 nm irradiation with glucose, cellulose,
and lignin. Trace amounts of H, were detected in all “dark”
reactions (0.031—0.078 umol), attributed to exposure to
ambient room light when setting up the reaction, shaking the
cuvette, and taking measurements of headspace gas. The ratio
of H, measured without and with LED irradiation was 2.3 and
10.5% for the HER trial of glucose and cellulose, respectively
(Table S2). With lignin as a scavenger, the amount of H,
produced without light was more substantial, at 50% of that
produced with light. While this could suggest a non-
photocatalytic degradation process, the measurements were
close to the detection limit of the sensor and would be affected
by small baseline shifts between calibration and the HER
measurement.

The stability of the photocatalyst was evaluated by repeating
multiple HER trials on the same sample. Following each HER,
a new septum was used to seal the flask, which was purged
again with Ar for 10 min before the next 30 min of reaction. As
displayed in Figure S16, the activity of CN,/Coy 4 decreased
after the first trial; however, it stayed stable at approximately
two-thirds of the initial activity during the second and third
trials. The performance decline may be attributed to a loss of
Co during the HER. ICP-OES measurements were conducted
on all CN,/Co samples to confirm the final yield of Co
present. As displayed in Table S1, an average of 67% of the
measured Co is retained in the final product. However, the wt
% Co in CN,/Coy 4y post-HER is significantly lower than that
of CN,/Coqgs prior to the HER (0.10% vs. 0.51%,
respectively). While the wt % Co decreases by about a factor
of 5, activity only diminished by less than a factor of 2,
suggesting that the Co lost is not part of the most active sites.
This loss of Co is likely due to interactions with the strongly
alkaline solvent, sonication during preparatory steps, and
mechanical abrasion from constant stirring during the reaction.
Changes in the Co chemical environment as indicated by the
post-HER XRD pattern, attributed to hole accumulation on Co
pushing oxidation toward Co®', may also play a role in the
decreased activity. Despite the decline in photocatalytic activity
following the first HER cycle, the stabilized activity remains
nearly twice that of pristine CN, (as shown in Figures 1 and
S16). While this stable activity demonstrates the potential of
our current system, future work should aim to enhance the
robustness of the Co cocatalyst.

Steady State Optical Spectroscopy. UV—vis DRS and
ssPL spectra were analyzed to examine the optical properties of
our samples. The diffuse reflectance spectra were transformed
to absorbance-like spectra using the Kubelka—Munk function
as illustrated in Figure 4a. When compared to pristine CN,, the
samples that underwent the additional thermal treatment
exhibit a red shift of approximately 20 nm in the absorbance
edge, including CN,/Coyy with no Co. Using Tauc plots
analyzed by a multivariate adaptive regression splines
algorithm,74 direct band gap energies of 3.04, 2.91, 2.92, and
2.88 eV were determined for pristine CN,, CN,/Coqy, CN,/
Coyg and CN,/Coj,y, respectively (Figure S18). These
observations contrast the blueshift in the absorption edge
typically seen in CN, thermally treated to fabricate nanosheets,
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Figure 4. UV—vis DRS (a) and ssPL (b) spectra of CN,, CN,/Coqs,
CN,/Coqggy and CN,/Cos . Legend in panel (b) applies to all
panels. Panel (a) inset: zoomed-in x axis to highlight the absorbance
peak attributed to Co.

resulting in a larger bandgap when compared to pristine
CN.,.”””> We conclude that the nanosheet structure was not
obtained from our 450 °C thermal treatment process, as we
used lower temperatures compared to those commonly
described in the literature (around 550 °C). However,
structural defects were likely introduced through the thermal
treatment, leading to a red shift in the absorbance e:dg<e.76’77
Striking is the intensified absorption at approximately 570 nm,
shown to increase linearly with the wt % Co loading (Figure
$19). This peak is indicative of a tetrahedrally coordinated
Co*" environment”®”” and supports the presence of Co** in
the mixed CoO, oxide. Comparing the spectra of CN,/Coy 49
before and post-HER (Figure S20), we see a decrease in the
prominence of the 570 nm band, consistent with some
oxidation of Co** species to Co**. Additional absorption is also
seen post-HER due to the photodeposited Pt.*’

