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ABSTRACT: This paper reports the synthesis of 2.5 nm gold
clusters on the oxygen free and chemically labile support carbon
nitride (C;N,). Despite having small particle sizes and high
enough water partial pressure these Au/C;N, catalysts are
inactive for the gas phase and liquid phase oxidation of carbon
monoxide. The reason for the lack of activity is attributed to the
lack of surface —OH groups on the C;N,. These OH groups are
argued to be responsible for the activation of CO in the
oxidation of CO. The importance of basic —OH groups explains
the well documented dependence of support isoelectric point

versus catalytic activity.
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B INTRODUCTION

Of all the variables reported to influence the activity of sup-
ported gold nanoparticles for the oxidation of carbon
monoxide, (ie., particle size, oxidation state, electronic
structure, and synthesis methodology), the choice of support
material plays one of the most critical, but undefined roles.'
Nearly all studies of gold-support interactions have focused on
oxygen containing supports, for example, TiO,, Fe,0;, CeO,,
MgO, LaPO,, Mg(OH),, La(OH);, and so forth.” Under
ambient conditions the surfaces of typical metal—oxygen
support materials are terminated by hydrogen and coated
with physisorbed coordinating water molecules.*”"> The
surface hydration/protonation are often strong enough that
the surface OH species are observed on bulk metal oxides like
TiO, under ultrahigh vacuum (UHV) conditions.'* This water
is the reason samples need to be degassed before performing
gas physisorption Brunauer—Emmett—Teller (BET) surface
area measurements. These surface OH groups can be removed
by applying aggressive processing conditions including heating
(>800 °C) and ion bombardment under UHV conditions."
There is a growing body of evidence that these surface —OH/H,0
species may play the critical role in the formation of structurally
stable and catalytically active bulk gold catalysts."®

The first indication of the importance of water or OH were
from gas phase CO oxidation studies which showed at least an
order of magnitude increase in activity and catalyst lifetime by
increasing the water concentration in the reaction feed."” 7% In
2003 Costello et al. reported a model for catalytic activity where
Au—OH moieties created by pretreatement in H,/H,O streams
activated the gold particles for CO oxidation.*" In 2004
Sanchez-Castillo et al. showed that gold nanorods grown from
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silver seeds were S times more active for CO oxidation at very
basic conditions (pH 13) which they attributed to the OH
groups in solution.”” Later Ketchie and Davis showed a 50 fold
increase in the aqueous phase oxidation of CO of gold clusters
supported on carbon by increasing the pH from 0.3 to 13.>
These same clusters were inactive for gas phase CO
oxidation.”® Later in 2008 Moreau et al. postulated that the
increase in activity for gold catalysts on Ce based oxides may be
attributed to hydroxyl groups acting catalytically for CO
oxidation.”* Previous investigations of support effects on the
reactivity of gold catalysts have noted that clusters supported
on metal hydroxides like Mg(OH),, Be(OH),, and La(OH),
are more reactive at lower temperatures (<196 K) than those
supported on materials like TiO,, which have intermediate
values of isoelectric points (IEP).*® Furthermore all these
catalysts are more active than materials supported on acidic
supports like SiO, (IEP ~ 2) and WO, (IEP ~ 1) despite
similar gold particle sizes.”>~>" The trends in support basicity
and activity indicate that the presence of strongly basic OH
groups on the surface of a support material results in high
activity toward gas phase CO oxidation.

We recently demonstrated that adding hydroxyls to the
surface of TiO, supports during the synthesis of a gold catalyst
resulted in a 2 orders of magnitude increase in catalytic activity
for the gas phase oxidation of CO over oxidized gold particles
(1.2—1.3 nm), compared to TiO, supports without hydroxyls.*®
A similar (though smaller in magnitude) enhancement in
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activity was observed for metallic gold particles (1.3 nm) with
the formation of strongly bound hydroxyls."* The addition of
strongly bound OH groups resulted in structurally stable gold
clusters; without the OH the clusters rapidly migrated at room
temperature and coalesced into large 20 nm gold particles."*
Subsequent work by several groups has also showed a similar
increase in the catalytic activity of gold catalysts by adjusting
the hydroxyl species on TiO,** or SiO,* supports. In addition,
several papers have reported a similar increase in nanoparticle
stability through the introduction of strongly bound OH
groups.3l_33