A significant decrease in fluorescence intensity between
pristine CN,, and CN,/Coy,, is observed (Figure 4b) and aligns
the introduction of structural defects which tend to increase
nonradiative recombination.”” A further decrease in PL
intensity is observed in the Co loaded samples suggesting
improved charge carrier separation.”® The reduction in PL
intensity is near-linear with greater Co loading (Figure S21),
suggesting that the addition of Co delays the recombination of
electron—hole pairs.*’ However, it is possible that the lower PL
intensity for samples with Co is a result of the absorption of
excitation or emission light by the Co oxide, leading us to use
time-resolved spectroscopic techniques to distinguish between
the different possibilities.

Time-Resolved Spectroscopy. For more detailed in-
formation regarding the charge carrier dynamics, we performed
TAS at us—ms time scales on CN,/Cogy, CN,/Coqgy and
CN,/Co3,14. Samples were excited at 355 nm, and transient
absorptance data were acquired from 550—950 nm in 50 nm
increments. The TAS spectra (Figure S) display the change
between the ground and excited state absorption as a function
of wavelength at a range of time slices. Spectral shapes provide
evidence toward the identity of photogenerated charges.'” It
has previously been determined that positive absorption
features in the visible and near-infrared (NIR) wavelengths
of CN,, a n-tzrpe semiconductor, are attributed to excited state
electrons.®** Therefore, comparing spectral contours of CN,/
Coyy to those of Co-loaded materials can classify the excited
state species attributed to Co addition. When we compare, for
example, the shape of the spectra measured at 1 ms normalized
to the absorptance at 700 nm (Figure S22), we see a similar
spectral shape among all three materials. We accordingly
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belongs longer with Co addition. The extracted tsy, values
(Tables 1 and S4) further highlight the increased charge carrier
lifetime which increase by factors of 1.5—-3.5 for CN,/Cog 4
and 5.2—14.7 for CN,/Cos 4 when compared to CN,/Coyy.
These data are in line with charge extraction to Co, slowing
dOWI;Z charge recombination from increased spatial separa-
tion.”

The TAS signal amplitude decreases significantly with the
addition of Co (Figures S25 and $26). As the signal is
attributed to electrons, this signal decrease is at odds with the
idea that the Co is an oxidation cocatalyst and accepts holes.

b) 10 x10% Since the oxidation activity of the CN,/Co samples does
. ++ foﬂss +‘1|0mnis indeed increase, we instead attribute the TAS signal decrease
g o 100':5 —e—100 ms to absorption of the excitation light by the CoO,. It seems
& 64 likely that the decrease in ssPL intensity with increased Co
s o3 loading can at least partially also be attributed to absorption of
é ] excitation light. A more significant decrease in signal amplitude
2 is seen for TAS (Table 1), consistent with stronger CoO,
03 absorption at the TAS excitation wavelength (355 nm)
600 700 300 900 compared to the ssPL excitation wavelength (375 nm).
Wavelength (nm) We further conducted trPL measurements for additional
3 insights in the charge carrier dynamics (Figure 6). The decay
c) 10 x10
8 a)
8 : |||||||||||||I|||||||||I||||I||||I||||I|
§ 67 10 N JCop CN jCoye
5 4 —CN/Cops —CN [Coqs
ﬂ ] e CNX/COo.s% IRF
<,
. A~—-

l

600 700 800 900
Wavelength (nm)

Figure 5. Transient absorbance spectra of (a) CN,/Cogy, (b) CN,/
Coy 65 and (c) CN,/Coj 5, monitored from 550 to 950 nm in SO nm
increments, at S us to 100 ms time scales. Legend in (b) applies to all
figures.

conclude that we are monitoring electrons in CN, as charge
carriers in all spectra.

The kinetic decays allow us to study the time dependence of
photogenerated electron behavior on the ys—ms time scale.
The log(absorptance) vs. log(time) plot of the kinetic decay of
CN,/Cogyy monitored at 700 nm displays a linear decay curve
(Figure S23), signifying that charge recombination in CN,/
Coyy follows power law decay kinetics as described by the
multiple charge trapping/detrapping model.*> The power law
exponents (Table S3) describe @, and can be used to calculate
the energetic distribution of trap states in organic semi-
conductors (E, Equation S11). The a and E_ values are within
21% of each other, suggesting that the addition of Co does not
alter the energetic trap state distribution.