The unanswered and critical question from all of these
studies is: What role do the OH’s play in the resulting catalytic
mechanism? Do they facilitate the activation of CO or O, or
both? To address these questions we prepared gold clusters on
a nonoxide support that does not readily form hydroxyls and
whose electronic properties are distinctly different from oxide
supports; graphitic carbon nitride (g-C;N,). g-C;N, will not
oxidize at ambient or typical CO oxidation reaction condition.
Instead the surface of the material is terminated with Lewis type
basic N—H groups making it an ideal platform to compare with
the typical Bronsted type functionality (OH) found on oxides.
g-C;N, is a unique electron rich semiconducting organic
compound that adopts a graphite-like structure composed of
C—N sheets and is thermally stable up to 500 °C in air.****
Graphitic carbon nitrides have been shown to be good catalysts
for oxygen activation in numerous fuel cell studies®*™ and
other catalytic studies.*® Finally, reports of gold catalysts have
indicated that donation of electron density from the support to
gold at defect sites, predicted to be common on semiconductor
supports, leads to increased activity for low temperature CO
oxidation.**™* The semiconducting g-C;N, with aromatic
bonding is an interesting candidate for exploring these
electronic effects. The combination of electronic, surface, and
oxygen activation properties of this material makes it possible
to probe the effect of surface Bronsted-type protons on the
activation of CO molecules.

B EXPERIMENTAL METHODS

Synthesis. Graphitic carbon nitride (g-C;N,) powder was
prepared by thermally decomposing cyanamide (99%, Aldrich
Chemistry) at 550 °C in an alumina crucible for 2 h under
flowing nitrogen gas (Air Liquide, 99.995%). The resulting
powder was ground in a mortar and used in subsequent studies.
A portion of the g-C3N, powder was treated under alkaline
conditions to try to increase its basicity and add surface
hydroxyls. Following a previously reported procedure,'* 5 g of
g-C;N, was dispersed in 380 mL of 18 MQ deionized (DI)
water and constantly stirred using a 2” Teflon coated stir bar in
a 600 mL beaker. Approximately 0.5 mL of 0.1 M HCI,
prepared by diluting concentrated HCl (Mallinckrodt), was
added to simulate chloride ions present in auric acid solution
based techniques. A 0.2 M solution of NaOH was prepared
from solid NaOH (97.0%, Alfa Aesar-Na,CO; impurity) and
used to adjust/maintain a pH of 10 while the mixture was
stirred at 57 °C for 90 min. The suspension was centrifuged
and washed eight times using deionized water, dried in a
vacuum oven overnight, and then analyzed for residual sodium
from the NaOH using XPS. The powder was washed and
centrifuged three more times and dried in a vacuum oven for
150 min. XPS measurements showed ~1 atomic percent
residual Na surface content that could not be removed by
washing with hot deionized water. Surface acidity/basicity was
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estimated by measuring the equilibrium pH, with an Orion pH
electrode, of approximately 1S m” of material in 25 mL of
deionized water degassed by boiling and cooled to room
temperature under flowing N,.

To prepare the catalysts, atomic gold species were deposited
on the powders using a previously described direct current
magnetron sputtering technique.”> g-C;N, powder was placed
in a stainless steel cup with two 1” Teflon coated stir bars. The
stainless steel cup was rotated to agitate the powder and ensure
homogeneous gold nanoparticle deposition. A gold target
(Refining Systems, 99.95%) was sputtered in an argon (Air
Liquide Research grade, 99.9995%) plasma at an applied power
of 13 W for 30 min. For comparison a 0.66 wt % Au on carbon
catalyst (Calgon Carbon)*® was prepared using the same
method and evaluated in the liquid phase reaction (T = 16 °C).

Catalytic Testing. Carbon monoxide oxidation tests were
performed to evaluate catalytic activity using a custom-built
flow reactor. Approximately 0.25 g of catalyst was loaded in a
quartz U-tube (4 mm inner diameter) and supported by quartz
wool. A mass flow controller (Smart-Trak, Sierra Instruments)
was used to deliver a constant flow rate of 1 CO: 6 O,: 93 He
(£ 2%, Airgas). Gas phase water content, 49 ppm H,0, was
determined using a dewpoint sensor located after the reaction
bed (Vaisala DRYCAP). Temperatures were measured using a
K-type thermocouple resting on the exit side of the catalyst bed.
A gold on TiO, reference catalyst (World Gold Council #02-05,
Sued-Chemie, powder sample BET SA = 73 m*/g) was used to
compare catalytic activity and surface chemistry. Changes in
CO, O,, and CO, concentrations were measured using an
Ametek Dymaxion mass spectrometer. Liquid phase CO
oxidation was performed in 30 mL of a 1 M NaOH solution
in a S0 mL Parr Autoclave system (0.20 g Au/C;N, catalyst)
with a gas entraining system in both batch and constant flow
modes following the procedure described by Ketchie and
Davis.>® Briefly, the system was flushed and pressurized to 10
psig with He and monitored by a pressure gauge and the mass
spectrometer to make sure the cell was not leaking to air. After
confirming the cell was not leaking it was charged with the
same CO, O,, and He mixture used for the gas phase studies to
10 psig then sealed to form a batch reactor. A small capillary
attached to the Ametek Dymaxion mass spectrometer was
inserted into the reactor, through a septum, and used to
monitor changes in the CO and O, concentrations as a
function of time. The volume of gas sampled, relative to the
total volume of the cell was so small there was no decrease in
cell pressure over 30 min. CO, production was not directly
determined because CO, reacts with Na in the NaOH solution
to form Na,CO;.

Characterization. Thermogravimetric analysis (TGA) was
carried out on a NETZSCH STA 409 PC instrument. Samples
were loaded in alumina crucibles and measurements performed
in air, heating at 10 °C/minute. Powder X-ray Diffraction
(PXD) measurements were performed using a Siemens D5S005
X-ray Diffractomer with a CuK, source and Ni filter. Samples
were scanned as loose powders on glass slide sample holders.
Fourier Transform Infrared (FTIR) spectroscopy data was
measured using Bio-Rad 575¢ FTIR spectrometer. g-C;N,
samples were ground with KBr (KBr crystals, Allied Chemical)
to form 8 wt % mixtures, then pressed at 10,000 kg into 0.16 g
pellets and measured in the FTIR spectrometer after purging
the chamber with dry CO, free air for a minimum of 20 min.
Nitrogen physiosorption measurements (BET) measurements
were performed using a Quantochrome Autosorb 1C instrument.
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Figure 1. (A) PXD of g-C3N4, (B) TGA measurements in air of C;N, and Au on C;N,,(C) comparison of FTIR spectra of g-C3N4 before and after

pH 10 treatment, and (D) XPS survey data of C;N,.

Samples were heated to 300 °C under vacuum for a minimum
of 20 h prior to measurement.

Surface chemistry was determined using a PHI 3056 X-ray
Photoelectron Spectroscopy (XPS) spectrometer with an Al
source in a 2 X 107'° Torr vacuum chamber. Samples were
pressed into Indium foil (Alfa Aesar), and the foil was attached
to the sample holder using carbon tape (Nisshin E. M. Co.
Ltd.). High resolution scans were taken with 5.85 eV pass
energy, 0.05 eV energy step, and 100 repeats to reduce
instrument noise. Charging effects were compensated for by
shifting binding energies based on adventitious carbon 1s peak
(284.8 eV). Peak fits and atomic surface concentration analysis
was performed using PHI Multipack software. Error in peak fits
was estimated to be +0.1 eV. Electron microscope images were
collected using a Hitachi HD2000 Scanning Transmission
Electron Microscope (STEM) operating at 200 kV and a
Hitachi HF3300 STEM operating at 300 kV. Particle sizes were
determined by analyzing the STEM images with Image].** Gold
loadings were determined using Inductively Coupled Plasma
(ICP) optical emission spectroscopy (Thermo Jarrell Ash IRIS
spectrometer). An approximately 0.05 g sample was soaked in
S mL of freshly prepared Aqua-Regia in a test tube for 1 h and
then sonicated for 30 min. The test tubes were centrifuged, and
the supernatant solution decanted and saved. The remaining
powder was then mixed with deionized water and centrifuged,
again decanting and saving the supernatant solution. XPS was
used to confirm the total dissolution of gold.