As displayed by the decays normalized at 10 us (Figure
S24), the decay half-life (tyoy), the amount of time it takes for
the signal intensity to decrease by half from its maximum,
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Figure 6. trPL decays of CN,/Co samples with (a) full-axes view and
(b) zooming into the initial decay.

of CN,/Coyy, was well fitted by a power law decay convolved
with the IRF function (Figure S28). Like the TAS, the power
law model is consistent with charge carrier dynamics that
undergo multiple trapping and release. The power law
parameter obtained from the fit was 1.75 (Table SS). A

Table 1. Comparison of Selected Optical Signals Observed for CN,/Co with ssPL, TAS, and trPL

TAS signal amplitude

TAS tgyy relative to

relative to CN,/Coyy CN,/Coygq
ssPL intensity relative to CN,/Coqs, 600 nm 900 nm 600 nm 900 nm trPL exponential component contribution
CN,/Cogx 64% 35% 23% 3.5 1.7 33%
CN,/Co3 9% 26% 14% 6% 14.7 5.6 37%
57 https://doi.org/10.1021/aps.4c00007
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power law exponent of 1.5 was previously observed and had
good agreement with a model describing thermal equilibrium
between emissive and nonemissive states.”> Our increased
value of 1.75 could be indicative of a nonthermalized charge
distribution since our measurements were on the faster ns time
scale compared to the ys—ms time scale previously analyzed.

With the addition of Co, the trPL decays accelerate, as
indicated by the g values that decrease from 0.98 to 0.69 ns
with increasing Co loading (Table SS). The shortening of the
tsoe is consistent with charge extraction by the Co.
Quantitative fits of the trPL decays of the Co-loaded samples
were obtained from a model with an exponential component in
addition to the fixed power law component determined for
CN,/Coyqy (Figures S29—S32). The additional exponential
component corresponds to the charge transfer process to Co.
Exponential lifetimes of 0.18—0.28 ns are recovered, which we
consider an estimate as they are significantly shorter than the
IRF width of approximately 0.8 ns. Together with the tso
decrease, the trPL measurements reveal a subns charge transfer
from CN, to Co that can kinetically compete with deactivation
pathways.

The relative emission of the exponential component is
linked to the proportion of emissive CN, states that are
deactivated by charge transfer. We note that the contribution
from the exponential component increases from 22% to 37%
when the Co loading is increased from 0.5% to 5% (Figure
S27). The increase is under 2-fold, much smaller than the 10-
fold increase in Co loading, and there is little change when
increasing the Co loading beyond 1%. This observation
suggests that the majority of charge extraction sites are already
covered by Co at a 1% loading. Further increases in Co loading
do not significantly improve the charge extraction efliciency
but would shade or block reactive sites, explaining the decrease
in the photocatalytic efficiency past 1% loading.

Mechanistic Investigation. Comparing the yields of H,
from various scavengers with trends observed through time-
resolved spectroscopy, we can comment on the photo-
reforming mechanism. Irradiation with 405 nm photons
generates photoexcited electrons in CN,/Co which accumulate
at surface Pt, where aqueous protons (H") are reduced to form
H,,** and holes which are spatially separated by Co following
subns extraction. In the case of monosaccharides, previous
studies have determined the rate limiting step of photo-
oxidation of glucose to be the adsorption to the catalyst surface
through the C; oxygen.*” Although oxidation can proceed
directly from holes to deprotonated glucose or indirectly
though hole-generated hydroxyl radicals, the direct route is
dominant in basic environments.*® From here, carboxylic acids
are usually generated.***” Based on the observed AQYs, we
predict glucose, xylose, and arabinose follow a similar
mechanism of degradation.