Information about CO adsorption was obtained using diffuse
reflectance FTIR (DRIFTS) spectroscopy in a Nicolet Nexus
670 FTIR spectrometer using a MCT/A detector with a
spectral resolution of 4 cm™. A temperature controlled
DRIFTS cell having a volume about 6 cm® (Pike Technology)
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attached to a pulsed gas handling system was used. After the
desired pretreatments, a background spectrum was collected
from the sample using 256 scans and 4 cm™' resolution.
DRIFTS spectra were obtained by subtracting the background
spectrum from subsequent spectra. Prior to data collection, as-
synthesized Au/C3;N, were pretreated in He flow prior to
introducing pulses or a steady flow (25 cm® /min) of 2%
CO/2% Ar/He.

B RESULTS
After preparation the g-C;N, has a yellow-oranggre color
consistent with what has been shown previously’>*~* and

an equilibrium pH of 6.0 indicating that it is slightly acidic.
PXD data reveals the presence of peaks at 13.3° and 27.5° 260
(Figure la) corresponding to a graphite-like structure with
interplanar spacing of approximately 0.33 nm in agreement
with previous reports.35’ >~ The average grain size was esti-
mated to be 7 nm using the Debye—Scherrer Equation (K = 0.9).*
Nitrogen BET measurements of the as-prepared C;N, showed
a BET surface area of 13.4 m’/g with no microporosity as
evidenced by the t-method (de Boer). TGA measurements in
air (Figure 1b) indicate that the g-C;N, is thermally stable up
to 500 °C. Figure 1d shows survey XPS data for the as prepared
carbon nitride. There is a small concentration of oxygen species
(0.4 at%) on the surface of the carbon nitride, Table 1. This low
concentration of surface oxygen is unusual for nitride materials
exposed to air; nitrides, for example, BN, TiN, Si;N, usually
react rapidly with ambient oxygen to form a surface oxide.*’
Elemental analysis from the XPS data revealed that the surface
was primarily composed of C (41 at%) and N (59 at%) which
is consistent with the C;N, stoichiometry. FTIR spectra
(Figure 1c) of the carbon nitride is consistent with previously
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Table 1. Summary of Atomic Surface Concentrations from
XPS Measurements, Weight Loadings from ICP
Spectroscopy, and Au Particle Sizes from STEM Imaging of
the Catalysts and Their Respective Supports

Au/ Au/C;N, pH C;N, pH
C;N, C;N, 10 treated 10 treated

Au median particle diameter (nm) 2.5 2.8

% dispersion” 55.1 51.1

catalytic onset temperature (°C) 230 320

space velocity” 7500 5000

% Au weight loading 0.21 0.39

surface concentrations (atomic %)

C 38 41 39 41

N 52 59 54 57

(@] 2 0.4 0.1 1

Au 8.4 6.4

Na 0.8 0.6

C/N 0.73  0.69 0.72 0.72

“Space velocity = (volume gas/hour)/(volume of catalyst bed).
bDispersion calculated assuming hemispherical gold cluster. If particle
was flatter, the dispersion will be slightly higher.

reported results.’>>" The broad band at 3155 cm™ s attributed
to stretching modes of NH and NH,. The band at 1313 cm™!
corresponds to C(sp?)-N stretching, and the band at 1635 cm™
corresponds to C(sp®)=N stretching modes.”" The 807 cm™
band corresponds to s-triazine ring vibration modes.**>* The
1235 cm ™" and 1319 cm™" bands correspond to C-NH-C units
found in melem.>*>® There were no observed O—H vibrational
bands in the FTIR data which is consistent with the low oxygen
functionality observed in the XPS data.

Figures 2 show the C, N, and O XPS data collected for the as
prepared and pH 10 treated C;N, respectively. N1s XPS data
for the supports shows the presence of C—N=C and N-(C),
functionalities (398.3 and 400.3 eV respectively).*>>* The ratio
of C-N=C to N-(C); (Table 2) roughly agrees with the
expected ratio of 3:1 based on the theoretical structure with the
untreated g-C;N, being 4.0:1 and 3.3:1 for the pH 10 treated.
This deviation may be explained based on the presence of the
N-H and N=O0 peak at 404.3 eV (Figure 2) which indicates
the presence of partially condensed tri-s-triazines or surface
primary amines, leading to structural defects on or near the
surface which account for <4% of surface sites.> XPS data
collected for the carbon species was consistent with the
formation of C—N functionalities (288 eV) in the melem base
structure. Low concentration Cls peaks were observed at 284.8
eV because of adventitious C—H from hydrocarbon contam-
ination and 293.5 eV due carbon in a highly oxidized carbon
species (C*). The Ols data shows a single O species with a
binding energy of 530 eV which is attributed to the formation
of C=0 moieties.”*

Figure 3 (top left) shows a representative STEM image of
the gold clusters grown on the as-prepared C;N,; particle size
histogram are shown in Figure 3 (lower left). There is a dense
homogeneous distribution of gold nanoparticles with an
average particle size of 2.5 nm, Figure 3b, 55.1% dispersion.
These particles are well within the size range reported to be
catalytically active for CO oxidation and smaller than those
observed on the Au/TiO, reference catalysts (3.7 nm).”” Gold
XPS data collected on the freshly prepared gold catalysts show
a Auye binding energy of 84.0 eV which is consistent with the
formation of metallic Au® gold particles, Figure 4a. There was
no change in the N (Figure 2) or O electronic structures
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measured by the XPS with the addition of gold. There was a
slight increase in C—H species (284.8 eV) on the catalyst
surface after catalyst preparation (4 to 15%) which could
originate from hydrocarbon impurities in the vacuum
deposition chamber used to prepare the gold.

Under the reaction conditions used in this study, Table 1, the
equilibrium activity of the Au/TiO, reference catalyst was 0.17
mol CO/mol Au-sec at room temperature (24 °C) in good
agreement with previously published results.***” In comparison
the 2.5 nm gold clusters supported on the as-prepared C;N,
were catalytically inactive for the gas phase oxidation of carbon
monoxide at room temperature despite having smaller particles.
The Au/C;N, becomes catalytically active after heating to
230 °C (Figure 5). The Au/g-C;N, catalysts shows thermal
stability up to 500 °C in air (Figure 1b), indicating that the Au
nanoparticles do not catalyze the decomposition of the support.
Interestingly, unlike Au/C catalysts reported previously by
Ketchie and Davis, the Au/C;N, catalysts used under liquid
phase conditions were also catalytically inactive under highly
alkaline reaction conditions.>

To increase the C;N,’s basicity the as-prepared support
material was treated under alkaline conditions which has been
shown on TiO, to result in a change in surface hydroxyl species
and an increase in basicity.'* After treating the C;N, at pH 10
the support materials surface area was approximately the same,
16 m’/g, with no microporosity, while the basicity of the
carbon nitride increased to 10 from the initial pH of 6. This pH
is similar to the measured pH of the Au/TiO, reference catalyst
(pH = 9). There was no change in the C, N, and O XPS spectra
(Figure 2) after treating under alkaline conditions. In addition
there was no change oxygen stoichiometry as measured by the
XPS and the FTIR spectra (Figure 1C,D) for the pH 10 C;N,
was identical to the as prepared pH 6 C;N, indicating that the
alkaline treatment did not result in a significant change in
oxygen functionality of the support surface. However, the XPS
data reveal the addition of about 0.6 at% of Na after the alkaline
treatment. Additional washings of the support with warm DI
water could not remove the Na. For comparison purposes the
reference Au/TiO, catalysts has around 3 at % Na on their
surfaces. There was no detectable surface chlorine.