Previous studies have put forth that the reforming of
cellulose initially involves decomposition into 6-carbon
monomers.” Specifically, a report by Caravaca et al. suggested
that this process is photocatalytic and dependent on hole-
generated hydroxyl radicals,”” which would further limit the
rate of this step in basic conditions. As such, we can attribute
the low activity of cellulose and dextran to sluggish
(photo)hydrolysis resulting from poor adsorption to the active
sites on CN,/Co. As the branched polymer dextran did not
demonstrate a greater AQY than that of the linear polymer
cellulose, we deduce that the increased number of sites for
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direct oxidation made accessible through branching does not
overcome the low solubility of both polymers.

In the case of polyols, previous studies dictate indirect hole
transfer to be the dominant mechanism in shorter chain (2—3
carbon) polyols, resulting in aldehydes and ketones, with direct
hole transfer as the dominant mechanism in longer chain (4—6
carbon) polyols, resulting in oxidative C—C cleavage forming
aldehydes.”” However, it is important to note that the
preference of long-chain polyols to undergo cleavage through
direct hole transfer was credited to an increased number of
anchoring hydroxyl groups of linear polyols, whereas the
hydroxyl groups of myo-inositol (a cyclic polyol) may not as
easily interact with CN,/Co due to steric effects. The
structural complexity of lignin combined with the steric bulk
of its numerous benzene rings render adsorption to the surface
of heterogeneous catalysts challenging, resulting in C—O bond
cleavage favorable over C—C cleavage in most systems.*®

HPLC was employed to resolve the end products of the
HER by using CN,/Cog 4y with glucose as a scavenger. The
refractive index chromatogram of the neutralized supernatant
from a HER solution without 405 nm irradiation (Figure S33)
reveals two distinct peaks eluted at retention times (tz) of 2.7
(assigned to the major product of glucose elimination in strong
alkali)”' and 3.2 min (glucose, identified via spike analysis),
with a weak shoulder appearing at approximately 2.1 min. In
comparison, the chromatogram of the neutralized reaction
supernatant from the HER with 30 min of irradiation (Figure
S34) displays four distinct peaks at ty = 2.1, 2.6 (elimination
product), 3.0 (glucose), and 4.8 min respectively. Peaks at tg =
2.1 and 4.8 min are assigned to products of glucose
photooxidation, and the weak shoulder at t; = 2.1 min in
the dark control can be accredited to residual light
contamination on the dark sample. However, spike analysis
with gluconic acid (tz = 2.3 min), a proposed product of
glucose photo-oxidation, does not align with these observed
peaks. This result, coupled with the photocatalytic activity
observed with myo-inositol as an electron donor, hints at some
distinctions with the commonly reported mechanisms.**”*
Further analysis is required for the precise determination of the
end products and the elucidation of the mechanism.

B CONCLUSION

We report that the surface heterojunction engineering of Co
onto CN, through thermal loading of Co(NO,), results in a
mixed valence CoO, environment. As observed through XRD,
XPS, and UV—vis DRS measurements, the photocatalytic HER
appears to alter the coordination environment of the initial
mixed valence CoO,, shifting from Co®" toward greater Co®"
character. Optimal loading of 0.3—0.6% Co doubles the
photocatalytic activity of CN, in the presence of aqueous
glucose and other monosaccharaides. Furthermore, the Co
loaded CN, can also photo-oxidize polysaccharides, polyols,
and lignin. We attribute the observed increase of photocatalytic
activity to enhanced photogenerated hole extraction and spatial
surface charge separation by Co. Along with the generation of
solar fuel H,, further investigation into the oxidation products
arising from the degradation of the hole acceptors is warranted
to determine the full potential of our system. Many studies
have demonstrated the selective production of value-added
chemicals from saccharides and alcohols, such as high demand
chemical precursors and biofuels, which further promote the
utility of photocatalytic processes.”””*
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Generation of solar fuels is a promising technique of
supplying off grid power and managing the energy crisis, but
many previously demonstrated systems rely on rare and
expensive precursor materials to obtain favorable efficiencies.
Clearly, further innovation in crafting beneficial interfaces and
catalytic centers is needed before these systems can achieve
commercial success. We demonstrate that Co as an earth
abundant transition metal deposited on CN, through a
straightforward thermal deposition holds favorable properties
as oxidation cocatalysts to enhance H, evolution. Continued
research into other earth abundant and low valent early
transition metals and organic compounds is critical to
deploying sustainable photocatalytic systems.
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