Figure 3 (top and bottom right respectively) shows a
representative STEM image and particle size histogram
respectively of the gold clusters grown on the pH 10 treated
C;N,. Similar to the gold catalyst grown on the as-prepared
C;N, there is a homogeneous dense distribution of gold
nanoparticles with an average particle size of 2.8 nm, Figure 3
(bottom right), 50.1% dispersion. In addition, Audf XPS data,
Figure 4 (right), shows the formation of similar metallic gold
species, binding energy of 84.0 eV, on the pH 10 treated C;N,.
Similar to the gold clusters on the as prepared g-C;N, there was
no change in the N or O XPS data, Figure 2, and there was a 3
fold increase in C—H species (up to 11%) on the catalyst
surface. Similar to the Au/C;N, catalyst the Au/pH 10 C;N,
catalyst was inactive for the low temperature gaseous oxidation
of CO. Upon heating Au on pH 10 treated g-C;N, becomes
active at 320 °C (Figure S). The catalyst was also inactive for
the liquid phase oxidation of CO under alkaline conditions (pH 14).
For comparison purposes a gold on carbon catalyst was
prepared by sputtering. A representative STEM image and
particle size histogram data are shown in Supporting
Information, Figures S1 and S2. The sample contained 0.66
wt % Au with average gold particles about 4.3 nm in diameter.
Under liquid phase reaction conditions (pH 14, 10 psig) the

dx.doi.org/10.1021/cs3001094 | ACS Catal. 2012, 2, 1138—1146
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pH 10 C,N,
e
N1s O1s
Au on C3N 4
N1s O1s
| pH10CN,
206 254 292 390 288 266 264 262 406 404 402 400 398 396 540 535 525

Binding Energy (eV)

Figure 2. XPS spectra of C, N, and O regions for (top) untreated C;N, prepared in N,, (second from top) C;N, after pH 10 treatment, (second
from bottom) Au on C;N,, and (bottom) Au on pH 10 treated C;N,.

Table 2. Surface Functionalities Based on Peaks Fit to XPS Spectra

functional groups

C,NH
N-(C);

C-C, C-H
C—-N, C=0
C+

Au/C;N, C;N, Au/C;N, pH 10 treated C;N, pH 10 treated

eV % eV % eV % eV %
398.3 77 398.4 74 398.6 72 398.4 73
400.2 19 400.3 21 400.6 24 400.3 22
404.1 3 404.3 6 404.6 4 404.2 S
530 100 530 100 530 100 530 100
284.8 15 285.0 4 284.8 11 284.9 S
287.8 80 288.0 92 288.2 87 288.0 91
293.3 N 293.5 4 293.7 2 293.5 4

catalyst had an activity of 0.007 mol CO/mol Au-sec,

Supporting Information, Figure S3.

To determine if CO binds on the Au/C;N,, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were performed. A sample of Au/C;N, was

pretreated in He at room temperature for 1 h prior to

introducing first a pulse and subsequently a steady flow of 2%
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CO. CO exposures were carried out at room temperature and
at 263 K. Background spectra obtained prior to CO exposure
showed broad features due to the C;N, similar to those in

dx.doi.org/10.1021/cs3001094 | ACS Catal. 2012, 2, 1138—1146
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Figure 3. STEM images taken on a Hitachi HF3300 STEM operating in Z Contrast mode of (top left) Au on C;N, and (top right) Au on pH 10
treated C;N,. Gold nanoparticles appear as bright white circles. (Lower left) Particle size histograms of gold nanoparticles on C;N, and (bottom

right) pH 10 treated C;N,.
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Figure 4. Au 4f XPS data for Au on C;N, (left) and Au on pH 10
C;N, (right) showing metallic gold species.
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Figure S. Catalytic Activity of gold supported on g-C;N, and pH 10
treated g-C3N, as a function of temperature.
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Figure 1d. To look for CO adsorption pulses of gas phase CO
were passed over the catalysts after pretreatment. Difference
spectra showed no features typical of CO adsorption as
indicated by the flat line in Figure 6d. If a continuous flow of

0.025

r 0.020

r 0.015

0,010

Absorbance units

- 0.005

2300 2200
Figure 6. DRIFTS spectra in CO stretching region recorded during
pulsing or flowing of 2% CO through a DRIFTS cell. For Au/TiO,
(upper) just prior to arrival of CO pulse (curve a) and 10 s later during
the pulse (curve b). For Au/C;N, (lower) during CO pulse (curve c.),
just prior to start of CO flow (curve d), and during continuous flow of
CO pulse (e).

CO was passed across the sample, only features due to gas
phase CO were observed as shown in Figure 6e. Therefore,
there was no indication of adsorbed CO, even when gas phase
CO is visible in the spectrum. This experiment was repeated
after pretreating for 1 h in flowing He at 473 K and at 673 K,

dx.doi.org/10.1021/cs3001094 | ACS Catal. 2012, 2, 1138—1146
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and also after pretreating in 4% H, at 673 K, but always with
the same absence of stably adsorbed CO. Similarly treated
C;N, support also showed no CO uptake. For comparison, an
experiment on prereduced Au/TiO, reference catalyst under
similar pulsed conditions shows immediate and prominent CO
adsorption at room temperature followed by rapid desorption,
Figure 6.°° Similar failure to adsorb CO has been observed for
Au* spec1es because of blocking of adsorbate sites with organic
precursors, ¢ however, given the evidence for Au® in the XPS
data described above and the deposition of metallic species
from a bulk metal target free of chemical precursors, it seems
unlikely the lack of CO absorptlon is due to site blocking. The
absorption of CO on Au’ is generally belleved to occur on
defect sites of under coordinated gold clusters.*® Given that the
particles observed in the STEM images are around 2.5 nm it is
difficult to believe that there would not be enough under-
coordinated surface sites to allow a small concentration of CO
to bind to the gold surface. The presence of a trace
concentration of oxygen in the adsorbate gases should facilitate
this absorption bgf promoting the oxidation of Au’ to Au* in the
presence of CO.

Bl DISCUSSION

We made gold catalysts on supports without surface hydroxyls
to understand the influence of these strongly bound hydroxyls
on the catalytic oxidation of CO by gold. The gold catalysts
prepared in this work were completely inactive for the gas
and liquid phase oxidation of CO and exhibit an inability to
adsorb CO. The inactivity is surprising considering that the
particles prepared in this study fulfill all the requirements
described in the literature to obtain a catalyst with some
measurable activity. Specifically, the gold particles are well
within the reported size range to obtain catalytically active
particles (<3.5 nm) and are smaller than those observed for the
reference catalysts (3.7 nm).”*”** Second, the catalysts are
significantly more basic (IEP 6 and 10) than supports such as
SiO, and WO; which have activities reported for catalysts
prepared by sputter deposition to be 0.019 (2.5 nm)*’ and
0.002 (2.1 nm)** mol CO/mol Au-sec, respectively, for
similarly sized gold particles at room temperature. The WO,
used previously had a very similar surface area to the C;N, used
in this work, 5 m?/g vs 13.4 m?/g*® Third, the reactant gas
stream is sufficiently wet (49 ppm) to obtain the maximum
activity for gold catalysts supported on omdlzmg and reducing
supports as reported by Haruta et al."’ Finally, the Au/C;N,
catalysts are completely inactive for CO oxidation under liquid
phase conditions at pH 14 in NaOH. At these conditions
previously 1nact1ve Au/ C catalysts for gas phase CO oxidation
were highly active.”>** A similar activity was observed for Au/C
catalysts prepared by sputtering, cf. Supporting Information,
Figure S3. The lack of activity under high pH conditions is
surprising since catalysts that are inactive for gas phase CO
oxidation seem to react quite well in basic aqueous environ-
ments.”>*?

Zhu et al*® recently reported an investigation of gold on
C;N, which showed that the gold catalysts were inactive for gas
phase CO oxidation at temperatures below 300 °C or liquid
phase oxidation of benzyl alcohol similar to our results.
However, catalysts grown on activated carbon were active for
these reactions under alkaline conditions.”” These authors>
attributed the inactivity of the C;N, based catalysts to a lack of
oxygen absorption/activation on vacancy sites on the support
material whereas oxygen from activated carbon supports
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interacts with O, to activate it for the oxidation reaction
through a defect formation/removal process.”” The data we
report above and in the literature points to a fundamentally
different reason why the gold on C;N, is catalytically inactive
other than vacancy effects. Earlier isotope labeling studies
eliminate the effect of vacancies on oxygen activation on gold
catalysts.*>®" In addition, given the small particle sizes and poor
crystallinity exhibited by the C3N, it is highly unlikely that there
are no surface vacancies which can trap O, atoms to activate
them.*®

Because all the conditions required to have a gold catalyst
active for a small amount of CO oxidation have been meet, that
is, size, humidity, basicity, solution pH, there has to be another
variable that dictates the properties of the catalyst. The most
logical variable which controls activity, which has been
controlled in this work, is an oxygen containing species, likely
the ubiquitous OH molecule. The C;N, support is unique in
that it does not oxidize, according to the XPS data (Figure 1D),
unlike typical nitrides (e.g., BN), and it has no OH bands evident
in the FTIR data, Figure 1C. These surface hydroxyls likely
mediate the activation/binding of CO molecules. Recent work
by Green et al. for Au/TiO, may support this hypothesis.®>
Their work demonstrated the O, cleavage is activated by a CO-
O, complex at the TiO,—Au interface on gold catalysts
prepared on bulk TiO, by deposition precipitation.* The CO
is activated on the ox1de and diffuses to the gold-oxide interface
where it can react.” It could be that the surface OH traps the
CO enabling diffusion to the gold/support interface. Without
the surface OH there is no CO adsorption. This is why there is
no evidence of CO absorption in the FTIR DRIFTS data.

Recent theoretical calculations confirm the importance of
surface OH’s in the activation of CO. These density functional
theory (DFT) calculations show the addition of surface OH’s
to a rutile TiO, surface increase the brndmg energy of CO by
about 0.75 eV and O, by about 0.50 eV.** Co-adsorption of O,
and CO is about 0.68 eV stronger with the presence of surface
OH’s.”* In addition the presence of surface OH reduces the
activation barrier for CO oxidation by about 0.2 eV versus a
surface without OH.%* Similar calculations were performed for
copper water gas shift catalysts and also showed the oxidation
of CO by surface hydroxyls.**

Further evidence that surface OH’s are critical is also derived
from the liquid phase oxidation reaction data. If activity were
solely dependent on free OH™ like what is available at pH 14
then the Au/C;N, catalysts should be active like the gold
nanorods and gold particles supported on carbon.””** The fact
that gold on carbon catalysts are inactive in the gas phase and
highly active at high pH’s™ is not surprising in hindsight
considering that under highly alkaline conditions high
concentrations of surface OH and carboxylic acid groups are
grown on the carbon surfaces®® and probably occurred on their
carbons.”® Our data supports a mechanism where the hydroxyl
species are not in solution but instead are trapped on the
support surface near the gold catalyst. The well documented
dependence of activity on support type parallels the strength of
the basic OH sites on the metal oxides, that is, the more basic
the support the more active the catalyst for CO oxidation, and
is consistent with this proposed mechanism where OH groups
are involved in activating the gold catalyst and the oxygen. The
lack of CO adsorption on the gold clusters supported on C;N,
could indicate that the surface hydroxyls are required to help
activate the gold to bind the CO. An envisioned mechanism is
shown schematically in Figure 7.
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Figure 7. Schematic of envisioned reaction mechanism of CO
oxidation over oxide supported gold clusters. CO interacts with surface
OH and gold cluster forming “bound” CO. O, reacts with CO and
gold at interface to form the —CO; or —HCO; intermediate. The
—CO; or —HCO; intermediate decomposes releasing CO, while
additional CO reacts with remaining oxygen from the —CO; or
—HCO; intermediate and continues to form more CO,.

Bl CONCLUSION

In this work we report on the effect of oxygen free supports on
the oxidation of carbon monoxide by supported gold
nanoparticles in both the gas and the liquid phase. The
inactivity of these catalysts is attributed to the lack of basic
surface OH groups. These OH groups are argued to be
required to activate CO for the gas phase CO oxidation.
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STEM, particle size histograms, liquid phase reactivity data for
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